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SUMMARY

The first part of this research work was the
investigation of Galvanostatic pulse plating of copper
and copper(I) halides from acid copper(Ir) halide solutions.
The general stoichiometric equation for the reaction which
occurs during the relaxation time was found to be

o+ c® + 2% — = 2 cuX E(1-10,p24)

Further study showed that the rate determining step

of reaction E(1-10) involves CuCI*in a first order reaction

d(CuCl)

dt = Keucr* [CuCl+] E(3-38,p174)

It is discovered here that the galvanostatic pulse
plating technique has a great potential in the production
of Cuo/CuCl electrodes. These electrodes can be used in
sea-water batteries. Control of the pulse plating conditions
can produce electrodes of almost any desired composition
of CuCl in the deposit of any required thickness and
discharged capacity. The presence of a small amount of
copper in the layer gives the electrodes conductivity

which is an advantage for such electrodes.



The second part of the research involved studies
of the electrodeposition of copper in electrolytes with
and without 'addition agents'. It was found that the
bright deposits obtained using solutions containing
brighteners (dimethyl thiourea or thioglycolic acid)
could consist of either small or large grains,instead
of only small grains which had been frequently observed
by others.

It was also found that those addition agents wﬁich
gave bright deposits were easily oxidised in sulphuric
acid.In the same sweep range (-72mV to -350mV vs SCE)
the addition agents which did not give bright deposits
did not oxidise significantly.

A postulation of the involvement of the brighteners
is suggested. As the disulphide of dimethyl thiourea
or thioglycolic acid could have been reduced during the
deposition of copper, there are probably two electro-
reduction processes taking place in solutions containing

brighteners.
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CHAPTER 1

INTRODUCTION

PART €1-1) Indsutrial Copper 'E‘,léetrédepositio;l Process.

Copper electrodeposition from acid copper sulphate
solutions is extensively used in the industry e.g. for
building up surfaces where the mechanical loading is
not too high, production of electrotypes and printed
circuits boards.

The copper electroplating process may be given as

follows:-

(1) Racking or wiring.

(2) Pre-treatment ie. polishing, barreling
and cleaning process.

(3) Electroplating.

(4) Post-treatment, including final rinsing
and drying.

(5) Unloading from racks or wiring.

In an automatic plant, stages 2,3 and 4 are
incorporated within one unit. The jigs or racks are
conveyed to or from the plant with an automatic loader

and unloader respectively.



The cleaning and electroplating process are
the most important steps in the metal electroplating
in general. Thus both of these processes will be

discussed here.

The cleaning sequence can be summarised as
preliminary cleaning, water rinsing, cathodic cleaning,

water rinsing, acid dipping and water rinsing.

Preliminary cleaning or degreasing involves
the removal of heavy oils, greases and soils from
electrodes to be plated. In this process, the
electrodeé are immersed in a solvent vapour of
trichloroethylene or perchloroethylene. The solvent
vapour container is provided with heating elements
in the base and a cooling coil round the top. This
arrangement allows the solvent vapour to be recycled

back to the base.

The cathodic cleaning process effects the
removal of residual oxide or grease films. This

process involve the use of an inert electrode as



anode and the electrode to be cleaned as cathode.
The twq electrodes are immersed in a cleaning
solution which is commercially known as Activax.
When the system is switched on, the hydrogen gas
thus evolved, has a scouring effect upon the

surface to be cleaned.

Hydrofluoric acid (2.5% vol/vol in water)
and sulphuric acid (0.5% vol/vol in water) are
used in the acid dipping step. This is carried
out to ensure that any alkaline film present after

the previous step is neutralised.

Electroplating is carried out in a glass,
plastic or rubber lined tank. The process is
usually carried out at room temperature but it
may raised to 313 K if fast deposition is required.
The maximum current density used at room temperature

-2 2

is 5 A dm and 16 A dm™“ at 313 K. The composition

of the solution is copper sulphate 200 g dm'B,
potash alum 12 g dm'3 and sulphuric acid 56 g dm'3.



PART(1-2 ) REVIEW OF PREVIOUS WORK

Sect (1-2.1)

Electrochemical Reaction of Copper In

Acidified Sulphate Solution.

Copper deposition from acid sulphate solution '

occurs in consecutive steps.1 They are namely,the
ion transfer across the electrified interface,

i.e. the charge transfer reaction surface diffusion
of adions to steps and diffusion along steps to

‘kinks.

The mechanism of Copper deposition in acid
copper sulphate system was studied by Mattsson

and Bockris using a galvanostatic pulse techniquez.

They suggested that the mechanism involved the

following steps.

2+ slow +

Cu + e ——~% Cu E(1-1)
Fast o

cut

u + e ‘—;“ Cu E( 1-2)

The two step mechanism was confirmed by Peter
and Cruse; using a chronopotentiometric technique.
This involved the measurement of the potential-
time variation at a working electrode during a

short period of exhaustive electrolysis carried out



at constant current and under linear diffusion
control. Hibbert,Sugiatro and Tseung4 using the
same galvanostatic transient method as Mattsson
and Bockris, and Brown and Thirsk5 using a rotating
disk electrode also agreed with the above two step
mechanism.

2,6,7

have concluded
2+

Bockris and co-workers,
from investigations carried out on the Cu/Cu
system in acid solutions that the rate determining
step can be either due to a charge transfer step as

E ( 1-1,p6 ) or surface diffusion of adatoms or adions.
This was found to have depended on current density
and types of surface preparation used. From all types
of surface preparation used, it was concluded that
the reaction is controlled by a surface diffusion
process at low current density with the exception
of surfaces obtained by electrodeposited copper
where reaction control was shared with a charge
transfer process. On the other hands when high

current density was used,it was concluded that



reaction control is mainly due to a charge transfer

process.

Slaiman and Lorenz8 used a galvanostatic double
pulse method to investigate the kinetics of the
Cuw/Cu®* electrode system. They stated that the
mechanism of the anbdic dissolution and cathodic
deposition would take place in three consecutive
steps. The first step in the cathodic deposition
process is the reaction shown in equation E(1-1,p6)
The second and third consecutive steps are as followings:

+ - » v+
Cu + (1 - V)e ¢ Cuads E (1_3 )

v+ - —» E (1-4
Cuads + Ve < Cu ( )

The rates of reaction are that reaction E(1-3) and E(1-4)7E(1-1)
and O << V—<<1, They also suggested that the mechanism

at a polycrystalline Cu/Cu®* - electrode is not

markedly influenced by surface diffusion processes.

In other words, at N > : 5mV, the direct charge

transfer will take place at growth sites, e.g. kinks

or screw dislocations.



Hurlen and co-workers® in 1978 reported that
the fast Cu/Cu+ metal ion-transfer step reveals
itself in the "Superpolarization" which appears in
galvanostatic transients. Superpolarization is a
peak occuring in the galvanostatic overpotential
v s, time curve at the initial stage of the transient.
The peak overvoltage numerically exceeds the final
stationary overvoltage. They also claimed that the
Cu/Cu+ step is kinetically accessible besides the
slower Cu+/Cu2+ step.

16 | vestigated the kinetic

Karasyk and Linford
parameters for copper deposition on clean and "soiled"
electrodes, using a galvanostatic method. The'"soiled"
electrodes are the electrodes containing film of
stearic acid and paraffin oil. These electrodes were
prepared by means of an evaporation technique. The
electrodepositions were carried out from an acid
copper sulphate solution and on flat plate copper

electrodes. They found that the mean values of the

cathodic transfer coeffieient (Qc ) and exchange

+ 2

current density were 0.57 - 0.02 and (11.4 bl 3.2)10'1Adm'

respectively for cleaned electrodes. These results are
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in agreement with those reported by Mattsson and
Bockris. For the soiled copper electrodes the
values of ac was found to be about 0.3. The
exchange current density for the freshly prepared
solled (stearic acid) electrodes is higher than
those for similar cleaned electrodes. Those non
freshly prepared soiled electrodes (i.e. The film
of stearic acid or paraffin oil remained on the
electrode for 24 hour before the experiments) have
exchange current densities which are close to those

for clean electrodes.

They also reported that the typical values of

the double layer capacitance were (50-60)‘10'213‘m"2

2for

for clean electrodes and about (7 - 26)»10"2 Fm
soiled electrodes. They suggested that this lowering
of the capacity probably facilitates the transfer
by making "leakge" of charged ions through the

capacitance easier.

Bockris and Mattsson2 found that the mean values
of the double layer capacitance were (78 ¥ 6)10"2 Fm™ 2
for the copper electrodes used in the same acidified

cupric sulphate solution as the above authors.
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The values for He-prepared (i.e.copper electrodes
prepared by melting in helium) and electrodeposited
electrodes were not found to be significantly
different. The reason given for the standard deviation
from the mean of about 10% was there were some
difficulties of taking tangents of,the overpotential
at time tﬂ]t vs. t curve, at limitingly low over-

potentials.

Slaiman and Lorenz8 found the values of double
layer capacitance and adsorption capacitance of copper
electrodes in sulphate solution. The adsorption
capacitance is related to adsorbed intermediates
in the overall reaction, in this case to adatoms at
the electrode surface. They found that the'adsorption
capacity' was slightly affected by Cu2+ concentration
but remained dependent on electrode surface treatment.
The electrical double layer capacity of the electro-
deposited copper electrodes was also found to be
different from the group of different types of polished
electrodes whose electrical double layer capacities

were not significantly different from each other.
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Examples of the cathodic values of the double layer

capacitance found were (50 h 5)10'2Fm'2 and

(27 ¥ 3.5)10-2 Fm~2 for the electrodeposited
electrodes and the mechanical polishing electrodes
respectively. The values of the adsorption capacitance

of the above electrodes were found to be (135 2 26)10"21"m'2

and (55 % 8)1072 Fm~2 .

The values of the double layer capacitance of
copper electrodes observed by the above authors show
that their values are greatly affected by the surface

treatments of the electrodes.

In crystallographical and morphological studies
on copper deposition Pick and his co—workersio’ii’12
found that the surface geometry of the deposit was
independant of plating time and that the scale of

the surface features increased with time. The
orientation and the purity of the cathode affect the
initial mode of growth of deposits. Okada and Magarii7

agreed that the orientation of the cathode affect

the copper deposit.
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13
Damjanovic and co-workers investigated copper

deposition on single crystal planes. They found that
the deposits on the (III) plane had the shapes of
triangular and hexagonal pyramids,at low current

-2). At a higher current

density (i.e. less than 1 Adm
density (i.e. greater than 1 Adm™2) it was found that
the triangular and hexagonal pyramids transform into
blocks and larger hexagonal layers. On the (110) plane,
ridge types of deposits were found to have developed
at all current densities (i.e. 0.2 A dm'2 to 3 Adm'z).
The observations were carried out up to an average
thickness of the deposit corresponding to 10 coulomb
cm™2.

They also found that the morphology of the
deposits obtained at 0.5 A dm™2 did not deviate
markedly at different concentrations of solutions.
The concentrations used were 0.25 mol dm'3 and 1

-3

mol  dm™> copper sulphate in 0.1 mol dm - sulphuric

acid.

Carneval and Cusminskyiq observed that the
morphology of the copper deposited on (001) copper

surfaces was of similar overall shape and had

epitaxial growth at an early stage of deposition.
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The shape was mainly square pyramid or square block.
The solutions used were simple acidic copper solutions
(i.e. sulphate,chloride and citrate) and the current

density used was less than 2 Adm~2

« The morphology
of the deposits obtained, at higher current density
(i.e. 5 Adm~2) or from the complex solutions,
deviate significantly. The shapes were of spheres,

cauliflowers,dendrites,boulders of certain geometrical

shape and nuclei without any characteristics.

Benn and Walker15 studied the effect of the bath
temperature,and current density ol copper deposits
from an acidified copper sulphate bath. They observed
that the grain size decreased as the current density
increased (in the range of 1 Adm~2 to 6.5 Adm™2)
at constant temperature. At constant current density,
the grain size increased as the temperature increased
(in the range of 273 K to 353 K). They also found that
there is a strong correlation between a high hardness
and a small grain size or factors which produce a
small grain .8ize. One of the earlier theories which
has been proposed to explain this relationship is

that the hardness was connected with the grain size
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and,for a given grain size, differences in the
hardness could be due to different packing within

the crystal lattice. Another theory explained

that a small grain size produced-many grain bourndries
which blocked the slip planes along which deformation

of the crystals would normally occur,
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Sect:

1-2.2 Studies of Copper Reactions In Solutions

Containing Halide Ions, And Copper Halide

Electrodes.

It is a common practice to add chlorides
(NaCl or HCl) to acidified copper sulphate
electrolytes in copper refining processes. The
chlorides arerused to precipitate silver ions in
the electrolytes and to minimize the codeposition

18
of a?timony and bismuth with copper.

Yao suggested that the chloride concentration
used should be from 0.01 to 0.05 g dm's. Chloride
is also used as an so called "addition agent" in
electroplating of bright copper deposits 20
Investigations of the effects of chloride ions

on copper deposition has been carried out by

18,19,21
several authors .

21
In 1944 Yao, found that an increase of chloride
concentration at low chloride concentration resulted
in small increases in cathode polarization, hardness

and a large decrease in grain size. However, at
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chloride concentration greater than 0.015 g dm"3
cathode polarization and hardness decreased
sharply with concentration. Also the grain size
was observed to have increased. Acidified copper
sulphate chloride ion solutions were used in
his experiments.
22

In 1952, Beaver patented the use of chloride

for bright copper plating in an acid copper bath.

He recommended that the range of chloride concentra-

tion to be used should be from 0.001 to 0.015 g dm'3.

23
Mosher suggested that in order to avoid

obtaining coarse deposits in electrorefining
processes 0,002 to 0.035 g dm-3 of chloride ions
should be added to precipitate silver. There is
little agreement among different authors regarding
the range of concentrations of chloride to be used.
This is probably because it depends on temperature

and on concentrations of other bath constituents.

The effect of chloride may be markedly modified

by the presence of other addition agents. It was
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18 1at the

observed by Gauvin and Winkler
addition of gelatin to a solution containing
chloride should be considerably increased powder
formation of the deposit. They suggested a hypo-
thesis to explain the addition agent effect of
chloride in deposition. The hypothesis is that a
small concentration of cuprous ions is always
available to react with chloride ions due to the

following reaction between the copper electrode

and copper sulphate solution:

Cu?* 4+ Cu—= 2Cu" CE (1-5)

As a result, at a concentration higher than
some critical value, (i.e. 0.0089 g dm™> C1~ in
0.5 mole dm™3 copper sulphate solution) cuprous

chloride precipitates in colloidal form since it

has had no time to grow into a visible precipitate

during electrolyiss. The colloidal cuprous chloride

is then adsorbed by the deposit and therefore acts

as a.mild addition agent.



- 19 -

They also observed that a grey cuprous chloride
film formed at the anode at chloride concentrations
of — 0.1 g dm'3.

2lj"25’26’2751:ud:i.ed

Bartlett, Cooper and Stephenson
the anodic behavious of copper in HC1l solution without
any Cu® and Cu2+ ions being present initially by both
electrochemical and optical methods. They reported
that immediately after electrolysis began on anode
layer grew until it was completely covered. The
layer was of Cu (I) C1 by the reaction:zq

Cu + C17—_o CuCl + e E(1-6)
and grew to a thickness of 10'4cm. In the steady
state, the rate of the Cu (I) Cl1 layer formation
reaction was equivalent to the rate of layer removal:

Cu C1 + C17 — Cu C1p” E(1-7)

and the overall reaction was

Cu+ 2C1"— o Cu Clz_ + e E(1-8)

The formation of Cu2+ ions was also detected

in the solution and the entrance into solution of
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2+ - 27
Cu and the Cu Cl, complex were observed.

2+
It was suggested that the Cu ions went .
directly into the solution through the pores in

the Cu(1) C1 1ayer.26

The corrosion of copper in solutions of
28,29
copper (I ) chloride was studied by Hurlen. He
found that layers of copper (1) chloride were
formed which subsequently dissolved giving
soluble species such as Cu Clé' .
28 ..

Hurlen "also suggested that the anodic
dissolution and cathodic deposition reactions of
copper in acidified Cu (I.) Cl solution were
diffusion controlled. The reactions were found

to obey the relationship.

V =Eg + ( ®/ar ) m (12 Yip) E (1-9)

where V = electrode potential vs. S.H.E.
ER = The reversible potential of copper

in electrolyte ‘“vs. S.H.E
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i = current density A/dm2
ij= Limiting current density A/dm®
The experiments were carried out with a

current density of less than 1.0 A am=2

Bonfiglio et al 3Bagreed with Hurlen28 that

the anodic dissolution of copper in acid chloride
media is diffusional in character. They concluded
that the slow cuprous chloride complexes transer
towards the bulk is the rate determining step.
This is partially in agreement with Cooper and
Bartlett26 who suggested that diffusion of the
CuClz' complex is the rate determining step.

39

Braun and Nobe used a model, which assumes

the formation of a CuCl film on the copper surface
and diffusion of the chloride ions to the electrode

as the rate determining step,to interpret their
experimental data. They calculateéed that the values

4

of K, and K3 ( complexation constants) were 6.67 x 10

and 1.81 x 10° respectively. They concluded that
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in solutions with C1” concentration of less than

0.7 mol dm-3, the complex, CuCl is dominant,

2 L]
while at more concentrated chloride solutions,
2—
CuCl3 is the main complex formed. It can be seen

that most investigators have agreed that the copper
anodic dissolution process in chloride solution

is mass transfer rather than activation controlled.

2
been proposed by different investigators to be

Different anions species (Cl1~,CuCl_, and CuC13) have

involved in the diffusion controlled rate determining
step.>” This shows, it is difficult to completely
understood this reaction since different chloride
complexes are involved.

Tseung and Mahmood30

investigated the possibility
of using an integrated chemical-electrochemical method
for the recovery of copper from dilute solutions
containing chloride and cupric ions. Their results

showed that higher efficiency and rates in the

recovery process were achieved.
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The kinetics of copper (II) reduction in
chloride media with and without the reducing agent
Na2 SO3 were studied by Hibbert, Sugiarto and Tseungq.
The results showed that, in the presence of chloride
and sulplide ions, the Cu Clz' complex was formed.

In the cathodic process, it was reported that the
rate determining step was the reduction of the

Cu Clé. complex. Anodically, the slow step was the
oxidation of Cu Cl,”. It was observed that the copper

2
deposited at the cathode, in the chloride solution,
without reducing agent dissolved chemically at PH1.
The reaction suggested was that the copper deposit

reacts with chloride ions, to give copper chloride

complex E.e. reaction E(I—S‘pi9)]

Copper (I) chloride is used as a cathode for

L which may be

reserve sea water batteries,
fabricated by mixing copper (I) chloride, an

organic binder and graphite.

Margalit>Zinvestigated copper (I) halide/
sulphur mixes as cathodes for seawater activated

cells: chloride, bromide and iodide were the
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halides used. He concluded that Cul/sulphur
pellets were the most promising materials among
the halide-sulphur mixes. This was because the
chloride/suplhur pellet disintegrated and the
bromide-sulphur pellet changed colour indicating
a chemical change during temperature and humidity

tests.

A method of manufacture copper halide
electrodes by direct reactions at a copper
electrode using galvanostatic pulse technique
was described by Yeow and Hibbert.33 The
reactions involved are the two step electro-
chemical reaction of copper plating as shown in
equations E(1-1,1-2,p6 ) * . and the chemical
reaction involving copper,halides (X) and cupric
ions in the plating electrolytes.

2+

Cu + Cu® + 2 X__o 2 CuX E(1-10)

The electrodes made using the method may
be more conducting, have a known discharge
capacity,strongly binded and ultimately be more

economical.
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Copper deposits containing large amount of
iodine, deposited from a cuprous iodide bath,were
described by Schlotter.34 He reported that the
concentration of iodine in the deposit increased
with current density,with a concentration as high
as 0.63 per cent. At this concentration, the lattice
constant increased from 3.604 to 3.609°A. The deposit
has the interesting property of being photosensitive,

turning from red to blue on exposure to light.

Winkler35 and co-workers found that bormide and
iodide added to sulphate baths have similar effect

18

as chloride on the deposits but less pronounced.

36

Mayanna investigéted the mechanism of the
dissolution reaction of copper in acidic solution
with and without the presence of iodine ions. The
results obtained in both cases were consistent with
the mechansim proposed by Bockris2 except in the
presence of iodide ions, the rate of the dissolution

is decreased. The anodic Tafel slopes obtained for

copper single crystal planes in the absence and
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presence of iodide ions were the same. They
suggested that this indicates the mechanism

of the dissolution reaction on uninhibited and
inhibited copper single crystal planes in sulphuric
acid is the same.

37

Nageswar studied the electrodeposition

of copper on a copper single crystal (lll|) face
in the presence of bromide ions. It was found
that the pyramidal growth of copper deposited on
Cu(llt) from an acid copper sulphate bath without
bromide ions. The pyramidal grewth became truncated
pyramids and transformed to a layer growth which
gave rise to ridges and then to a polycrystalline
deposit when bromide ions were present. These
transitions of the surface features were in
parallel with the increaments of concentrations
of bromide ions from 1072 to 10”10 mo1 dam™3.

The transition from one type of growth to another

was more gradual at high current density (i.e.

1,1.5 and 2Adm™2).
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Sect (i-2.3)

Studies of the Role of Addition Agents

in the Electrodeposition of Copper.

The discovery of bright plating led to considerable
savings of production costs in theée field of electro-
plating. In particular, substantial savings in cost
and effort have been made since a good deal of the

hand finishing previously used can be eliminated.

The early history of bright plating has been

55 56 The

reviewed by Rubinstein and by Henricks.
discovery of brighteners used in various plating
baths waz accidental in some cases, and in others
it-was the result of small scale trial and error
experimentations.

56

Henricks reviewed serveral theories proposed
for the mechanism of bright plating. The most
prominent of these theories are as follows:-

(1) Adsorption Theory:

Bancroft stated that "The crystal size is
decreased when there are present at the cathode
surface substances which are adsorbed by the

deposited metal
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(2) Reducing Agent Theory:

Kern in 1909 stated that "The function of an
addition agent in an electrolyte is to maintain a
reducing menstruum around the cathode,which, in
turn causes the deposit to form denser and smoother".
He based his observations on the fact that reducing
agents such as phenols,aromatic amines,refined the
grain size of deposit,while oxidizing anions
produced coarse or spongy deposits.

(3) Complex Ion Theory:

This theory was first proposed by Mathers in
1916 and then elaborated by him in 1939.Fuseya and
his co-workers did some research to establish the
validity of this theory and stated that effective
addition agents form complex ions with the depositing
metal.

(4) Cathode Interference Theory:

The conclusion that Hunt came to from his
study of the structure of electrodeposited metals
was that:'"the crystalline structure of an electro-
deposited metal will be governed by the relation
of the metal ion concentration in the cathode film

to the concentration of the other constituents of
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that film. If the proportion of metal ions to inert
particles is comparatively high,there will be little
interference with crystal growth,and coarsely crystalline
deposits will result. If,however, the proportion is

low e.g. due to low degree of dissociation and complex
ion formation, there will be considerable inter-

ference with crystal growth,with the consequent

formation of many nuclei.'

The theories described above explain some of
the phenomena associated with brightener action but
none of these completely explains all of the observed

facts.

The surface structure is the principal factor
which determines the brightness of electrodeposited
metal.il’*1 Therefore, the effect of addition agents
on grain size and crystal growth habit has been the
subject of several investigations. In addition,
most investigators studied the kinetics of copper
electrodeposition using the same addition agents
so that a successful theory of bright plating could

be deduced.
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Shreir and Smith62tudied the effects of addition
agents on the cathode polarization potential during
the electrodeposition of copper and upon the super-
ficial structure of the deposits. They found that
addition agents (e.g.thiourea,citric acid and others)
which cause an increase in polarization result in
deposits of finer grain size. On the other hand
those which decreased the overvoltage result in

coarse-grained deposits.

They also reported that a concentration of
thiourea of 10~2 mol dm™> caused the formation
of coarsely crystalline deposits. Conversely, a
higher concentration of thiourea, 10'4 mol ~3 which
has a higher polarization potential resulted in a
fine grain and bright deposits. Sukava and Winkleriho
have reported that cystline + Chloride in copper
sulphate gave coarse and irregular deposit when
the polarization potential was lowest. Therefore,
there is some agreement in their observation of

the relationship between grain size and polarization

potential with that of Shreir and Smith's.
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Barnes and Store;ﬂsuggested that the crystal
growth habit modifiecations (e.g. transformation of
pyramid growth to cubic layer growth) produced by,
additions of glucose, or urea, or glycine (i.e.
concentration of less than 10”2 mol dm'3), is
basically due to the change of polarization. Also
this effects was observed under the electrodeposition
of single crystal copper surfaces can be simulated
in uncontaminated solutions by changes in the
current density. The electrochemical kinetics of
the process has been altered by the addition agents

but the crystal growth mechanism remained the same.

They found that a glycine concentration of

1 x 10"2 mol dm™> causes crystalline material
to be codeposited, with considerable distortion in”
the metal lattice. They interpreted this &s an
indication of surface adsorption and impurity

incorporation.

Further work by Barnes57 discovered that

this compounds which contain divalent sulphur e.g.

thioacetamide and thioxamide etc, in acid copper
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baths reduced cathodic polarization and modified
the crystal habit of copper diposited on the (100)
surface of copper single crystal . He suggested
that the divalent compounds form a barrier between
the cathode surface and the electrode and prevent
H* ion inhibition on the surface. Therefore, the
———HS~ anions become adsorbed on the metal
surface in preference to other molecular or ionic
species. As result the cathode surface is covered
with an adsorbed film of different characteristics
which affect the crystal growth habit.
58

Fischer and his co-workers have also carried
out an investigation into the effect of glycine
additions to sulphate solutions on the surface
topography of deposits formed on cubic-texture
strip. They found that glycine additions failed
to influncece the current density at which pyramid
growth transformed to cubic layer growth, but that
in the current density range of layer growth increased
glycine concentration,up to a limiting value,enlarged

the crystallite size. Above this limiting value,
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the mean diameter of the grains was inversely
proportional to the inhibitor concentration.
Therefore both the glycine concentrations and
thiourea concentrations have the same effect on
the grain sizes of copper deposits.

59

Johnson and Turner

57,60

agreed with other
investigators that a small amounts of thiourea
in the plating solution has a depolarization effect
on the cathode. They suggested that this indicates
the kinetics of copper electrodeposition is limited
by surface diffusion of adatoms up to a higher
current density with small amounts of thiourea

than without it. Also higher thiourea concentration

inhibits the surface diffusion of adatoms.

They also found that both thiourea and 1(-)
cystine have similar behaviour as addition agents
in acid copper plating. Both addition agents
contain sulphur groups and they proposed that they
are either hydrolysed or electrochemically reduced
during plating to form sulphide ions which

precipitate copper as CuS at the cathode surface.
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Hoekstra et al,“ecarried out the radio tracer
studied of the adsorption of thiourea on copper.
It was found that thiourea was strongly adsorbed
on the surface of a copper electrode. The adsorption
took place even in the absence of applied potential,

3

in acid copper plating bath with 0.01g dm - thiourea-
S-35 ., The adsorption of thiourea appeared to have
no preference for any crystal face of copper. It

was guggested that the adsorbed thiourea interferes

with the crystal growth and resulted in obtaining

bright deposit in their electrodeposition studied.

Evidence for adsorption also comes from the
fact that,the additives get incoroperated into the
electrodeposits. Llopis and co-workers, using radio
tracers,found sulphur but not carbon,in the copper

59

deposit when the plating bath contained thiourea.

61 used radio tracer techniques and

Rogers and Ware
autoradiography have found that the nickel deposit
contained sulphur. Also the amount sulphur increased

with decreasing current density in a Watts platiag

solution containing thiourea as a brightener.
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There is very little informatinn available
regarding the values of double layer capacitance
of copper during the electrodeposition or dissolution
processes. Bockris and Enyo6 measured the values of
the double layer capacitance of copper electrodes
in acidified cupric solutions with different anions
(i.e. S 42', €1~ , €10, , Ac” and NH2503-).They

found that the values of double layer capacitance

-2 2

varied between (43 & 13) 1072 Fm~2 and (143 ¥ 21)10"%Fm"~

for acetate and aminosulphonate anions respectively.

No information was found regarding the study
of the relationship between the surface crystal
structure and the values of double layer capacitance
of copper electrodeposition with or without addition
agents.

6

Weil 2 has summarized the following facts about
the sturcture of bright nickel deposits which he
said most of the facts apply also to other plated
metals. In order to be fully bright, nickel electro-

deposits may either have fine grains or large grains.
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If they have large grains there should not be any
bounding crystal planes inclined to the surface.
The boundaries of large grains are usﬁally deep
valleys. Therefore, bright, large grained deposits
are rare in commercial plating. However,single-
crystal deposits could be fully bright.'Deposits
with fine grains i.e. the grains having the difference
in the height between the middle of the grain and
the grain boundary, less than the wavelength of
visible light (400 to 700,nm) and without  érevices are
bright. If there is a strong fibre axis, i.e.

the same plane is essentially parallel to the
surface in most grains, the boundaries .between
them would be expected to be shallow. When there
is a strong fibre axis, the grains need not be
very fine for a deposit to be bright. The banded
structure is also generally observed in bright
deposits but not all deposits showing the banded

structure are fully bright.
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CHAPTER 2

Part (2-1) Some Techniques for the study of Electrode Processes and

Electrode deposit

Sect (2-1.1)-Single Current Pulse Method

(i) (E)

Time —e Time —
Fig (2-1) Fig (2-2)
This method is very useful for the study of
kinetics of fast electrode reactions. (i.e. kg up
to 100Cm 31 1:H) A small rectangular current pulse
(egg. ontime range of 0.5 ms to 50 ms used by Berzins

and DelahaySI

) is used to stimulate a working
electrode which is at equilibrium. The response ofx
the working electrode during the passaage of current

is a change in potential as a function of time (t) fig (2-2)

The mathematical expression of 17 v.s. t, wheren
is the overpotential, is relatively complex even for a

simple reversible charge-transfer process e.g.

O'l"”@;—:R
E(2-1)
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A linear relationship exists between n andJ?

for a small displacement of potential from its
equilibrium potential i.e.N<<RT/nF and t > 5 x 10~7s
i.e. when the double layer charging current has

become negligible. The relationship is shown as

52
follows: =

S_RT [, 2L ¢ L ~ _
n= n;:[ Y f'RT(ﬁfz—j Cd_i]' B2-2)

lo

with

1 1
L— (<] + [~} E(Z 3)
Cof[TO CR 'DR -
Cdl= the double layer capacitance at the
reversible potential.

i = Total Faradaic current.

Concentration in mol :/dm3 in bulk phase

of 0 species.

@)
o]
n

ibg Exchange current density.

D0= Diffusion coefficient of species g

The exchange current density can be determined
from the intercept at t = 0. The value of L can be

obtained from the slope jn the .7/ vs.dt‘:ploﬁ.
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The transfer coefficients
cannot be evaluated using this method directly from
a single transient but can be obtained from the
dependance of the exchange current density on the
concentration of O or R as shown in the equation

below.

o = anS COOU—G)CORG E(2-4)
Where kg = rate constant, 0 = transfer coefficient.
Thus @ can be evaluated by varying the concentration
of one of the reactants while the concentration of
the other reactant is kept constant. The logarithm
of exchange current density is plotted against the
logarithm of the varying concentrations. Therefore d
can be obtained from a straight line whose slope
is either O or 1-0d , depending which reactant

concentrations are varried,

The main disadvantage in this method is that only a
relatively small perturbation is permitted -when E(2-2,p38)

is .to ‘be used in the experimental calculation.
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Thus this leads to lower signal-to-noise ratios and
hence greater uncertainty in the measured kinetic
parameters. The main advantage is that the
experimental set-up is relatively simple and easy

5
to correct for IR drop%
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Sett-€24.2°) Potential Step Method:

current

Potential

time time

Fig (2-3) Fig (2-4)

In this method a potential step (Fig 2-3)
is used to perturb an electrode which is in its
equilibrium state and the resulting current is then
measured as a function of time (Fig 2-4). The
kinetic parameters can then be obtained using the

current-time relationship.

The current-time and Tl equation is generally
quite complicated, for example the current-time and U
equation for the first order kinetics of the reaction

(E2-1, p37 ) is as follows:”>
i = lodexp [-_C_lj%ﬂ_] - exp [(1-(1 )_nﬁrl;;_ﬂb A(t) E(2-5)

where A(t) = [exp ( Az t)] erfc ( At%) E(2-6)

and )\ is a constant given by
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io 1 1 g, nrnﬂ

R Crote S R S
R{Pr

where overpotential T] is equal to the potential jump

for small IR drop. The meanings of the symbols used

are the same as those used in the single current pulse

method.

Equation E(2-5,p41) dindicates that the faradaic
current density is equal to the value without diffusion
control multiplied by a factor A(t). The factor A(t)
considers the diffusion process and carries the value

of time,

The io value of the reaction considered can be
obtained easily with the aid of the monograms prepared

54 as shown on page ( 44 ).

by Oldham and Osteryoung
This is done by plotting the values of if V.S, f;

and from this a straight line is drawn through the

points in the central portion of the curve. This straight
line is then extrapolated to the Y-axis and <the i,

value is obtained as shown in figure ( 2-5p44 ).The

ratio of i/ix is then used to obtained the value of
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1y

io

from fig ( 2-6, p44 ). Thus io value can be

evaluated using the value of i,. The condition for

. . . . i
the application of this method is - ;;?(L9
The value of . " d can be determined using the
equation E(2-4, p39) This is carried out by

plotting the values of log io with log Coo with a
constant value of CRo « Therefore, the values of

a can be evaluated.

The conditions for this process to be carried
out efficiently are that the IR drop between working
and reference electrodes must be small and for a short
ontime step, correction of double layer charging is

required.
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Fig (2-5). Typical chronoamperometric data points.
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Fig (2-6) The curve shows ix/io as a function of le
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Sect (2-1.3)  Chronopotentiometry

i £

S

“<75-

- JT Eo -

Fig (2-7) Fig (2-8)

This method uses a larger constant current
pulse of longer duration (Fig ;_7 ) which will
completely consume all the reactants at the
electrode. A change of potential with time(t)
is then studied and a typical chronopotentiogram
obtained is shown in f;gure(;_g). The principal
assumption of this method is that mass transport
occurs only by linear diffusion under the influence

of the oncentration gradient.

The time required for the reactants to be
completely reacted at the electrode is known as

11
the transition time(’r“). The equation which relates
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with concentration of the reaction of the reacting
species O and the current density, for a plane electrode

52

is as follows:

A/-,E_u _ aF cg ,,/“Do

2i

E(2-8)

This method is relatively useful in evaluating
the kinetic parameters for a one-step cathodic process
with combined kinetic and diffusion control in which
the back reaction is negligible for the following
reaction:

O+ ne =R E(2-9)

The relationship of the electrode potential with time

after completion of double-layer charging is 52
0 1
E = Eo + (RT/anF )(In[nF Co ko /il+n[1-( /2% 1 ) 3(2-10)
Equation Eg(2-10) shows that the value of

a can be obtained from the slope of the plot of
E v.es. 1p “_h/ﬁﬁ%], Also with the known standard
electrode potential, the standard rate constant of

[Ko < 10‘4 cm 5'1] >3 can be determined.
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This method can also be used to determine the
extend to which reactants are adsorbed on the electrade
surface. This is carried out by observing the number -
of transition times present on the potential v s.
time plot. If both the adsorbed and diffusing species
both undergo reaction at widely different potentials,

two separate transitions times will be observed.



Current (I)

Potential (v)
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Sectx(2-1.4) Methods for Measurement of Capacity at

Electrode-Flectrolyte Interfaces

There are a number of methods available for
the measurement of double-layer capacitance (Cél) .
on solid electrodes. The methods of measurement
may be classified in two groups, namely,pulse
methods and the alternating current method. Three
pulse methods and one alternating current method
will be described. A galvanostatic pulse method
was used in this research,

Sect (2-1.4A) Square-wave pulse Method:

—_—
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Fig (2-9) Fig (2-10)
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Fig (2-11) Fig (2-12)
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The square wave pulse technique has been

63 64

developed by Hackerman et al and Cahan et al.

In this technique a repetitive constant current (I)
square wave pulse is applied to the electrode
(Fig.2-9p48 ). The direction of the current flow of
the second half cycle is opposite to the first half
cycle. The potential (V)-time response is varied
under different conditions of the experimental set
up. The potential-time response of figure (-10,p48)
if for the case when only pure double-layer capacitance
of the electrode is measured. Figure(2-11p48 )shows
the response of the case when ohmic potential (IR)
drop is present in series which the double-layer
capacitance. When faradaic current and ohmic drop
are present, the response of this case is shown in

figure (2-12, p48 ).

The value of the double-layer capacitance can be
evaluated from the potential-time response of all
three cases mentioned above. The linear portion of
the slopes of the potential-time curves are used in
conjunction with the applied known constant current,

in the calculation of the values of the double layer
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capacitance of the electrodes. The following equation

is used in the calculation of the values of capacitance.

C = E(2-11)



Potential (V)
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Sect (2-1.4B) Triangular-Wave Pulse Method:

Fig (2-13)
time
Fig (2-15)
I
t
Fig (2-17)
/
I

Fig (2-14)

Fig (2-16)

_
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65,66

Gileadi et al used this method to measure
the double layer capacitance of a gold disk electrode
in 1072 mol dm™3 HC10, solution. A train of triangular
wave pulse is applied on the working electrode. The
frequency used is normally in the range of 102 - 101i
cycles per second. The amplitude of voltage is froﬁ

1 to 20mV., The applied potential is increase from a
lower potential to the peak potential in the first
half of the cycle and decrease from the peak

potential to the lower potential at the second

half of the cycle (Fig. 2-13,p51)

Using the capacitance equation E(2-11,p50)
the value of the double-layer capacitance can be
evaluated when the current is measured. Alternatively,
the response can be caliberated with known dummy
capacitors since the square wave response is propor-
tional to the current before the experiment. Thus
during the experiment the values qf the double-
layer can be obtained directly from the caliberated

screen or chart.
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Four types of responses are shown in figures
(2.14p51 ) to (297p51 ). Figure (.14 551 )
shows the response of only double-layer capacitance
of the electrode. Figure( 3_i5p51 ) shows the
response of the double-layer capacitance in the
preeence of ohmic drop of the electrode. In the
system where the ohmic drop is compensated, the
response of the double-layer capacitance of the
electrode is shown in figure ( 2-16,p51 ).
Figure ( 2_17p51 ) shows the response of the
double layer capacitance of the electrode when the
ohmic drop is compensated and faradaic current is

present.

The error due to the faradaic current in the
measured capacity can be reduced by increasing the
frequency and adjusting for optimum IR compensation.
This error can be readily estimated using the following
equation which relates the measured capacitance (Cm)

to the true capacitance.
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=P’} lhax 1nin

Where P is the fraction of half-cycle during
which sampling is made. inin and i ax Bare the
values of the current at the begining and at the

end of the half-cycle, measured on a curve such

as figure ( 2-17,p51)

E(2-12)
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Sect (2-1.4C) Double Current Pulse Method:

™
o
o
% Fig (2-18)
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[¢)
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- time
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Gerischer and Kruse introduced the galvanos-
tatic double pulse method in order to seperate
diffusion overvoltage from charge-transfer over-

voltage in the case of fast electrode processes..
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Slaiman and Lorenz8 in 1974, used this method to
measure the double-layer capacitance and the adsorp-
tion capacitance (Cads) of copper-electrodes in

acidified cupric sulphate solution.

In this method, two consecutive rectangular
current pulses are used (Fig 2-19,p55 ). The first
pulse is of a large current amplitude (11), and

flows only for a short time t e.g, 1-2 As, This

11
serves to charge rapidly the double layer. The

amplitude and duration of the first pulse are
adjusted so that the potential-time curve starts
out flat at the begining of the second pulse ie

( dv/dt) = 0. Once this is achieved, the

t.-.-.t1

slope of response of the first pulse (ie t = O to
t = 1 ) is then due to the double layer charging with

current I Therefore, the double-layer capacitance

1.
is then calculated using the equation E(2-11, p50)
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The slope of the potential-time curve of

t > t1 , is then used to calculate the total

values of the two capacitances (ie Car + Cads)

as shown in the following equati0n§

I

(dvfdt)t

Cag1+ Cads = E(2-13)

>>t1

As a result the value of the adsorption

capacitance can then be evaluated.
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Sect (2-1.5) X-Ray Diffraction

>

(8
\\ \A d‘
) = A
\\\\\v//////, ‘~4 . Crystal planes

Fig (2-20)

X-ray diffraction (XRD) has been used in the

structural studies of copper electrodeposit by various
authors.14’46’47 The mechanism of the '"reflection'" may
be visualised by reference to fig ( 2- 20 ). The:
equation is used to determine the interplanar distance
(d) of the crystal structure, through measurement of

the angles ( 6 ) at which x-rays are constructively
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reflected from the cyrstal faces i known as the Bragg
equation.4
n\ = 2 d sin 0 E(2—1.4)

where (n= 1,2,3...) are called first, second...
eesorder reflections.

A is the wavelength of the x-ray used.

The powder method is used to determine the
interplanar spacings of cyrystalline powders. The Bragg

equation is used in the calculation of the values of d,

The working principle of the powder method is that
a beam of monochromatic x~-rays is collimated by two
pin holes in a lead sheet and this falls on the crysta-
lline powder. The reflected rays normally have a shape

of comes.

There are two different experimental arrangements
that can be used in the powder method.69 One of them
involves the use of diffractérmeter and the other
involves the use of cylindrical camera when a diffractro-
meter is wused. The specimen is shaped into a flat plate
and is placed at the centre of rotation in the diffractro-
meter. A scanning chart recorder is used to record the

reflected beam,



- 60 -

The powder is ahaped into a cylinder when a
cylindrical camera is used. A photographic film is

used to record the reflected beams.

The x-ray pattern of the deposit obtained is
then used to establish the orientation of the deposit
and can also be used to identify the deposit.68
Identification is carried out by comparing the calculated
d spacings of the three most intense XRD pattermn peaks
with those d spacings values tabulated in the American

J.C.P.D.S. Powder Diffraction File.

Sect(2-1.6) Atomic Absorption Spectrophotometry:

This technique is used for détermining the
concentration of an element in a sample by measuring
the absorption of radiation in an atomic vapour
produced from the sample at a wavelength that is
specific. and characteristic of the element under
consideration. For example the wavelength of the most

70

sensitive absorption 1line of copper is 324.75mm

The atomic absorption spectrometer basically

consists of a light source which gemerates a sharp
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line spectrum, combustion chamber which converis the
solution into atomic vapours, a monochromater which
selects the resonance line to be measured a photo-
multiplier and a chart recorder or digital display

71

unit.

The calibration curve of concentration against
absorbance is obtained jusing the Beer-Lambert Law,
According to this law,the absorbance (A) is propor-
tional to the concentration of the analysed element.
This law is followed within certain limits in atomic
absorption spectrometry. The absorbance can be cal-
culated as the inverse function of the transmission
(T,) of the flame.

A = log 1/T E(2-15)

For the evaluation of sample concentrations,

the absorbance must be evaluated from the relation.
A = log Io/I E(2-16)

Where Io and I are the indicator deflections

corresponding to the pure solvent and sample respec-

tively.
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A standard working curve is normally plo tted
with the known concentration of standard solutions
(x-axis) corresponding to the measured absorbance
(Y-axis). This curve is then used in the determina-
tion of the unknown concentration of the solution of

the same element.

Sect(2-1.7) Stereo Scanning Electron Microscopy:

The principle of the instrument is as follows.
A primary beam of electrons from a heated element is
focused into a fine beam and made to scan in a raster
on the surface of interest. The electrons liberated
from the surface by the beam are detected by scintillator
-photomultiplier system. This is called the emissive mode.
The resulting signals are used to modulate the brightness
of a cathode-ray tube screen which is scanned in syn-
chronism with the electron beam producing an image on

the screen.

Scanning electron microscopes (S E M) have been

used to study the morphology of copper deposits by some

14,17,50

authors. Micrographs (i.e.photography of the

SEM image) of the deposit are usually taken during the
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study of the morphology of copper deposits. The micro-

graph may be used in the calculation of grain size

using the following equation:

Size of grain on micrograph
magnification of micrograph

Actual grain size = E(2-17)

Screen Magnification

where magnification of micrograph =
Constant

E(2-18)

and constant is the ratio of screen s=ize

divided by micrograph size.

Sect (2-1.8) Cyclic Linear Sweep Voltammetry:

This technique has been used to measure the
concentration of both the additive and the chloride
content in different various types of copper bath by

Tench and co-wrorkersﬂ'.o-44

In this method,the potential of the working
electrode varies linearly with time at some known

rate and the current is observed with respect to time.
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The potential of the working electrode is scanned
from an initial potential Ei to a second potential
Er., At Er the direction of scan is,reversed and the
potential swept back to Ei. This procedure can be

repeated continuously if needed.

The cyclic voltammogram has a characteristic

shape depending on the nature of the reac'l::i.on.l!5
Some examples are shown in figures (2-21 to 2-25,p65)
It may be possible to predict the reaction mechanism
from the cyclic voltammogram when used in conjenction.
with table (2-1p66). The table contains the equations
relating the peak potential (Ep) and peak current

(Ip), with scan rate ( v ).
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Part (2-2) Fundamental Principles of Metal Deposition

Processes.

Sect (2-2.1) Faradays's Law:

Electrodeposition is the process of depositing
metals using an external source of current. On
passing the current, the metal is deposited on the
cathode. The process obeys Faraday's laws of elec-
trolysis, which state that, the amount of chemical
change produced by the electric current is propor-
tional to the quantity of electricity passed. One
mole of electrons (i.e. 1 Faraday or 96,490 coulombs)

will produce 3 mole of copper.

Sect (2-2.2) Overpotential

The deviation of the potential from the equili-
brium value, when an external current flows through

the electrode is called the overpotential and is
expressed by: = -

P y N =40 - Ad, E(2-19)
where Ad is the potential difference across the

interface through which a current density i is

flowing. Aq>e is the equilibrium potential
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difference (i.e. the potential difference where no
current is flowing). Both Ad and Acbe are
absolute potentials which cannot be measured. To
measure the overpotential’ a three electrode system
has to be used i.e. a system consisting a working
electrode, a counter electrode and a reference elec;
trode. Ee is measurable and is the potential difference
between the working and reference electrode when no
current is flowing. E is measured as the potential
difference between the working electrode and the
reference electrode (assuming the ohmic potential

drop is small) The overpotential is thus given by E-Ee.

The following are various types of overpotential
which appear during the deposition process:
(1) Charge-transfer overpotential ("lct), associated
with the step involving charge transfer between the
electrode and a molecule, ion, or atom.
(2) Crystallization overpotential (WUer), which results
from the energy barrier associated with incorporation

of an atom into the crystal lattice of the electrode.
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The sum of qct and ler is also known as the activation
overpotential (Mlad,

(3) Reaction overpotential (lr) which is the result of
a chemical reaction and is independent of the electrode
potential. This overpotential when it is rate deter-
mining, hinders the current flow.

(4) Diffusion overpotential (d). This is associated
with the rate-determingin mass transport of reactants
from the bulk to the interphase. The sum of the reaction
and diffusion overpotentials is sometimes known as the
concentration overpotential Nc. The sum of the four
overpotentials gives the total overpotential.

(5) Ohmic overpotential (1 ) this is introduced in
the measurement of overpotential. This overpotential
equals the IR drop across the surface film on the

electrode or within the electrolyte.

Sect (2-2.3) Equilibrium exchange current density io:

In the study of electrode reactions, it is
important to obtain the equilibrium exchange current
density io values. A high value of io for a metal
deposition process means that the metal can be deposited

with little polarization. The io is decreased by the
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presence of absorbed impurities or 'addition agents'
since they interfere with the deposition process. In
a multistep reaction, the step with the smallest io

value generally determines the overall current. This

is because the smaller the io is for the step,the lower

79

Py

is its conductivity.

The io value is generally concentration dependent.
at constantn . Thus an equation can be obtained based
on this property and this equation can be used to
determine the electrochemical reaction order7gf the

charge transfer reaction.

5103 io ) _ AcF ( 3A¢e ) ( )
log Co RT logCo E(2-20
0 CR::: 0 2 CR#:o

Picath =(

where Picath is the order of the cathodic reaction of
the reactant R. The drawback in this method is that

it is necessary to know the overall reaction so that

it is possible to determine the concentration dependence
of the reversible potential on the concentration of a

given species,
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Sect (2-2.4) Symmetry Factor

. OHP
| !

1 |
| I
! |

Free I | Fig: (2-26)
Energy : |

Lo
| |
]
! 1
f L

4 Distance o

Potential
Fig:(2-27)

Distance

In the cathodic charge transfer reaction, the
ion moves across the double layer from the solution
side of the interface to the metal electrode. When
the energy of the ion passes the summit of the energy
barrier (Fig. 2_26 ). The summit has been lowered by
the electrical work done,i.e. part of the total poten-
tial difference (i.e. from OHP to the summit) Fig 2-27

multiplied by the charge. Thus the symmetry factor B
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(0<PB< 1) is used in describing the amount of elec-
trical work (i.e. B AdF) (Fig 2-27,p71 )by which the
energy barrier for the ion-to-electrode is lowered.

Also P can be expressed as:

B _Distance across double layer to summit E(2-21)
“Distance across whole double layer 4

Using a different approach where [ is shown to be
depended on the relative slopes of the potential-

energy-distance curves, the definition of B obtained

. 80
is +
B =%E__ E(2-22)
or
chance of activation energy ‘ E(2-23)

- change of electrical energy

The symmetry factor was shown to represent the
fraction of the input electrical energy by which the
electrical part of the activation energy decreases.

The decreases in activation energy mean an increeases
in the net rate of reaction. The practical significance

of this can be seen when electrical energy is used in
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direct synthesis of compounds. In this case the
value of P determines how much change of rate of
production of a substance will take place when the
potential of a electrode is changed for given concen-

tration of reactant.
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Sect (2-2.5) Transfer Coefficient:

During electrodeposition, the excess negative
potential increases the rate of transfer of metal
ions across the double layer to the electrode where
they get deposited. At the same time, it diminishes
the rate of metal dissolution at the cathode. The
extent to which the applied excess potential is
effective in accelerating the deposition process at
the cathode, as compared to that which slows the
dissolution process is expressed by a fraction called

transfer coefficient a .

For a single step and single electron process
the value of @ is the same as symmetry factors. For
a multistep cathodic electrodeposition process, a is
] 79 a= % L o
written as (o v + r B-__ E(2-24)

number of electrons transferred preceding

where Y_C
the 1rds for the cathodic process.

v’ = stoichiometric number of the reaction.

r' = a factor of the rds, when the rds is a

charge-transfer step, r = 1 and when
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the rds is a chemical step, r = O,

Sect (2-2.6) Butler Volmer Equations:

The dependence of overpotential on current
density for a one step,single-electron electrode
reaction controlled by the charge transfer step is

given by bhe Butler-Volmer equation.
i= o [eXp(n-B)r]F/ RT — exp( -p)n F/Rﬂ E(2-25)

The equation below is the general form of the
Butler Volmer equation. This is also valid for a
multistep overall electrode reaction. The reaction
may be electron transfers in steps other than the
rds and aiso the rds may have to occur n number of
times per occurence of the overall reaction.

=i [GXp -a.F1/RT — eXP“a\F'l/RT] E(2-26)

From equations ( 2-25 Jand equation (2-26)

it can be seen that the transfer coefficients ( Q@ )

rlay the same role in a multistep, n-electrons truansfer
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reaction as the P does in the single step, one
electron charge-transfer reaction. That means the
values determine how the input electrical energy

(F T )affects the reaction rate.
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Sect (2-2.7) Tafel Equation:

The theoretical rate equation (E2-26,p75) that is
i=i [ exp (= 9cF 7 ) - exp (——wZ )] E(2-27)
RT RT
where io’ a , T and etc have their usual meaning and are defined
in the appendix (p 303 ).For an activation overpotential
which is nore than -50mV, the deplating is negligible. Therefore,
the second term of equation E(2-27) can be neglected and i can
be written as

i =i [exp (gl )] E(2-28)

On rearranging,
RT

7= i - In i E(2-29)
Q¢F ° Qe p
Let A = 23RT Inq i E(2-30) B=—23%RT _ g(.31)
A r ©0 e F

The Tafel equation is thus derived i.e.,
7= A + B log,i E(2-32)



Sect (2-2.8) The Potential Time Transient At Constant

Current Density:

A eonstant current transient technique can be
used to determine the rate determining step (rds)
of a metal deposition process. A gquantitative treat-
ment involving the time variation of the overpotehtial
and the rate determingin step in electrodeposition

67

for a one electron process is described as follows:
The total constant current density during the
transient in this case is
1= tar fotee E(2-33)
and the current density for charging the double layer

is determined by the capacity of the interface which

is equal to

dny
=C —_ \ _
‘a1 T a1 gy E(2-34)

In the charge-transfer step of the deposition
reaction, ions from the OHP can only land on areas

which are not already occupied. Hence,

ic = FKc (1 - et ) Cyn+ exp (—BFACbe/RT) exp(-BF‘rlt/RT)

E(235)
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. (1-0e)
multiplying E(2-35) by ( 1- Ge ) and

resarranging the equation, the new expression of ic

can be written as

. -6
i, = io %e%— exp —BFT]t /RT E(2-36)

Assuming that both the fractions of surface
covered by adions ec and 9, are much less than unity.
ic = i, exp -BF, /AT E(2-37)
>
The anodic current density depends on the average
adion concentration and overpotential at the time t, in

the following way,

ip = F K, Tyexp El'_p)mc%/nﬂ exs [(1-B)Fn, /2T ] E(2-38)
= @ K,C exp ﬁl-‘B)FAd%/Rﬂ)zc exp[(l—B)FTlt/RT] E(2-39)
c

(o)

The term in square bracket is the io. Hence,

C
i, = io T:l exp(1-B)FN, /RT E(2-40)
0

Since ict = ic - i, _ E(2-41)

- - C
iy = 40 expfFN, /RT3 _t exp(1-B)FN,/RT  £(5_42)
[o]
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Considering small departures of overpotential
from equilibrium, the exponentials can be linearized.

Therefore,

iy = o1 (P, /RT)T,/c {1+ (1-B)FM,/r7}] E(2-43)

or i, = io[('é't_cg /¢ s4-Fn,/RT (?t/qo(l-ﬁh?)] E(z.-44)

Also for small departures from equilibrium at/Co=1'
Thus c,c/c0 (1-B) +p =1 E(2-45)
As a result,

i, =dopf C,-C — FN/RT
ct [g—‘l- t ] E(2-46)

(o]

Using the expressions E(2-34 p78) for i,, and
E(2-45) for iy 0 in equation E(2-33,p78) the
constant current density switched on at t = 0 is given

by

i= C,. 4N i rC,-C_ = F7M,/RT
dlg_t“_t + o[ 'bC o t ] E(2-47)
[¢)
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%ect (2-2.9) The Time Variation of The Overpotential

When the Charge-transfer Step is Rate Determining.

In the case when the rate determining step is
charge transfer, C,==C 75. Thus, from E(2-47,p80)
o :

the total current density in this case is

i=0Cqqny = ioFf]t/R‘I‘ E(2-48)
—dr

Also using the low field law for rate determining
charge transfer, at t-—= o0 when the steady state over-
potential T. is obtained, the following relations
holds ! *

N = -RT/FX ifi E(2-49)

On combining this relation with E(2-48)

~(dN% ) - 7 -
( g‘f{) Fi /Csq RT X (Mu=m, ) £(2-50)

The negative sign indicates that the overpotential

decreased with time (i.e. cathodic deposition process).

This sign is not included in the imtegration of E(2-50)

C RT
Fi

o

Substituting E(2-51) into E(2-50)

and rearranging gives

dn
oy - —,]}.- at B(2-52)
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Integrating equation E(2-52,p81) gives

-1n (M-n,) =%— + K E(2-53)
where K is a constant, At t=0, n; = 0
K= - 1nT, E(2-54)
Substitute K into equation E(2-53) and rearranging,

the result is
1n Neo +

E —

Thus, the variation of the overpotential with time is

i b
given by n, = Neo ( 1- exp —t/7 ) E(2-56)

<1
This equation is valid when Bn*F/RT < .
It is also of the same form as the equation describing
V%

the time variation of potential difference across

a parallel capacitor-resistor net-work when it is
charged with a constant current
Vv, =1V 1 - exp -t/¥!
g = Ve »=t/T') E(2-57)

In the case of condenser charging, the rise time is

defined as the time at which the magnitude of the

exponent in the exponential term is equal to unity.75
Setting t/T' = 1 in equation  E(2-57) implies
that

V¢ = 63%

Vo E(2-58)
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By adopting a similar criterion - in the :case of
the buildup of the overpotential in the metal-deposition

process, from equation E(2-56,p82) that

Ny \
Mo 63% E(2-59)
When t = T

= RT Gy, /Fio E(2-60)
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Sect (2-2.10) The Time Variation of the Overpotential

when the Surface Diffusion Step is Rate Determining:

When the r d s is surface diffusion, then

¢, =C, end (E; - cq) /C, #0 E(2-61)

Also when the time €onsidered is longer than
the time for charging the double layer, the double
layer current can be considered virtually zero. There-

fore, under these conditions, the total constant current

density derived from E(2-47, p80) in this case
is
C,-C_ -F
i= do (Ct o "t) E(2-62)
Co RT

The expression for the average adion concentration
at any time t is given as75

C,-C, = i/KpF ( 1-exp —Kpt) E(2-63)

where kp is the proportionality constant.

Substituting equations E(2-63) into

E(2-62) the result is

Ny = RTi (1 - e}:p—Kp‘h )- RT i

FKC Fi
Do . o

E(2-64)
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When t is approaching infinity, the overpotential

is at steady state i.e. Tlw . Using equation E(2-64)

the expression for Neo is,
n RT i RT i
“ ke Foi E(2-65)
P o o
Expanding equation E(2-64) and substitute
E(2-65) into the expanded equation gives
Ny =M RT i [ex X ]
=leo = p-K_t E(2-66
P’ K. C P (2-66)
p o
or RT i
in(n,-N.)= -1n [—— — ]- K t

This is the basic equation for the time variation
of the overpotential, assuming that the deposition
consists of a two-step charge-transfer plus a surface-
diffusion reaction and the rate-determining surface

diffusion is under near-equilibrium conditions.
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Sect(2-2.11) The Mechanism of the Electrogrowth of Metals

The description of the electrogrowth of metals
can be divided into two sections. The first concerns
the path taken by an ion from a position in the bulk
of the solution unitl it reaches a growth site and is
incorporated into the crystal lattice (i.e.the process
of deposition). The second concerns the process of
electrolytic erystal growth.

( A) The Process of deposition

Fig (2-28)

B>

Charge
Transfer

Kink
: ’/ AN Plane
7/ &

step Surface Diffusion

Consecutive stages involved in the

Incorporation of an Ton at Kink Site.

The first step in the depostion process is that
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the hydrated metal ion at the (OHP) acrosses the
electrified interface, i.e. the charge transfer

reaction.

The hydrated ion is then landed on a plane
on the cathode which is the most favorable site.
This is because there are more plane sites than
the other sites such as holes,kinks, and steps. Also
crossing over to a plane sites requires the minimum
amount of distortion in the metal ion-water complex

and hence the minimum energy change from this source.

After having landed on the plane, the partially
hydrated adion must lose its water molecules in
order to be incorporated into the metal lattice. This
is carried out by surface diffusion from the smooth
plane to a step, where it loses one more water mole-
cule, and then move along the step to a kink site
where another water molecule is lost,(Fig 2-28,p86)

The process continues with further replacement of

water molecules by coordinating metal atoms until,
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finally, the series of actions ends when this ‘'ion',
now without water molecules, gets embedded in the

67

lattice.

(B) The Process of Electrolytic Crystal Growth

As more and more adions get incorporated into
a microstep, the step grows and advances. The sep
might be present originally at the emergence points
of screw dislocation or due to other defects or might
be formed by two-dimensional nucleation (i.e. adions
condense together without random walking separately

to steps).

If in the course of the step growth; it encounters
adsorbed impurities, then further progress is stopped
and a new microstep is formed over the older one. This
may be repeated several times leading to the bunching
of microsteps into a macrostep (Fig 2-29p 91 ) .The
lateral growth of the deposit proceeds from various
centres until the neighbouring lattices meet. The

crystals which touch each other in a continuous fashion
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to make up a metallic bddy are called grains.

In an early stage of electro-crystallization,
the deposit.tends to grow parallel to the substrate,
this is known as epitaxial growth or 'paralled' growth.
In prolonged electrodeposition, regardless of the type
and nature of the starting substrate (e.g. various
faces of a single crystal), a polycrystalline deposit
will always form. In a polycrystalline deposit the
orientation of each grain can be specified by giving
the angles formed by the crystallographic directions
of the crystal and the axes of a reference system
fixed with respect to the macroscopic substrate, If
one axis in all the crystallites is fixed relative to
the substrate and the other two axes are randomly
oriented then the polycrystal is said to have a preferred
orientation. If all the three axes are randomly oriented
then the polycrystal is said to exhibit random c¢rienta-

tion.

There are several types of growth (i.e. also known

as structural forms) of electrodeposits.Layer-type
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structure is that most frequently observed and may
have regular (Fig2-30,p92 Jor irregular (Fig2-31p92)
shapes. The block structure, or cubic layer formation,
which may be regarded as a limiting case of the layer
(Fig 2-32,p92 ), is also observed in electrodeposition.
The ridge type of structure (Fig 2-33p92 ) has been
observed on copper electrodeposits. Pyramidal forms

of growth are also often observed in copper electro-

14,13

deposits (Fig 2-34,p93 ). Apart from the above,
other less frequently observed types of growth are
spiral (Fig2-35p93 ),dendrites (Fig 236,p93 )and
cauliflowers.10(Fig 2-37,p93 ). This classification
iz based on the visible surface topography of the
electrodeposits. Several of these forms have been

observed during copper deposition described in this

thesis.
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Fig (2-34)
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Sect(2-2.12) The Electrical Double Layer

Electrical double layers are found in nature
wherever one has systems containing mobile charges, such
as electrons, ions or orientable dipoles. These mobile charges
distribute themselves under the combined influence of diffusion
and potential gradients. The principal significance of double
layers, wherever they occur is that they produce potential
barriers which may strongly assit or inhibit the motion of
charged species across their dimensions. Consequently, double
layers often are the deciding factor determining the rate of
an electrode reaction, influencing adsorption equilibria and
establishing the electrical nature of a contact between
dissimilar materials.

For a metal-solution interface, the first row
of the electrical double layer of the charge metal electrode
is largely occupied by water molecules which are dipoles. They
orientate according to the charge on the electrode. When the
electrode is highly positively charge, most of the water dipoles
tend to 'flip up' so that the oxygen atoms are in contact with
the electrode. The hydrogen end of the water points into the
solution (fig 2-38,p96). When it is highly negatively charged
the flipped up dipoles tend to turn around and are in a 'flopped
down' state. Now the hydrogen ends are facing the electrode
and the oxygen atom is toward the solution (fig 2-39,p96). Under
these conditions there will be more flopped down dipoles than

flipped up dipoles.
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~In addition to polar water molecules neutral orgahic molecules,

e.g. organic additives also often get adsorbed on the electrode

surface and form part of the double layer structure.

Thescharged electrode attracts ions carrying an
opposite charge (or same charge as in the case of contact
adsorption). These ions are held near the metal surface by an
electrostatic force. In the absence of any contact adsorbed ions
in the first row of the electrical double layer, excess charges
exist both on the metal layer and in concentrated solutions on
the outer layer of hydrated metal ions. This layer is referred as
Outer Helmoholtz layer. The imaginary plane passing through the
centre of the hydrated metals ions is called the outer Helmoholtz
plane OHP (fig 2-40,p96). The first row is often occupied by some
contact-adsorbing ions. As a result a new layer of excess charge
between the metal electrode and the OHP is formed. The
imaginary plane of these new layer of contact adsorbing ions is
called the inner Helmoholtz plane IHP. Thus the double layer
is no longer a double layer but a triple layer (fig 2-41,p96) and
they behave like two capacitors connected in series. Therefore,
the presence or absence of contact adsorption must influence the
property of the interface for = the . storing charges'i:e the capacity
of the interface77..

It is believed that when the water molecules on
the surface of the electrode are not strongly attracted, the
organic molecules present tend to replace them on the surface

. 77
and vice versa
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Fig (2-39)

Fig (2-38)
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The significance of this behaviour is that when the metal
electrode is highly negatively or positively charged, the
water molecules will be tightly held with their hydrogens
or oxygen respectively on the surface (fig 2-42,44,p99).
Therefore, few organic molecules can adsorb under such
conditions. The condition at which the organic molecules
will be tightly held (and thus more numorous) by the
electrode is at the potential of zero charge (PZC). It
has been reported that for copper electrode the PZC is
0.11 Volt vs SCE in an electrolyte consisting of 0.03

8

mol dm™° copper sulphate and 0.05 mol am> NaAPZOZ
There are three commonly known theories which
describe the structure of the ionic double layer i.e. the
arrangement of charges at an electrifiled interface. The
first is the Helmoholtz-Perrin theory.They regarded the
behaviour of the'double layer' of charges on the surface
and those in solution as approximately to that of a
parallel-plate condenser(fig 2-45,pl00) having an electrical
capacity C. Based on their model the equation which describes
the relation between the excess charge density(qM) on the

electrode and the potential difference (V) across the

double layer is

av = 4:d dq,, E(2-68)
dq.. - _ E(2-69)
— ~E =C
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Figure (2-46,p100) shows the Gouy-Chapman model of the
double layer. The Gouy-Chapman point tharge diffuse layer
model theory describes the variation of capacity with
potential. The Helmoholtz-Perrin theory does not predict
such variation and the equation which predicts such variation

99

is

dq
C= - "1
"Hﬂﬁ; E(2-70)
2 2 0 % v
C = (———ez €o N ) COSh z eO M E(2—71)
2TkT kT

The above equation predicts that the differential capacity should
show an inverted parabola dependence on the potential across
the interface. In very dilute solution (0.001M) and at potentials
near PZC, there are portions of the experimental curves which
suggests that the interface behaving in a Gouy-Chapman way99.
According to Stern there are two regions of charge
separation (fig 2-47,p100). The first region is from the electrode
to the Hemholtz plane. The second region is from this plane of
fixed charges into the heart of the solution where the net charge
density is zero. Therefore, this implies that there are:two potential

drops. The equation derived from Stern theory isgg.

E(2-72)

where CH is the Helmholtz-Perrin capacity

CG is ,t;be Gouy-Chapman or diffuse charge capacity.
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Fig (2-42)

(a) Negatively- charged electrode with excess of
flopped-down dipoles.

~—_ flopped-down
— water molecules

=— Organic molecule held loosely

(- Flipped-up water molecule

ANANANNAN

Fig (2-43)

(b) Uncharged electrode with equal numbers of flipped
and flopped dipole.

]

NN

=— Organic molecule held most
strongly

f
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(c) Postively - charged electrode with excess of
flipped-up dipoles.

1

'

—-— Organic molecule held loosely
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Fig (2-44)
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CHAPTER 3

Studies of Pulse Platingof Copper in Copper Halide Solutions

Introduction :

Studies of the efficiency of pulse methods on copper
plating from acid baths have been carried out by various author583’103’104‘
This investigation was instituted to observe the effect of additives on
pulse plating and copper halides were chosen.

The corrosion of plated copper during the relaxation time
to form Cu(1)halides [i.e. copper(I)chloride, copper(t)bromide, copper(I)
iodide] showsthat the halides might not be good additives to be
used in order to improve the plate quality when pulse plating is used.
Nevertheless copper(I)chloride is used as a cathode for reserved sea-
water batteries31 and CuBr and Cul can be used as electrode
material for seawater activated cells. More studies were then carried

out with this new methode# producing copper(I)halide electrodes.

PART (3-1) EXPERIMENTAL

Sect (3-1.1) Materials:

Anodes: -

The anodes used were 4 x 1072m x 3 x 107%m
copper foil (BDH. 99.999%)
Cathodes:-

The cathodes used were 2 x 10™2m x 2 x 107%m
copper foil (BDH) 99.999%) or 2 x 102m x 2 x 107%m platinum
foil (Johnson Matthey 99.999%) on which a thin layer of copper

was plated from acid copper solution.

Reference Electrode:-

The reference electrode used in all experiments was a
saturated calomel electrode. This saturated calomel electrode (S C E)

has a potentail of + 270mV at 298 K vs standard hydrogen electrode.
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Salt Bridge:-

An agar-agar type of salt bridge was used. The salt
bridge was made of agar powder and pottasium chloride salt
(Analar grade)73.

Chemicals
| All the chemicals in the experiments were of analar grade
and used without further purifications.

Electrolytic Cells:~

The electrolytic cell used for pulse plating was made of
perspex. It has a rectangular shape (fig 3-1,p103) and the dimensions
of the cell are as follows:

Height = 1 x 10" !m Length = 1.4 x 107

Width = 0.8 x 10™Im

The glass electrolytic cell used for the controlled Potential
coulometry experiment is shown on figure 4-1(p200). The cell
consists of three compartments and the two main compartments

have the same size. The third smaller compartment was used to

hold the salt-bridge (agar). The dimensions of the large compart-

ments are

Height = 1.50 x 10" m  Diameter = 0.40 x 10 1m
and the small compartment are

Height = 0.80 x 10"1m Diameter = 0.15 x 10 m

The length of the bridge between the two main compartments

is about 0.60 x 10~ 1m and its diameter is 0.20 x 10—1m.
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Sect( 3-1.2) Electrode Pre-treatment:-

The following cleaning processes were used for
all electrodes before they were placed into the
electroplating bath.
(a) Degreasing:- Electrodes were immersed in chloroform

for half an hour.

(b) Acid etching:- Electrodes were dipped into a 5 mol dm™3
nitric acid until clean and semi-bright
electrodes were obtained . The average
time required was about 15 seconds.

(c) Rinsing :- Electrodes were thoroughly.rinsed in distilled

water.

After the cleaning processes, electrodes (cathodes)
were dried at a temperature of about 40°C. The electrodes
were then stored under a N2 atmosphere.

Platinum electrodes which were to be used as
copper plated platinum cathodes, were plated in 0.34

mol dm™> copper sulphate and 1.76 mol dm™3 HSO4 solution.
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The constant direct current used was 100 mA and the
plating time was 5 minutes. The amount of copper

coated was 0.0099 g % 0.0002 g.

Sect (3-1.3) Corrosion of Copper in Solutions containing

Halide ions :-

A clean copper foil was suspended from a bakance -
(CI Electronics microforce 2) in a solution containing
1.76 mol dm™> H,SO ,, 0.34 mol dm™3 cu®* and kc1
or KBr. The solution was thermostated to 25°C (¥ 0.5°C).
During this experiment the level of solution was adjusted in order
to correct for the buoyancy of the electrode. The increase
in weight of the foil was measured ( Z 0.01 mg) with
time. Similar experiments were attempted with solutions

containing fluoride and iodide ions.

Sect (3-1.4) Galvanostatic Pulse Plating:-

The cell , ministat (Thompson Associates 125) and
pulse generator (CERBI, Chemical Electronic Company) were
set up as shown in Fig (3-2,p109). Copper was galvanosta-
tically (300 mA) pulse plated from a series of electrolytes
containing 1.76 mol dm—3H2so4 , 0.1 to 0.68 mol dm™3
cuso, , and 0.05 to 0.34 mol dm™3 Kdl or KBr. The potential

of the working electrode was monitored by an
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oscilloscope against the SCE reference electrode
connected to the Luggin capillary by a salt bridge. This
cell was continuously purgedwith nitrogen during all experiments,
and thermostatted to 25°C ( ¥ 0.5°C ).

A train of rectangular wave pulses was produced by
the pulse generator and the current controlled by a
ministat working in a galvanostatic mode. The range of
pulse periods (on time ) was 2 to 30 ms, and off time of
10 to 1000 ms. Plated platinum electrodes were used when
the deposited layer was to be analysed by atomic absorption

spectrophotometry.

Sect(3-1.5) Controlled Potential Coulometry used in the

Analysis of plated layer;-

This method is similar in the fundamental principle
to the potential step method described in section (2-1.2,
p41 ). In this research, this method was used to determine
the amount of copper(I) halide present in copper/copper
halide electrodes. The circuit diagram is shown on figure 3-3

(p110).

The experiment was carried out in nitrogen purged

sulphuric acid (1 mol dm~3) at 298 K . A potentiostatic
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step, 0 V to 0.1V (vs.SHE ) for copper(1) chloride,and

to 0.05V for CuBr , was applied to the copper(1) halide
electrode and the current measured with time. A charge

passed as CuX was cathodically reduced to copper and X~
[ E(3-1) ] gave the amount of halide in the electrode.

The anode used was a platinum electrode.

CuX + e —_— Cu + X E(3-1)

Sect(3-1.6) Atomic Absorption Spectrophotometry used in

the analysis of plated layers.

The principle of this technique was briefly described
in section (2-1.6,p60). In this experiment the standard
solutions of 1,5,10 ppm of copper in 0.05 mol dm ™3 HNO3
were prepared. A ealiberation curve of absorbance vs.
concentration of copper was then obtained using the above
standard solutions ( Fig 3-4,p111 ).

The copper/copper(1) halide deposits were dissolved
in 5 mol dm"3 nitric acid. The sample solutions were then
diluted to a range between 1 ppm to 10 ppm with 0.05
mol dm"3 HNO3. These samples were analysed using the atomic

absorption spectrophotometer.
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Absorbance values of these samples obtained were then
used to determined the concentrations of copper from the
caliberation curve (p 111).

Wavelength of the spectrophotometer used was

327.4 nm and the band pass of 0.4 nm. Air flow and

1 1

acetylene flow rates were 5.0 dm3min~ and 1.0 dm> min~

respectively.

Sect (3-1.7 ) X-Ray Diffraction.

The principle of X-Ray diffraction was briefly
described in section (2-1.5,p58) . In this experiment, the
powder method was used to examine copper/copper (1)
halide deposits. An X-Ray diffraction pattern of the deposit
was obtained by placing fresh copper/copper (I) halide
electrode at the focal plane of a Phillips
diffractometer. For comparison the X-Ray pattern of a

copper foil was also recorded.
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THE ATOMIC ABSORPTION CALIBERATION CURVE:

Figure: (3-4)
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Part(3-2) CALCULATIONS AND RESULTS :

Sect(3-2.1) Corrosion of copper in Copper(Z)Halide Solutions:

Figures ( 3-5,p125) and (3-6,p126) show the increase
in weight (Aw) of a 8cm? copper foil immersed in acid copper
chloride and bromide solutions and 25°C respectively. The
compositions of the solutions of figure ( 3-5) and (3-6) are as
follows:

Figure (3-5) CuSO, = 0.340 mol dm™>
H2504 = 1.760 "
< KCl = 0.100 "
= KCi = 0.340 "
Figure (3-6) CuSO 4 = 0.3?0 "
H'ZSO[1 = 1.760 "
e KBr = 0.100 "

@ KBr 0.34 "

For solution containing bromide, the corrosion rate
increases with increasing bromide concentration. In the case of
chloride, the weight eventually decreases due to the dissolution of
cucl giving soluble copper chloride complexes. In iodide containing
solution, the rate of reaction was very high between I and Cu2+.
A white precipitate of Cul was formed which easily scaled from
the foil.

Figure (3-7,p127) shows a plot of the ratio of number of mol m_?’
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of copper (I) chloride and number of mol m2 of copper
deposited vs. the ratio of the relaxation time (Toff) and pulse
on time (Ton). The straight line drawn from the plot at low
Toff/ Ton is taken to be the corrosion rate constant of a
fresh copper surface. The composition of the solution cf
figure (3-7) is,

0.34 mol dm™>

CI.ISO‘{1 =

- 11
HZSO4 =1.76
Kcl = 0.34 n

and the constant current used in the experiments was 0.34A.
The pulse on timesused were 2ms (® ) and 10ms (o).

Figure (3-8,p128) shows the plot of number of mol
m~2 of copper (1) chloride formed on the 8cmZelectrodes vs.
the square root of the total copper (I) chloride formation
reaction time. The pulse on time used was 10ms and the
relaxation times used were 24ms, 90ms, 290ms. The
composition of the solution was as follows:

CuSO , = 0.34 mol dm™>
H,S0 , = 1.76 "

Cl = 0.1 "

The plots of the number of moles of Cu (1) Br

formed on the surface area of the electrode vs. [the total
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reaction time]'/;re shown on figure ( 39,p129). The pulse
on time used was 30ms and the relaxation .times were
5ms, 70ms, 270ms and 1000ms. The constant current used
was 334mA. The compositions of the solutions of the two

plots in this figure are as follows:

(A) CuSO; = 0.34 mol dm™>
KBr =034 v
H.SO, = 1.76 "

(B) CuSO, = 0.34 "
KBr =0.1 "
HSO, =176 "

These plots were carried out in order to establish
a hypothesis of the movement of the corroding reactant
through the layers of Cu® deposited and the corroding product

i.e. cuprous chloride or cuprous bromide.
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Sect(3-2.2) Pulse Plating in Halide Solutions

Table (3-1,p155) shows the total amounts of
copper present in the deposit which was determined by the
atomic absorption spectroptotometry method (see p107).
The deposit was obtained from solutions containing 0.34 mol
dm™> Br™ and 0.34 mol dm™> Cu?* in 1.76 mol dm™>
sulphuric acid.

The amount of copper chloride present in the
deposit was obtained by coulometry of the reduction of Cucl
as has been described in page (106). This method is only used
in Cucl containing deposit and not CuBr containing deposit.

This is because for a copper bromide containing deposit, the
deposit flaked out easily from the electrode during the reduction
process. Figures (311 to 316,p131-136) show the coulometric
results of the reduction current flow through the electrode as a
function of time. The deposits obtained in these cases were from
solution containing 0.34 mol dm_3 c1”; 0.34 mol dm-3 CuSO4
and 1.76 mol dm™> HéSOZ The combination of the pulse on
time and relaxation time in each case is not the same and is
indicated on each figure.

The Copper electrodes which were coated with CucCl,
CuBr and the copper foil were analysed by X-ray diffraction
method (see p108). The deposits were prepared in acidic

solution containing 0.34 mol dm™3 CuSO, and 0.34 mol dm ™
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of CuCl or CuBr. The pulse on time used was 10 ms and relaxation
time was 90 ms. Figures (3-30 to 3-33.p150-153) show the
response peaks with the angle of resolution@ . From these results
the d-spacings of the deposits and their intensities were then
calculated. The results are shown in table (,3—2.p156) to (3-5.p159).
Figures (3-17,p137) and (3-18,p138) show the total
weight percentage of copper/copper (1) chloride and copper/
copper (1) bromide deposits respectively as a function of relaxa-
tion time at constant pulse on time. The operating conditions
for each curve shown in the figures are as follows:

Figure (3-17)  CuSO, = 0.34 mol dm™3

"

1.76 "

o—6 H SO
2 4
kc1 = 0.1 "

Pulse on time = 2ms

00 KC1 = 0.34 mol dm—3

Pulse on time = 2ms

A—A KC1 - 1.0 mol dm™>

Pulse on time = 2ms

Figure (3-18) CuSO,4 = 0.34 mol dm-3

LA H.SO =1.76 "
2 4
KBr = 0.1 "

Pulse on time = 30ms
KBr = 0.34 "

Pulse on time = 30ms
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The effect of the bulk concentration of Cu2+ and
Cl” at constant pulse on time of 10ms and relaxation time
of 90ms was studied. The amount of CuCl present in the de-
posit was analysed by the coulometry reduction method and
is shown on figure (3-19.p139). This figure shows that the
production of Cu(l is influenced more by chloride concentration
than copper concentration.

In addition the steady state plating of copper in
the halide containing solution was also carried out. It was
observed that the % wt efficiency of copper obtained in the
chloride or bromide containing solutions were 100%. The com-
positions of the solutions were 0.1 or 0.34 mol dm™3 of halide.
0.34 mol dm™> CuSO ,and 1.76 mol dm™> H,SO . The direct
current used was 334mA.

The following is the example of the calculation
of the amount of copper electrochemically deposited by the
pulse method. Example of the operation conditions used is-

(a) Pulse on-time = 10ms

(b) Relaxation time = 90ms

106 minutes

(c) Plating time

(d) constant current = 334mA
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Therefore, the amount of copper deposited (Wpc) is

. . o
on Plating time x current " Mcu

- x E(3-2)
TOn+TOff Faraday 2
10 106 x 60 x .334 63.540
= X X -——2—__
90+10 96490
= 0.070g

Also the % wt efficiency of the pulse plating is calculated

using the subsequent formula,

Measured weight (WE)
% wt efficiency = x 100%

W
pc

E(3-3)
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Sect(3-2.3) The Equilibrium Concentrations of Cu2+ Complexes,

Cu” Complexes, Free Cu® and Free Cu2+

The 8 complexes formation equations (p184 ) show
that in a solution containing Cu2+, X~ and Cu®. There is a
possibility of 9 species of ions and copper X complexes present
in the solution. The computer calculated the equilibrium con-
centration (EC) of the various species at different cu?* and’
X~ bulk concentrations were plotted as shown in figure (3-20
to 3-22,p140-142) and (-3-23 to 3-28,p143-148).

Figures (3-20 to 3-22) show the EC of the cu®*
complexes as a function of bulk Cl™ concentration. The bulk
concentrations of Cu2t for figures (3-20, 3-21) and (3-22) are
0.1 mol dm-3, 0.34 mol dm™> and 0.68 mol dm™> respectively.
In a solution of 0.1 mol dm™> Cu®* concentration, at a Cl~
concentrations of less than 0.15 mol dm—3, the predominant
complexes present in the solution are the Cucl®™ and Cudl, .

At total Cl” concentration > 0.5 mol dm™> the EC of the CuCl, ~
and CuG‘I} 2- are much higher than CuCl®. The Cull, concen-
tration of CuCl’ is predominantly higher than the other 3 Cu2+
complexes at a Cl~ concentration of less than 0.5 mol dm™3.

Figures (3-23, 3-24) and (3-25,p145) show the EC
of free Cu?*, CI7, Cucl* and CuCl, at 0.1, 0.34 and 0.68 mol dm™>
bulk concentrations of Cu2+ respectively. All these species have

some influence in reaction of copper (I) chloride formation
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at CI~ of less than 0.7 mol dm™>.

In the case where the solution containing bromide
ions, the EC of these species which influence the copper
bromide reaction are shown in figures (3-26,p146) to (3-28,p148).
These curves have similar shape as the chloride curves (i.e.
figures 3-23 to 3-25), when the Cu2+ bulk concentrations of
the chloride and bromide containing solutions are the same. -
The EC of the similar species differ to certain extent between
the two cases. For example, the free Cu2+ concentration in
the bromide solutuon is much lower than in the chloride solu-
tion at the same bulk concentration of bromide and chloride.

Figure (3-29,p149) shows the rate of formation of
the copper (I) chloride in chloride solution vs. Cull® complex.
The experimental data were obtained from the solution containing
total concentrations of Cu’® at 0.5, 0.34 and 0.68 mol dm 3.
There is a linear relationship between the rate of formation

of Cu (1) Cl and the EC of CuCl'.



- 121 -

Sect(3-2.4) The Rest Potential Differences of the Working

Elcetrodes

The measured rest potential differences of the work-
ing electrodes in the chloride containing solution are shown
on table (3-8,p162). The two theorectically calculated equi-
librium potentials of a possible electrochemical corrosion react-
ion of E(3-4) and E(3-6) are also shown. For example, the
possible equilibrium potentials of a copper electrode, in a
solution containing bulk concentrations of Cu2+ = 0.68 mol dm“3
and ClI™ = 0.34 mol dm™> are calculated as follows:

(A) Calculation of the equilibrium potential (E(l:) of reaction:

cu® + CIT ==—=cCuCl + e E(3 -4)

At standard conditions, the standard electrode potential
of the above reaction is equal to 0.137 volt.

From the computer calculated results at a total
concentrations of Cu?* = 0.68 mol dm™> and CI = 0.34 mol dm-3,
the concentration of the free Cl™ ions = 1.422 x 10~ mol dm_3,
and the Cull® complex is 3.128 x 1071 mol dm™3 (used in
calculation of Eg).

The Nernst equation is used to calculate E(l: and
can be written as,

RT x 2.303 ﬁ( activities of reactants ) E(3-5)

E = Eo'l'- log R .
n g N(iactivities of products )
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Where E is the potential difference at a non standard condition
and E° is the potential difference at standard condition. The
activity coefficients of the Cuﬁ%solutions were used to calculate
the activity of the Cl™. It is assumed h?re that the other species

do not affect the activity coefficient of the Cl™ ions.

(B) Calculation of the equilibrium potential (E(Z:) of reaction:

Cucl™ + e =/ Cul E(3—6)

The standard electrode potential in the cu®* deposition

is 0.34 vol'c.86
cu?t + 2¢ == Cu° E(3-7)
Since AG® = _nFE° E(3-8)

Therefore the standard free energy of the reaction
E(3-7) is = -65.613 K] mole-l.

Also, the equilibrium constant value of the reaction
E(3-9) is 631 mol dm~3.

2+ L =—= Cucl® E(3-9)

Cu
Therefore the standard free energy of the reaction
E(3-9) is = -RTIn 631 J mol™’

or = -15.973 K] mol "1
On subtracting E(3-9) from E(3-7), E(3-10) is obtained

i.e.

(o]

cucl + 2¢ =—=cu® +ClI” E(3-10)

and its free energy is -49.64 K] mol L.
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The standard electrode potential of the following

CuCl reduction reaction is 0.137 volt.
cucl + e =—=ocu® + cI” E(3-11)

Therefore, its standard free energy is -13.219 K] mol_l.

The standard free energy of the CuCl”™ reduction
reaction, E(3-6,p122) is obtained by subtracting the standard free
energy of E(3-11) from E(3-10,p122). Thus the standard free
energy is -36.421 K]J mol—1 and the standard electrode potential
is 0.378 volt.

The Nernst equation E(3-5,p121) is then used to
calculate the non-standard state equilibrium potential difference

c
E2.
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Sect(3-2.5) The Potential Differences of The Working Electrode

During Pulse Plating

Table 3 -9 (p163) shows the measured mixed potentials
of the copper electrodes during pulse plating. The calculated
standard electrode potentials of the plating process involving
the individual Cucl* (Eéua+), Cudl, (E((:ZuClz) and free Cu’*
ions (Egu2+) are also shown on table 3-9 . The standard
free energy of reduction reaction involving CuCl” i.e. E(3-10)
was found to be -49.64 K] mol ™1 (see p122). Therefore, its
standard electrode potential is equal to 0.257 volt.

The plating reaction involving the Cu(l, complex
is shown as follow:

Cucl, + 2e===Cu® + 2CI° E(3-12)
The standard electrode potential of E(3-12) is calculated in
the following manner.

From the table (3-10,p164) it is shown that the
equilibrium constant of the following reaction is 39.81 ] mol—l.

CuCl’ + Clm==CuQl,  E(3-13)
The standard free eneréy is calculated to be equal to -9.127
K] mol L,

The standard free energy of E(3-12) is obtained
by subtracting E(3-13) from E(3-10,p122) i.e. -40.513 K] mol 1.

The standard electrode potential of the Cu2+ reduct-
ion process E(3-7,p122) as mentioned in page 122 is 0.34 volt.
The Nernst equation E(3-5,p121) was used to calculate the

non-standard electrode potentials of the electrodeposition reactions

involving the free Cu2+ ions, cud® and Cu(l, complexes.
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Fig: (3-5)
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Fig: (3-6)

WEIGHT INCREMENT OF COPPER FOIL(8 sz) WITH TIME:
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Fig (3-7)
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Fig (3-8)

AMOUNT OF COPPER (I)CHLORIDE FORMED VS (TOTAL REACTION TIME)

T T

on off
e 10 2.
x 10 90
N D 10 290 y
N
£
°
£
g
S
.21
0
X
14
[ J
40 80 120

[ second



- 129 -

Fig (3-9)
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(3-10)

% WEIGHT EFFCIENCY, OF COPPER DEPOSITION USING PULSE METHOD:
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Figure  (3_11)

COULOMETRIC PLOT OF CuO/Cu01 ELECTRODE :

(98]
o
1
<
—

Current (mA)

20

-

10 ]

Pulse on time = 2ms
Relaxation time = 32 ms

-3
Bulk Cu2+ = 0o34 mol dm

Bulk Cl1~ = 0,34 mol dm”

0
\\\O--0

3

60 120

Time (minute)



- 132 -

Figure (3-12)

COULOMETRIC PLOT OF Cuo/CuCl ELECTRODE:

Pulse on time =2ms
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Figure (3-13)

COULOMETRIC PLOT OF CuO/CuCI ELECTRODE :

Pulse on time = 2ms
Relaxation time = 298 ms
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O\ Figure (3-14)
o
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COULOMETRIC PLOT OF Cu /CuCl ELECTRODE:
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Figure (3-15)

COULOMETRIC PLOT OF C’S/CuCl ELECTRODE :
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Figure (3-16)

COULOMETRIC PLOT OF Cuo/CuCl ELECTRODE :

40 _
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Figure (3-17)

% WEIGHT EFFICIENCY OF DEPOSITS VS RELAXATION TIME :

Current = 334 mA

Pulse on time = 2ms
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Figure (3-18)

% WEIGHT EFFICIENCY OF DEPOSITS VS RELAXATION TIME :
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Figure (3-19)

WEIGHT OF Cu(I)Cl FORMED AT DIFFERENT Cu2+AND Cl~ CONCENTRATIONS:
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Figure (3-20)

EQUILIBRIUM CONCENTRATIONS OF COPPER CHLORIDE COMPLEXES:
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Figure (3-21)

EQUILIBRIUM CONCENTRATIONS OF COPPER CHLORIDE COMPLEXES :
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Figure (3-22)

EQUILIBRIUM CONCENTRATIONS OF COPPER CHLORIDE COMPLEXES:
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Figure (3-23)

EQUILIBRIUM CONCENTRATIONS OF COPPER CHLORIDE COMPLEXES AND IONS:
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Figure (3-24)

EQUILIBRIUM CONCENTRATIONS OF COPPER CHLORIDE COMPLEXES AND IONS:
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Figure (3-25) EQUILIBRIUM CONCENTRATIONS OF COPPER CHLORIDE

o COMPLEXES AND IONS:
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Figure (3-26)

EQUILIBRIUM CONCENTRATIONS OF COPPER BROMIDE COMPLEXES AND IONS:
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Figure (3-27)

EQUILTBRIUM CONCENTRATIONS OF COPPER BROMIDE COMPLEXES AND IONS:
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Figure (3-28)

EQUILIBRIUM CONCENTRATIONS OF COPPER BROMIDE COMPLEXES AND IONS:
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Figure (3-30)

X-RAY DIFFRACTION PATTERN
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Pure Copper Deposit.
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Figure (3-31)

X-RAY DIFFRACTION PATTERN
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Conper Deposit with Copper Bromide.




- 152 -

Figure (3-32)

X-RAY DIFFRACTION PATTERN

\

o=

oi_

£31suajul

10

3.0

5

9

26

Copper Deposit_with Copper (1) chloride.
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Figure (3-33)

X-RAY DIFFRACTION PATTERN
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Copper Deposit with Copper (1) Chloride.
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Figure (3-34)

(200 plane of copper

Figure (3-35)

@20 plane of copper(1) bromide.)
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Part (3-3) DISCUSSION

Sect(3-3.1) The reaction between copper and copper (1)

halide solutions :

In this study, the corrosive action of halide ions in
copper (1) solutions has been confirmed. The overall reaction
~ to give copper (1) halide is suggested to be

Cu + Cu®t + 2X~ ——= 2CuX E(1-10,p24)

It was found that the order of reactivity of halides
to equation E(1-10) is F~ <CC1 << Br < I". This is supported
by the thermodynamic datat81 which shows a similar increase in
reduction potential for equation E(1-10), E® = 0.401V, 0.607V,
1.08V for C17, Br~ and I  respectively.

The reaction with chloride is complicated by
dissolution of CuCl giving CuCl9  and possibly Cu.C132_. The
dissolution process is seen from figure (3-5,p125). Where on

increasing the concentration of chloride, the increase in weight

of the foil is less by the reaction.

CuX + X~ —— CuX2- E(3-14)

For X = Br~, the experimental results (fig 3.-6,p126)
shows that the dissolution of CuBr is not so important. The
equilibrium constant for equation E(3-14) is 2.8 X107% for X = Cl
and 4.5 X 1073 for X = B8, Conversion of CuBrz_ to further

species is also less thermodynamically favorable81



- 166 -

| For chloride and bromide solutions, the corrosion
rate of fresh copper surface is great (fig 3-5,p125;3-6,p126)
and it is this fact which is used in the pulse plating
experiments. During the pulse, certain amounts of copper is
formed which during the relaxation time reacts to give the
copper (I) halide. Optimum production of CuX occurs when
the relaxation time is sufficient to allow reaction of the
monolayer of plated copper, but not so great as to allow

dissolution of the halide layer.
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Sect (3-3.2) The Stoichiometry of the Reaction Forming

Cu(l and CuBr During Pulse Plating:

Noting that formation of CuX occurs only in the
relaxation time of the pulse by corrosion of the newly plated.

It is possible to obtain the stoichiometry of the reaction with
respect to copper and halide ion and, thus, confirm that E(1-10,
p165) is indeed the overall reaction which produces CuX. Analysis
of the layers formed gives the total copper content and the total
weight of the deposit. The total charge passed is also known, and
by coulometry of the reduction of Cull, the amount of Cu(l

may be determined (see page 106).

Experiments have established that in steady-state plating
under the same conditions, 100% of wt efficiency for plating
copper is obtained (see page 117). If the total charge passed
during plating is Q coulombs, the copper deposited is Q/2F g
atoms where F is the Faraday. If Q2 coulombs are passed during
reduction of Cull, the amount of CuCl formed is Q2/F mol. Let
Y g atom of Cu® react with 1 g atom of €1~ during the
formation of CuCl. Therefore , the amount of copper remaining
after this reaction is

Y Q2 63.54
(Q/ZF x 63.54 - —F& X W) g

The total weight of the deposit Wg s,
3.5

6
Wg = Q/2F x 63.54 - Q2/F x 99.0

& {1

X Y + 99.04 x Q-FZ—

E>N

E(3 -15)

Where Q/2F x 63.54 = Wpc E(3-16)

Q,/F x 99.04 = Wey E(3-17)
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Therefore, the value of Y can be expressed as

Y = Wi+ Weya - Wg x 99.04 E(3-18)

63.54 x WCuCl

Therefore, the value of Y can be obtained experimen-
tally. Results during pulse plating in copper chloride gave
Y = 0.53 £ 0.09 (see table 3-6, p160). For copper bromide, the
coulometric reduction process could not be used since the CuBr
deposit flecked from the electrode surface during the experiment.
Thus the atomic absorption method was used to analyse the copper
deposit layer.

The mathematical calculation in obtaining the value ¥,
using this method is as follows:

Assuming 'A' mole of Cu® reacted to give 2A mole

of CuBr as shown in the equation below

cu® + Cu?* + 2Br—=—2CuBr E(3-19)
A 2A
Also WE = Wpc - Wpc (reacted with bromide) + WCuBr
E(3-20)
or W ' _ 2 Mqup
E = WpC - (WAA - Wpc) A +(WAA WpC)ZA MCu Ol‘
Cu
E(3-21)
Where W = Weight of copper in deposit determined by atomic

AA

absorption spectroscopic method.

M = Molecular weight of copper bromide

CuBr

Molecular weight of copper

M. o

Cu
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Since WE’ Wpc’ WAA’ MCuBr and MCuO are all knowns, therefore

the value of A can be determined from E(3-21) using a quadratic
equation formula. Also the value of Y can be determined since
Y = A/2 and the results obtained are shown in (table 3-7,p161).
The mean value of Y obtained is = 0.50 < 0.02.

The values of Y obtained for both Cull and CuBr
pulse plating confirmed that E(1-10,p165) is the general
stoichiometric equation for the chemical reaction of copper in

. . 2+ .. .
chloride, or bromide and Cu”  containing solutions.
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Sect (3-3.3) Calculation of Corrosion Rates

The rate of corrosion at a fresh copper surface
may be determined from the formation of the copper (1) halide
at different relaxation times. If conditions are chosen such that
conversion to CuX is low, a constant corrosion rate may be

=2 .

assured.. Let NCu mol m “ of copper be plated during the
eriod of the pulse T ity i Am™2
p of the pulse T  sec, at a current density i Am
Therefore

N. =T i/2F E(3--22)

Cu =~ “on
At a corrosion rate of C mol sec"1 m"2 during the

relaxation period, Toff’ NCuX mol m'2 are formed, i.e.,

Newx = € T,

Thus

ff

Neyx/Ney = C/G/2F) x (T /T ) E(3-23)

The ratio NCuX/NCu calculated for a single pulse
applies equally to any number of pulses. A plot of NCuX/NCu
against Toff/Ton should give, from its limiting slope at low
relaxation times, a value for the corrosion rate C. Fig (3-7,p127)
shows such a plot for the corrosion of copper in 0.34 mol dm~3
CuSO4 and 0.34 mol dm"3 KCl. The limiting corrosion rate is
1.10 x 107+ mol m™2 s"l, which in terms of the increase in
weight of a 8<:m2 copper foil is 0.356 mg min~t . This rate is
drawn in Fig (3-5,p125) as line A. It is seen that the rate of

corrosion by chloride stays close to the limiting value for several

minutes until the effect of dissolution becomes important.
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A similar plot for corrosion in bromide solution gave

* mol m™2 s—l, or 497 mg min~! for an 8cm?

C =9.30 x 107
foil (line A in fig 3-6,p126). Thus for those metals which may
be plated from solutions the pulse plating method may be used to
give accurate values for corrosion rates at fresh metal surfaces.
The longest pulse on time used in the chloride

containing solution in the experiments is 10ms with a constant
current of 334mA. Theoretically, under this condition, approxi-
mately 0.682 monolayer of copper atoms will be plated on an 80m2

electrode per pulse. The calculation is shown as follows:

Atomic radiugs8 of cu® =128 R
Therefore area cover by one atom is

T 12 E(3-24)

3.14 x (1.28)% x 10720 ?

2

5145 x 10729

Total area (apparent) of electrode

-8 x 10°F m?

Mole of copper plated per 10ms pulse at 0.34 A
Ton x Current E(3-25)

Faraday x 2

10 x 1073 0.34 x

96490 2

1.76 x 1078 g mole

n

Total number of atom is

No of mole x Avogadro number  E(3-26)
23

176 x 1078 x 6.024 x 10
6

1.106 x 10!
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Therefore area cover by 10ms pulse is

= no. of atoms x area of one atom E(3-27)

16 4 5.145 x 10720 2

= 5458 x 107 m?

= 1.106 x 10

Therefore the number of monolayer of copper deposited is

Area convered by all atoms

- E(3-28)
Total (apparent) area
_ 5458 x 107 m72
8 x 107 m2
= 0.682

In practice, for each pulse the copper atoms might
be deposited in more than 0.682 layer but cover a smaller area.
Also the following pulse might be deposited at different surface
of the electrode. Thus the electrode surface will be completely
covered after a number of pulses. In the case of bromide
containing electrolyte, the pulse length used was 30ms and with
the same current. Thus for every pulse, there were' more than 2
layers of copper atoms deposited.

The corrosion of the plated layers of copper atoms
to form the solid copper halide probably takes place in the
following manner. Initially the surface layer of the newly
deposited copper atoms will be reacted with the corroding
reactants. When the first layer of the deposit has been
corroded to copper halide solid (CuX), the corroding reactant
will have to move through the product to reach the inner layer

of the deposit to react. As the product grows thicker, the
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corroding reactant will find it harder to reach the inner Cu°,
Therefore, the corrosion reaction will slow down. Thus, the rate

of the corrosion of copper atoms to CuX can be considered to

be inversely proportional to the amount of solid product formed

i.e.
d(CuX) oC 1 E(3-29)
dt (CuX)
or k'
d(CuX) _ . CuX E(3-30)
dt - (CuX)

Re-arranging E(3-30) and integreating it the solution is

[cux] =/ Koyx E(3-31)

]
Where k CuX and KCuX

CuX formation reaction time and [CuXJ is the number of mol m—z.

are constants, t is the total

The above relationship of E(3-31) will hold when the
dissolution of the product is not significant. E(3-31) shows that
a plot of [Cu)_(] Vs. [\/t— should be linear if the above
hypothesis is right. Figures (3-8, p128) and (3-9,p129) show
that the linear relationship hold. In addition, in an electrolyte

2+

with the bulk concentration of CuX“ = 0.34 mol dm_3 and

Cl™ = 0.1 mol dm_3, the value of Kogx  Was found to be

> 2 1, (from fig 3-8,p128). In a bromide

1.573 x 107" mol m~
containing solution with the concentrations of Cu2+ = 0.34

mol dm™> and Br~ = 0.1 mol dm™> or 0.34 mol dm™> the
value of K.  were found to be 4.62 x 10> and 1.284 x 107%
(fig 3-9,p129) mol m2 57! respectively. This shows that the rate

of reaction of Br_ is greater than (1~ in the corrosion

reaction.
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Sect {3-3.4) Reaction occuring during relaxation time:

k. +
cu’ + Qa” kc“——cucl E(3-32)
+ o cuwel?t -
Cucl +oc® 8Ll cu'=SL 2cuel E(3-33)
CuCl
cucl, + Cu® ——2=20ul E(3-34)
_ CuCl_
CuCl3 + Cu° k'—3—2CuCl + Cl™ E(3-35)
2. Cucl1’” -
Cucly ™ + cu® —4mcwl + 2Cl E(3-36)
- kCu(:l
CuCl + Cl == Cucl E(1-7,p19)

From the above equations, the rate of formation of

copper (1) chloride can be written as follows:

+ - +
d(((:j:;_ld) _ kCu+ [cu’] [C17] + kCuCl+ [Cucl™]
+ kCuC12 [Cuclg | + kCuCISv— [CuCl3 ]
2- -
+ kCuCIAZ— [CuCl4 ] - kCuCl [c17] E(3-37)

Equation E(3-37) shows that the rate of formation of
Cucl is directly proportional to the concentrations of Cu®, CuCl+,
CuCl 2, CuCl;, and CuCl ,'42-. Also inversely proportional to concen-
tration of Cl”. The computer calculated results (fig 3-20 to 3-22,
p140 to 142) show that the equilibrium concentrations of cua”
are significantly higher than the rest of the complexes at the bulk
concentration of Cu?* between 0.34 to 0.68 mol dm™ and CI” of
less than 0.5 mol dm™.

Thus the rate of formation of copper (1) chloride of E(3-37,p174)

can be simplified to

d(cutl) _ k. .+ [Cucl™] E(3-38)

n ) CucCl
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Therefore, a plot of concentration of [Cucl®] v.s. d[(clllthl]

. . . . 2+
will yield a straight line. For the experiment carried out with Cu

concentrations of 0.34, 0.5 and 0.68 mol dm™3 and Cl™ concentra-
tions of less than 0.5 mol dm_3, a straight line plot was obtained
as shown in figure (3-29,p149). The rate constant kCuCl+ which is
the gradient of the curve was found to be equal to 6.56 x 1077 m

The corrosion rate of each particular bulk concentration of cu?t

between 0.34 and 0.68 mol dm_3 and CI™ of less than 0.5 mol dm™>

can be estimated from this plot. For the bulk concentration of
Cu2+ = 0.34 mol dm_s, the computer calculated value of the
equilibrium concentration of Cucl™ is 2.251 x 1071 mol dm~3.
Therefore, from figure (3-29,p149) the rate of formation of Cud -

-4 mol m—2 s—i. This

or also known as corrosion rate is 1.44 x 10
value is reasonably closed to the value of the limiting corrosion
rate evaluated by the previous method (see page 170) i.e. equal to

4 -2 -1
mol m s .

1.10 x 10~
The above results indicated that during the relaxation time,
the rate of formation of CuCl is directly proportional to Cucl®
when Cucl™ complex is the pvredominant species in the chloride
containing solution.
Other possible reactions instead of E(3-33,p174) which also

involved CuCl®, Cu® and Cl1” during the relaxation time are as

follows:

S

-1
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c® +Cl” == cCull +e E(3-4,p121)

cucl* + e == Cul E(3-6,p122)

The above reactions are localised electrochemical corrosion
reactions. The rate of formation of copper (1) chloride in this
case is the same as E(3-38,p175). The pulse deposited copper acts
as an electron sink area at which the dissolution of copper occurs.
The interfacial Cucl® ions will consume the electrons liberated by
the copper dissolution process. For these two processes to take
place simultaneously, it is necessary and sufficient that the potential
difference across the interface be more positive than the equilibrium
potential of the Cu® corrosion reaction i.e. E(3-4) and more
negative than the equilibrium potential of the reduction of
Cucl™ of E(-3-6).

The experimental results on table (3-8,p162) show that four
out of nine of the measured rest "corrosion" potential difference
across the interface fall within the two calculated "corrosion"
equilibrium potential values. These values are the Ecl , and Eg
of reactions E(3-4) and E(3-6) respectively (see p121 for the
calculations). Thus this suggests that it is not possible to confirm
that the copper (1) chloride formation reaction is a chemical
reaction according to E(3-33,p174) or a localised electrochemical

corrosion reactions [i.e. E(3-4,p176) and E(3-6,p176) ].
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The above observations suggest that more investigations are
needed to confirm the mechanism of the corrosion reaction during
relaxation time. In addition more accurate values of the activity
coefficients of the chloride containing copper sulphate solutions
might be needed. It is assumed here the activity coefficients
of the chloride containing cupric sulphate is equal to the activity
coefficient of the pure CuSO, solution, at equal total Cu2+
concentration. This assumption might not be accurate enough for

. c c
the calculations of E1 and E)..

The computer calculated results of the equilibrium concentra-
. - 2+ , + -
tions of free Br, free Cu”" Br and CuBr, complexes vs. the Br
bulk concentration plots, have the same general trend - as in the
chloride plots (sse figure 3-23 to 3-28,p143, to p148). This is only
true when both the Cl~ and Br containing solutions have the same

Cu2+ bulk concentration and same Cl~ and Br~ ions bulk

concentration. Since the equilibrium concentrations have
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similar trend, this might suggest that the reaction mechanism of
copper (1) bromide formation during the relaxation time is probably
similar to chloride case. This is further supported by the overall
copper (T) halide formation reaction equation E(1-10,p165) which

is applicable to both chloride and bromide containing solutions.
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Sect( 3-3.5) Reactions of Copper _Deposition Process During Pulse

Plating.

During the pulse plating of pure copper in acid copper sulphate
solution, the mechanism of the deposition is shown in equation

E(1-1,1-2,p6) i.e.

cutts e §—-—_’°W cut E(1-1)
Cut + e dBLo O E(1-2)

The % weight efficiency of the copper deposition based on
Faraday's Law of electrolysis decreased as the pulse length is
shorter and the relaxation time is longer in acidic copper sulphate
solution (fig 3-10,p130). This is probably due to the double layer
charging current effect and also corrosion of the deposited copper
by the acidic enviroment. The trend of the decrease in efficiency
of the results obtained (fig3-10,p130) agreed with those obtained
by Cheh et a183. Their % efficiency by weight is lower than those
obtained in this experiment. This is probably because they were
using a rotating disk electrode. Thus this will accelerate the corrosion
rate during relaxation time since the shear force acting on the
rotating electorde is greater than a stationary electrode. It was
observed by Cheh et al83 that the amount of copper deposit
corroded in their experiments depended on the rotation speed of the
disk electrodes.

From the above experimental results (fig 3-10) it was decided
that the minimum pulse length used in the experiments with
different chloride or bormide containing electrolytes was 2ms. The

% weight lost due to enviromental acidic corrosion was corrected

for each experiment.



- 180 -

There are four possible species formedwhich Cu® would be
deposited from halides containing solutions. The most commonly
known is the Cu’* ions as shown in equation (3-7,p122). The
other three complexes which could be involved in the deposition

processes are shown in the following equations:

CuX* +2e —cu®+ X~ E(3-39)
CuX, + 2 e ——=Cu® + 2X~ E(3-40)
CuXz™ + 2 e ——==Cu® + 3X~ E(3-41)

The theoretical electrode potentials of the copper electrode
reactions of E(3-7,p122), E(3-39) and E 3-40) were calculated at

different bulk concentrations of Cu2+

and Cl™ (see p124). This
was carried out by assuming that the electorde potentials due to
each species in the solution is not affected by the presence of
the other species. The concentration of each species is obtained
from the result of the computer program. The activities of each
species were than used in the calculations.

The activity coefficients of the pure acidic cu?* solutions
at different concentrations were obtained from CRC Hand book
of chemistry and physics87. These value587 were then assumed to

be the same activity coefficients of the chloride containing solutions

. 2+ .
which had the same Cu” concentrations.
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From table (3-9,p163) the electrode potentials of the Cucl?
and CuCl, deposition reactions are slightly higher than the
electorde potentials of the cu?* deposition reaction at each
particular Cu2+ and Cl™ bulk concentration. This suggests that
the free Cu2+ ions are more stable than the complexes. Therefore,
thermodynamically the complexes are more likely to plate than
free Cu2+. The electrode potentials of the three reactions also
decrease as the bulk concentrations of the C1” increase. Thus
this indicates that the free Cu2+, cuclt and CuCl', become more
stable at .higher bulk Cl1~ concentrations. The table also shows
the measured mixed electrode in some of the experiments. These
mixed potentials could not be used in comparing with the
calculated equilibrium value. This is because the galvanostatic
pulse technique used was affected by the copper halide formation
reaction during the relaxation time.

From the computer calculated equilibrium concentration
results, (fig3-20 to 3-22,p140 to 142) show that at different
bulk concentrations of Cu2+ and Cl1~, the copper complexes, CuC1+,
CuCl, and CuCl 5 are present. Also figures (3-23 to 3-25,p143 to 145)
show that free Cu2+ ions are present. Therefore, it is quite likely
that the electordeposition of cu® during pulse on-time involves the

cu?*, cucl®, Cucl, and Cucl,™.
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Sect (3-3.6) The Production of Sea-Water Battery Anodes

Pulse method may be a useful method for the production
of copper chloride anodes for reserve sea-water batteries. Various
types of copper (1) chloride electrodes i.e. high conductivity
(could be used in high power battery) or low conductivity can
be easily manufactured without much alteration of the production
procedures, : T by changing
the pulse length and relaxation time combinations or the tempera-
ture of the plating bath or the chemical composition of the bath.

Figures (3-11 to 3-16,p131 to pl136) show the copper (1)
chloride electrodes which have different discharge rates i.e.
different conductivities or power output. These electordes were
obtained with different pulse combinations. At constant pulse length
temperature and concentration of solution, the discharge rate or
conductivity of the electrode is inversely proportional to relaxation
time. This is because more pulse deposited Cu® been reacted to
form Cu (1) C1 (fig 3-17,p137) or Cu (I)Br (fig 3-18,p138) as in
the case of bromide containing solution.

This method also does not seem to consume much energy in
the production of copper (I) chloride. The energy is mainly used
in pulse plating and maintaining the temperature of the plating
solution (i.e. within the range of 298k° to 313%). The other
methods such as the extrusion of the copper chloride mixture melt
and the dipping of copper plate into molten copper (1) chloride,
the amount of heat energy used in the melting of copper (I)

chloride seem to be considerable higher than the total energy

used in the pulsed method.
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Sect(3-3.7) Structure of The Copper Halide Deposits

The copper foil electordes used in this work were oriented
along the (200) plane (fig3-30,p150) table (3-2,p156). From the
X-ray results (fig3-31,p151) table (3-3,p157),copper bromide appears
to have been deposited with the (200) plane upper most. The
X-ray results of the copper (I) chloride (fig3-32,3-33,p152,153)
table (3-4 and 3-5,p158,159) do not indicate that copper chloride
have been deposited with the (220) plane uppermost.

Copper crystallizes in a face-centered cubic arrangement
with a unit cell length of 3.615°A8%. The (200) plane of copper
is shown in figure (3-34,p154). Copper bromide exhibits a zinc
blende structure in which copper is found in tetrahedral holes
formed by bromide ions with a = 5.6910A85.( Fig 3-35,p154)gives
the (220) plane of CuBr in which the radius of Cu’ and Br~
are 0.96°A, respectivelyss. It is seen that the Cu - Cu distance
in the X direction of the two planes is quite similar (3.6 A% in
copper and 4.0 A° in copper (I) bromide), and thus, a CuBr
lattice may be built up the insertion of bromide ions with
a limited relaxation of copper ions from the underlying lattice.
Such an obvious orientation is not seen with CuCl. Dissolution
of Cucl as CuClz- may result in the re-organization of the

Cucl layers.
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Sect(3-3.8)

The Computer Program Used In Determining The Equilibrium

Concentrations of the Complexes and Ions:

The following equations show the various complex formation
equilibrium reactions when a copper foil is immersed in a solution

containing halide and Cu2+ ions.
2+

Cu“” + X”"K'—_l—_-'- cux” E(3-42)
+ - _K2
CuX + X ..*‘bCuX2 E(3-43)
K3
CuX2 + X ..—;-CUX3 E(3-44)
- - K4 2=
CuX; ™ + X CuX E(3-45)
cu® o+ C112+..,—_K__i-~2Cu+ E(3-46)
cut o+ 2x‘&4Cux; E(3-47)
CuXZ'- + X :_K—_L CuX 32_ E(3-48)
cut + x7 B o cux E(3-49)

The stability constants of the above reactions (i.e.when X
= Cl or Br~ ) were obtained from the stability constant bookS1,
The equilibrium constants of the reactions were calculated
from the known stability constant values. Examples of the
calculations are as follows:
(A) The stability constant for the reaction
c?t 4 ¢l =—cul’ E(3-9,p122)
is = 2.8.

Therefore the equilibrium constant is the antilogloof 2.8

that is equalled to 630.960
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(B) The gross constants B3 for the following reaction.

CuCly + T17 —= cuc12~ E(3-50)

3
is = 5.70. '
The B 3 values for the preceding two reactions is

4.60. The following gross constant formula is used in the

calculation.

n .
RISV B3
i=1
or .
Bn-= Ky x K, x  SOR——- K, E(3-52)

therefore, in this example,

log B'3= log B'z x log K3
or log Ké = log B’3 - log BZ
therefore, Ké = 12.59

The calculated equilibrium cosntants for the most likely
reactions (i.e. E3-42 to 3-49) to occur in a solution containing
halide ions, Cu2+ and Cu® are shown on table (3-10,p164). The
total amount of the halide and the Cu2+ ions are known. (i.e.
assuming no significant amount of solid Cu® dissolves into
solution), Also there must be charge balance in the solution.
There are 8 unknown species in the solution and there are as
follows:

cu®*, X7, Cux*, CuX 2,CuX 5, CuX %", CuXy™, CuX 2~
Therefore, with the eight interconnected equilibrium reaction
equations and their known equilibrium constant, it is possible to

calculate the equilibrium concentrations of each particular

complex and ions.
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A computer program was written by Dr. Hibbert and was
adopted to use in solving the above problem. This program is
only valid if the amount of Cu(X) formed is small, as the loss
of X™ or the increase in Cuz+ is not taken into account.

A binary search routine converging technique which uses
the fact that 0 < [Cu2+] free < [Cu2+] total was used in the
program. A list of the program is shown in the appendix Page (291 ).

The following page is the simplified flow chart of the program.
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Figure 3-36

Input known total

Cu2+, 1™

Guess free Cu2+

- free C1°

—

o~

Calculate complexes
Ad just values and ions from

of free Cu2+ ’ equilibrium constants

c1™

Sum all Cu
| Sum all c1™

No ' yes
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CHAPTER 4

Studies of the Addition Agents in Copper Deposition:

Introductions:

Studies of bright copper plating with addition agents

have been carried out by various authour559’61’140

. Very

often investigation covered only a specific area such as the
study of.the effect of some addition agents on the kinetics
of copper electrodeposition from a sulphate bath by Turner

and _Iohnson59

or the effect of thiocompounds on the
structure of copper electrodeposits by Barne557.

The studies carried out here involve not only the
kinetics of electrodeposition of copper but the various other
related subjects including the morphological studies of the
denosits. The steady state overpotential build up time was
examined . The double layer capacitance during the pulsed
plating of samples which were used for morphological
studies were also examined. The characteristics of each
of the addition agents were examined by cyclic voltammetric
method.

The inclusion of the sulphur atoms or compounds
in the deposits was also investigated.

Composition of the acidified copper electrolytes
with addition agents used, were either obtained from

20,106

the United States Patent papers or the heterocyclic

compounds such as imidazole and histamine.
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Part (4-1) EXPERIMENTAL

Sect(4-1.1) Materials:

Anodes:

The anodes used were 4 x 102 m x 4 x 10%m copper
foil (BDH 99.999%) for all the experiments except the cyclic
voltammetric experiments. In this experiment, the anodes used
were the pure platinum foil (Johnson Mathey 99.999%). The
dimension of these anodes was 2 x 10™%m x 2 x 1072 m.

Cathodes:

The cathodes used in all the experiments were °
2 x 107%m x 2 x107%m pure copper foil.

Salt Bridge:

The same type of salt bridge was used as those described
on page 102.

Chemicals:

The analar grade (BDH) and reagent grade (BDH) chemicals were
used in the experiments. The reagent grade chemicals used are
imidazole, histamine, janus green B, thioglycolic acid, dimethyl
thiourea, propionamide and polyvinyl alcohol. No further purifications

were carried out on any of the chemicals used.
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Electrolytic Cell:

The electrolytic cell used was made of glass and
is shown on figure(4-1,p200).

Reference Electrode:

The reference electrode used in the experiments was the

same saturated calomel electrode described on page (101).

Sect(4-1.2) Electrode Pre-treatment:

The cleaning processes of the electrodes used were the

same as those described on the chloride experiments (p104).
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Sect(4-1.3) Measurement of Overpotentials at Different Current

Densities:

The experimental set up consists of the electrolytic cell
(fig 4-1,p200), the ministat (Thompson Associate 125) the
oscilloscope and the pulse generator (CERB1, chemical electronic
Co). The circuit diagram of this system is shown on page 201
(fig 4-2).

In the study of the relationship between cathode over-
potentials and current densities, a pulse on time of 30ms and
relaxation time of 0.7 ms was used. A train of galvanostatic
rectangular wave pulses was produc‘ed by the pulse generator.

A time of less than one minute was used for rewmrding
a single set of current density, potential difference and IR drop
of the working electrode. This was carried out in order to
minimise the change of working electrode surface.

Experiments were carried out at 25°%c £ 0.5°C
and with different electrolytes. Compositions of electrolytes
are shown on page 247 (table 4-3). Solutions were purged

with N, and vigorously stirred.

2
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Sect(4-1.4) Electromicroscopic (EM) study of the Deposits :

The deposits were obtained using the same ex-
perimental set ups shown in figure (4-1,p200). The pulse
on time and relaxation time used were 30ms and 0.7ms
respectively. The electrodepositions were carried out
with different electrolytes and at different current densities.
The electrolytes were purged with N2 and maintained
at 25°C T 0.5%.

Equal amount of deposits were plated on all
the working electrode i.e. (0.0386g). As a result, all
the deposits obtained probably had the same thickness.

The electroplating time used for obtaining 0.0386g of
the deposit at 6.25 mA cm™2 was 40 minutes. There-
fore, for the subsequent higher current densities used
in the electrodepositions, shorter plating times were
required.

Deposits were subsequently rinsed in distilled
water and dried in an oven (i.e. at 35°C ¥ 0.5°C). The
drying process took about 45 minutes. Dried de-
posits were stored in a bottle which had been purged

with NZ‘
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Small pieces of deposits (0.5cm x 0.5 cm) were
cut from the centre portion of cathodes. These pieces
of deposited cathodes were then used in electromicro-
scopic study. These observations were carried out at
different magnifications such as x 1000, x 5000, x 10,000.

Frequently, micrographs of deposits were taken.
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Sect(4-1.5) Capacitance Measurements:

The initial linear increment of potential difference
with time ( i.e 20 us < ) of the working electrode was
measured . Measurements were taken during the pulse
plating process in obtaining deposits for electromicroscopic
study.

Results obtained were then used to calculate the
double layer capacitance of working electrodes which were
used in electromicroscopic study. Calculated results are

shown on table (4-4,p248) .
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Sect(4-1.6) Steady State Overpotential Time ( Tss):

The operating conditions (i.e. on time, relaxation time,
temperature, N2 purging and stirring)used were similar to those
in the E.M. study experiment. The experimental set up was
also the same.

In this experiment, the time for the overpotential
(i.e. potential difference - IR drop) to virtually attain its
values were measured

to 62.5 mA cm'z.

steady state value was recorded. The
2

TSS

at C.Ds range from 6.25 mA cm~
This experiment was carried out in four different solutions
and using different copper cathodes on each occasion. The com-
positions of the electrolytes and the results obtained are

shown on table (4-12,p256).
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Sect(4-1.7) Cyclic Voltammetric Plots:

Platinum anodes and pure copper cathodes were used
here. The circuit diagram of this experiment set up is
shown on fig (4-2, p201) . Electrolytes were stirred and
purged with N2' The SCE reference electrode was used.

A working electrode was placed closed to the tip of agar-
agar salt bridgein order to minimise ohmic drop. Copper
sulphate was not added into the electrolytes and compositions
of these solutions are shown oﬁ page (245,246) .

The copper working electrode was initially poten-
tiostatically swept from -72 mV to-351 mV vs. SCE .
Subsequently direction of the voltage scan was reversed.
The sweep rate applied was 40 mV s™! and the cyclic
triangular wave was used. Results obtained are shown on

figures (4-1, 4-2, p245,246) .
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Sect(4-1.8) Sodium Azide Test:

Deposits used for this test were obtained
using the same method as those deposits obtained for
EM study.
N2 will be liberated immediately when a trace of a
sulphide, thiousulphate or thiocyanate is added into a solution.of

sodium azide and iodine. The above trace compounds each acts

as a catatlyst.100 The chemical equation for this reaction is
as follows:
2Na N3 + ) —= 2Nal + 3N, E(4-1).

Sodium . azide-iodine reagent was prepared by dissolving
3 g of sodium azide in 100ml of 0.1 N iodine. A 3mm square
sample was cut from the deposited working electrode. This
sample was then dropped into 10 ml of sodium azide-iodine
solution. Qbservation of Ny evolution was then carried
out. The above procedure was repeated with deposits obtained
from different electrolytes or at different C.Ds.

C.Ds. used in the galvanostatic pulse plating process
were 3.75, 6.25, 12.5 and 62.5 mA cm™2. Different electrolytes
were used in the depositions,and the compositions are as

follows:-



(i) Cu

(i)

(iii)
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2+

H2SO 4

Cu2+
H>SO 4
Dimethyl thiourea
Janus green B
Cu2+

H2S0 4
Thioglycolic Acid
Nacl

Propionamide

Ployvinyl alcohol

[t}

80
196,
0.01
0.05
0.10

0.06
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Sect (4-1.9 ) Detection of CuS by Spot Tests :

Small pieces of deposits (4mm x 4mm ) were cut
from the same plated electrodes which were used for
sodium azide test. The samples were placed on a spot
plate which was placed in a fume cupboard. Then a drop of
pottasium cyanide was applied on the sample. The concentration
of KCN solution used was 0.1 mol dm™> .
The colour changes of samples were then observed
and recorded . Electrolytes and current densities which
were used to prepare the deposits are shown on page 198.

Results obtained are shown on table (4-14,p258).
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Part(4-2) RESULTS AND CALCULATIONS

Sect(4-2.) Relation between Cathode Overpotential Tlc and

Current Density (i)

The cathode overpotential data (iR corrected)vs log, i data
were plotted as shown in figures (4-6 to 4-11,p219-224).
Each figurerepresents the ) vs logloi plots for. each
type of solution. All these figures show good linear
Tafel relations except with those experimental results
obtained from solutions containing dimethyl thiourea
and thioglycolic acid (fig 4-10,4-11,p223-224).

Five sets of experimental overpotential and
current density results were obtained from acidic cupric
sulphate solution without any addition agents. For those
solutions which contained addition agents, twa.or thiee
sets of experimental results were obtained for each
solution (table 4-4,p248).For each set of the results, a
different copper electrode was used. In general these
results are fairly reproducible for each particular composition
of solution.

The solution compositions for these figures mentioned
above are shown in Table (4-3,p247). Exchange
current densities and  transfer coefficients were
evaluated using the Tafel equation (E2-32,p77) and the above
cathode overpotential vs. logloi plots. The Tafel equation

is as follows:

7] = A+Blogi E(2-32,p77)
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The ac is determined from the slope B which is

equal to 0.059V in this case. The i is obtained from
Qcn °
extrapolation to the current density axis at77 =0

( A= Blog io). The a, and io values obtained from

figures are shown on table (4-4,p248).
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Sect(4-2.2) Measurements of Double layer capacitance and

Steady-State Overpotential Time.

The double layer capacitance (C'dl) of the copper
electrodes were calculated from equation (E2-11,p50)

i.e.
c = I E(2-11)
dv/dt

where dv/dt is equivalent to the change of
overpotential with time (i.e. d9 /dt) and I is equivalent
to the constant current density (i.e. i). dn/ du
in this case is a measured initial rise of overpotential
with a time of a very short duration i.e. between 10 ps
to 20 ps (fig 4-5,p218).

Results (table 4-5 to 4-11,p249-255)
obtained from the double layer capacitance experiments
show that the Cdl values of the electrolytes containing
CuSO4 were generally higher than those electrolytes
containing addition agents. The values were in
the range of 31.25 MF. cm™2 to 40.0WF cm™2 at
different current densities. Also , results show that
in each particular type of electrolyte, the double layer
capacitance could vary at different current densities.

The steady-state overpotential time ie .



- 205 -

time that is taken for the overpotential to virtually
attain its steady state value (TSS) (see fig 4-4,p218),

was recorded at different galvanostatic pulsed current
densities and in different electrolytes. Results(table 4-12,
p256 ) show that for those solutions containing brighteners,
the TSS are very much longer than for pure copper sulphate
solutions. Also as the current densities increase, the

TSS values decrease in most cases.
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Sect(4-2.3) Cyclic Voltammetric Analysis of Copper

Electrodes in Solutions Containing Addition Agents :-

Experiments were carried out in

stirred solutions containing different types of addition
agents. Some of which are known as.efficient brighteners,
such as dimethyl thiourea and thioglycolic acid,which
have a >c —s group attached to the compownd -The
cyclic voltammograms obtained at a sweep rate of 40
mV/s for a copper working electrode in each type of
solution are reproducible. Typical voltammograms are
shown in figures (4-39 to 4-51,p232-244). The com=
position of the solution for each figure .is- shown in
tables (4-1,4-2,p245,246).

The shape of the voltammograms of figures
(4-39 to 4-42, 4-47, 4-49, p232-242) look similar and
oxidations occur between approximately -72 mV to
-82 mV in both sweep directions. The oxidative
currents measured were less than 0.025 mA cm'z.
The reductionsoccur between a variable potential
to -350 mV. All reducing currents measured were
less than 0.025 mA Cm—z. The solutions contained
addition agents which are not  brighteners or
levelling agents. Also figures (4-39 and 4-40)

were obtained from pure sulphuric acid.
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Figures (4-44,p237) and (4-45,p238) show that
in acid solutions containing dimethyl thiourea and thiourea,
the oxidation currents are significant ( > 0.7 mA cm—z). Also
oxidation occurs predominantly between -72 mV to -215 mV
(fig 4-44) and -72 mV to -255 mV (fig 4-45) in both
sweep directions. Reductions occur in both sweep direct-
ions from -300 mV to -351 mV (fig 4-44) and -330
to -351 mV (fig 4-45).

In the acid solution containing janus green (B),
reduction occurs very predominantly in both sweep di-
rections (fig 4-43,p236). The maximum reduction current
density measured was about 0.0688 mA cm 2,

The voltammogram of an acid solution containing
both janus green (B) and thiourea (fig 4-46,p236) shows
that at potentials between -150 mV and -73 mV, oxidation
occurred predominantly. Also at petentials between
-195 mV to -350 mV reduction occurred significantly.

Figure (4-50,p243) shows that in a solution
of propanoamide and sulphuric acid, the oxidation current
measured was quite large between -72 mV to -82 mV
in both sweep directions. The reduction current densities

were less than 0.019 mA cm'2 throughout the

reduction portion of the voltammogram.
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In solution containing only thioglycolic acid
and H,SO ,,in both directions of the sweep between
-255 to -72 mV, the oxidation reaction occurred very
significantly (fig 4-14,p241). The maximum oxidation
current measured was about 0.275 mA cm—z. At a
potential of > 290 mV and in a cathodic sweep, low
magnitude reduction current density was measured
(i.e. 0.003 mA cm—z).

In the acid solution containing thioglycolic
acid, propanoamide, polyvinyl alcohol and sodium chloride,
oxidation again prevails in both sweep directions between
-255 mV to -72 mV (fig 4-51,p244). The maximum
oxidation current measured from the voltammogram
was about 0.486 mA cm_z. Again very low reducing
currents occurred at potentials between -290 mV to

-350 mV.
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Sect(4-2.4) Electron Microscope Studies on Copper Electrodes

in_Sulphate Plating Baths with and without Addition Agents:

Measured grain sizes and the macroscopic appearance of the
deposits are tabulated, tables (4-5,p249 to 4-11,p255) .
The deposits were obtained from various plating baths and at
different current densities.
Micrographs of the deposits (4-12,4-14,4-15,p225) obtained
with the Stereo scan electron microscope were use in the
. estimations of the grain sizes. The longest length of
six grains in a micrograph were measured with an accurate
ruler. Equation (E2-18,p63) was then used to calculate the
actual lengths of these grains and the results were taken
to be thegrain sizes. The standard deviation and mean of six
grain sizes were calculated. The following are various
micrographs of the deposits obtained from different plating
baths.:
Figures (4-12 to 4-15,p225) are micrographs of deposits
obtained from 0.321 mol dm™3 CuSO, and 2.0 mol dm ™3
H,S0, solutions. Figure (4-12,p225) shows that at 6.25
mA cm'2 the grains have square-based pyramids growth.
The central portion of these grains consist of square base
pyramids. At some distance from the peaks, layers become

visible. Also thickness of the layers increases as they spread

across the surface towards

.................... continue
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the edges of the face. The average grain size measured is
large (i.e. 12.12% 1.75 un, table 4-5,p249).

At 25 mAcm_z, the pyramidal features of the grains
is no longer visible. The grains have irregular shape (fig4-13,p225).
At SOmAcm_z, the grains are more distinctive and like boulders
of irregular shape. Also macroscopically rough edges begin to
appear on the electrodes. The average grain size is slightly
bigger (i.e.4.17 ¥ 0.68) than those obtained at 25mA/cm2
(i.e. 2.99 ¥ 0.333 um).

At the highest C.D. carried out on these experiments
(i.e. 100mAcm-2), the boulder-like grains had truncated into
clusters of grains which appear like cauliflower (fig4-15,p225).
The grain size has increased to about 6.1 um.

Macroscopic appearance of the above deposits
obtained at current densities of 6.25 mAcm™ and 25 mAcm 2
were smooth and dull. At 50mA cm™% and 100 mA cm'z,
edges of the electrodes were rough and deposits were
a dull ~ metallic copper in colour.

The micrographs of those deposits obtained in,

0321 mol dm™> CuSO,, 2.0 mol dm™ H §O_ and 3.21 x 10"

mol dm™> imidazole, are shown in figure(4-16 to 4-18,p226).
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Reasonably large grains [i.e. 6.3 £ 0.970 um table (4-6,p250)]
of boulder type were observed on the deposit obtained

at 6.25 mA cm-z. At higher current densities, grains of
smaller sizes and irregular shape were formed. Some of them
grouped together and formed a lump (fig 4-17,4-18,p226).

At 50mA cm™2 and 100 mA cm™2 the deposits around the
edges of the electrodes were rough.

Table 4-6 (p250) shows that macroscopic
appearance of the deposits obtained were similar to those
plated from 0.321 mol dm™3 pure CuSO4 solution.

Figures (4-19 to 4-22,p227) show surface
features of the deposits obtained from 0.321 mol dm"3 CuSOA,
2.0 mol dm™> and 0.000321 mol dm™> histamine. At the
lowest current density, the deposit has a boulder type of
grain . The grain size is 14.51 * 1.274 pm (table 4-7,p251).
At current densities of 25, 50 and 100 mA cm-z, the deposits
again have irregular shape grains (4-20 to 4-22,p227) and
their average grain size is less than 1.91  0.448 um (table
4-7, p251). The physical appearance of the deposits obtained
at 100 mA cm_2 had rough edges aound its electrode. At a

lower current density the deposits were dull and smooth.
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In a solution containing 0.802 mol dm™3 Cuso,,

0.153 mol dm™>

stoti and 0.050 g dm™3 Janus green B
the forms of grains obtained are shown on figures (4-23 to
4-26,p228). At the lowest current density surface feature
of the grains is quite similar to those grains obtained from
histamine - CuSO4 solution at current densities of 50 mA cm—2
and 100 mA cm™2. . Grains  obtained at higher current
density are smaller than those obtained at 6.25 mA cm—2
(table 4-8 ,p252). The grains seemed to be more rounded
in shape since their  protrusions . from the base
are no longer pyrimidal in shape (fig 4-24 to 4-26,p228).
Macroscopically at all current densities, no rough edges had
been observed on the deposited electrodes.

The micrographs of the deposits obtained from solutions
containing 0.000289 mol dm—3 dimethyl thiourea, 0.802 CuSO,
and 0.153 mol dm_3 H,S0 4 are shown on page 229. Figure
(4-27,p229) shows the grains present on a. brown-precipitate
type of deposit. The shape of the grains is spherical and they
cluster in lumps. The grain average size is quite small
[0.52 £ 0.06 um, table(4-9, p253) ]. Macroscopically, the
deposits consists of 2 different types. One of which is the
dark brown precipitate type and the other a bright

. -2 -2
deposit. The deposits obtained at 25 mA cm = and 50 mA cm
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also have the same macroscopic appearance. The micrographs
of bright deposit type (4-28 to 4-30,p229) show that grains
of deposit obtained at current densities greater than 25 mA-cm 2
are spherical. Also they do not cluster into big lumps.
In addition, the grains form a reasonably smooth microscopic
surface. At 100 mA cm"z, macroscopically only smooth
bright deposits were observed and no rough edges occured
on the electrodes.

Deposits obtained from solutions containing 0.000289
mol dm™> dimethyl thiourea , 0.802 mol dm™> CuSO,
0.153 mol dm™> H5SO 4 and 0.05 g Janus green B, are shown
on figures (4-31 to 4-34,p230). Grain sizes are shown on
table (4-10,p254). The deposit obtained at 6.25 mA cm ™2
has small spherical grains (1.67 £ 0.24 um ). Grains cluster
together and also appear like cauliflower. At higher current
densities, the average grain sizes are smaller (i.e. 0.71um <)
and do not form a cauliflower type of deposit (fig 4-32-
to 4-34,p230). Macroscopically only one type of deposit is
present on each electrode at all current densities. Only
bright deposits obtained at 100 mA cm™2 and the micro-

scopic surface of this electrode appears to be reasonably

smooth (fig 4-34,p230)  .........

continue next page
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Figures (4-35 to 4-38, p231) show the surface features
of  deposits obtained from thioglycolic acid containing

solution. The composition of the solution is as follows:

Thioglycolic acid = 0.010g dm™>
Polyvinyl alcohol = 0.06 g dm™
Propanoamide =0.1¢g dm™3
Na - 0.05 g dm™3
Cuso, -8 g dm™> (ie. 0.321mol dm™)

At current density of 6.25 mA cm’z, the deposit consists of
small spherical grains and spongy precipitate types (fig4-35,p231).
The average size of small  spherical grains is taken to be
the grain size [i.e. about 0.86 um, table (4-11,p255) ]. Deposits
obtained at 25 mA cm™2 appear to consist of small
grain type (fig 4-36,p231). The microscopic surface of the
deposit is relatively smooth and is bright.

At 50 mA cm_z, the deposits obtained are microsco-
pically very smooth and it is impossible to measure the grain
sizes. Also, there are cracks present on the deposits (fig 4-37,
p231). Macroscopically, the deposits are very bright and no

rough edges were formed on the electrodes.
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Figure (4-38,p231) shows the: deposit obtained at
100 mA cm™2 has large grains and appears to be oval or egg
shaped. They also appeared to be very smooth and grouped
together to form a dough-like structure. No cracks were
observed on the deposits obtained at this current density.
Macroscopically, deposits were bright and edges of it

were smooth.
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Sect(4-2.5) Sodium Azide Test:

A solution of sodium azide (NaNa) and of iodine (KIB)
does not react by itself. On the addition of a trace of
a sulphide, thiosulphate or thiocyanate, which act as
a catalysts , there is an immediate evolution of N2
( see E(4-1),p197).

A small piece of copper deposit (see pl97 for
experimental detail ) was dropped into 10 ml of NaN3 + KI

3

solution. It was to observe if N2 would evolve.Results
(table 4-13,p257) show that all deposits obtained at
different current densities and from electrolytes containing
:>c - S brighteners were embedded with either sulphide,
thiosulphate or thiocyanate. No N2 was evolved when

deposits obtained from pure acidic copper sulphate solution

and pure copper foil were tested.
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Sect (4-2.6) Detection of CuS by Spot Tests:

The experimental results obtained from this test
are tabulated (table 4-14,p258) .Most of the samples obtained
from deposits plated in solution containing brighteners reacted
with KCN solution. They changed from their original colour
(i.e. bright, dark brown and brown/yellow) to black when
in cbntact with KCN solution. In addition, tiny bubbles
also appeared on the surface of samples.

The tests carried out on those samples which
were obtained from acidified cupric sulphate solution had
no apparent reaction with KCN solution. This also applies to

pure copper foil samples.
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Fig (4-3)
Response for over
-potential measurement
showing IR drop
X-axis = 5 ms

Y-axis = 20 mV

Fig (4-4)
Response for steady state
overpotential time

measurement

X-axis 0.1 ms

Y-axis = 20 mV

Fig (4-5)
Response for double
layer capacitance
measurement
X-axis = 20 ps

1 Y-axis =100 mV
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I A5.5Mm MPm
Figure: (4-12) Figure: (4-13)
Magnification: x 2.IK Magnification: x IIK
. -2 -

Current Density: 6.25mA cm Current Density: 25mA cm 2
- 111Pm I #A1Pm

Figure: (4-14) Figure: (4-15)
Magnification: x IIK Magification: x IIK

- . -2

Current Density: 50mA cm 2 Current Density: 100mA cm

CuSC* solution (see p249 for composition details).
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I il.1Pm F—-- 11.12Pm
Figure: (4-16) Figure: (4-17)
Magnification: x 10K Magnification: x 10.5K

Current Density: 6.25mA cm 2 Current Density: 25mA cm

EM2 Pm
Figure: (4-18)

Magnification: x 10.5K

-2
Current Density: 50mA cm

CUSOA solution with Imidazole (see p250 for composition details).
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-,2.4Pm

Figure: (4-19)

Magnification: x 5K

Current Density: 6.25 mA cm_2

40 98Pm

Figure: (4-21)

Magnification: x 11.8K

-2
Current Density: 50mA cm

1

Figure: (4-20)

Magnification: x 12K

Current Density: 25mA cm -2

10,98 Pm
Figure: (4-22)
Magnification: x 11.8K
Current Density: 100mA cm

CuSCU solution with Histamine (see p251 for composition details).

2
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JH3Pm

Figure: (4-23)
Magnification: x 10.2K

-2
Current Density: 6.25mA cm

11.21Prn

Figure: (4-25)
Magnification: x 9.5K

Current Density: 50mA cm

1.13Pm

Figure: (4-24)
Magnification: x 10.2K
Current Density: 25mA cm -2

11Pm

Figure: (4-26)
Magnification: x 1IK
Current Density: 100mA cm 2

CuSO. solution with Janus gteen B (see p252 for composition details).
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-1128 pm f 112pm

Figure: (4-27)

Figure: (4-28)
Magnification: x 9K

Magnification: x 10K
Current Density: 6.25mA cm-2

2
Current Density: 25mA cm”

« 1

I 1.13Pm

12Pm

Figure. (4-29) Figure: (4-30)
Magnification: x 10.2K Magnification: x 10K
Current Density: 50mA cm-z‘

Current Density: 100mA cm -2

CUSQ4 solution with Dimethyl thiourea (see p253 for composition details).



- 230 -

+--111 Pm 114 Pm
Figure: (4-31) Figure: (4-32)
Magnification: x 10K Magnification: x 10.IK
. -2 -
Current Density: 6.25mA cm Current Density: 25mA cm 2
U3 Pm IJ3Pm
Figure: (4-33) Figure: (4-34)
Magnification: x 10.2K Magnification: x 10.2K
-2 . -
Current Density: S0mA cm Current Density: 100mA cm 2

CuSO” solution with Janus Green B and Dimethyl thiourea (see p254

for composition details).
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I 15.78 Pm 12Pm
Figure: (4-35) Figure: (4-36)
Magnification: x 2K Magnification: x IOK
Current Density: 6.25mA cm 2 Current Density: 25mA cm 2
I 112Pm 5.78 Pm
Figure: (4-37) Figure:  (4-38)
Magnification: x 10K Magnification:  x2K
2

Current Density: 50mA cm 2 Current Density: 100mA cm ™

CuSO solutii(())R with Thioglycolic acid (see p255 tor composition details)



*0- 7

c*0~—

L A0]

- 232 -

d0g sa AU
09— : Ole~

09¢~

v 2
( mJSﬂ. [ow Q'z) uomnjos QS H

"WVHDOWNYLTOA OITDAD  (66-p) :oanityg



233_

¥*0- -

20~
UOS sA pw

09~ ——— \ownhl\l\l\\\\t]\l\\\b 098~

20 4

(¢-wP 10w €67°0) uonnjos ¥ o5y

‘WVHDOWNYITOA OITDAD (0t—t) 1eansTg



- 234 -

¥e0- -

yu o

09—

2°0 4

H0S sa ju
Ote-

*WYHDOWNYLTOA DITOAD

(s1ie19p uoriisodwods ioj
Stzd 9as) ajozeprw yim uonnjos ¥ ogy

Qv..vv $oandTg

09¢~



- 235 -

7°0=

¢*0= ] HDS SA puW
09- ote- 09¢-
ot
ya o 41 —_— 3 N
\\l\\.\'\\\:\ulli
\\\\\\
2°0 7
(sjrerop uoriisodwod 10§
yo0

Spzd e9s) sulwelsIH Yum uonnjos Yos®H

‘WVHDOWNVIIOA DITOAD  (Zt~¥) soansity



- 236 -

yu O

2°0 Ao

ye0 -

Uds sA AW

021~ 09¢-
1

‘IWVHDONWVLTOA DITOAD

(s1reiep uoniisodwod 103 cpzd 99s)

g usain snuel yum uonnps 'OstH

 (gp-v) oInITg



- 237 -

2¢*0~ 1

‘WYHDONWVLIOA DITOAD (pp—t) 29dn3Tg

S sS4 AU
09— ote~ __——77T7
w — -
Ve 0 \\\. u\\.\; e T
l\\
) | \ \\
2°0
V°0 -
m.o.l
(spreisp uonyisodwoo 103 g4zd 99s)
. ®BaINOIYJ] [Aylowlg Yilm uolIN[OS vOmNI
g°0 -




- 238 -

N.O' w—y
d0g sa pW
Va0 ] _ e
2°04
¥°0 4
77 (S[reiep uoliisodwod 10}
- vz
" Syzd 99s) ®aInolyy Yim uonnjos = Og H
8°0 -

WNVHDONWVLTOA DITOAD  (Gp-p) :OINUTJ



~ 239 -

9°0= 7
Av.OI - p— U
\\ - )
20— - - 7
\\\H\\\\\\\ EOS SA AU
-
e
OW.... \ e OtTe~ OWMI
V4.0 + - Pt ]
\\\\ \
\\\\ -
2°0 - e o
\\\\ -
¥°07
\ (sieiep uonisodwod 10y 9pz d 99s)
: g ueair) snue[ pue ®ainoly], yimm uomnnjos? Osey
9°0

*WVEDOWNVYITOA DITDAD (9t ) teandtg



0= -

09—

gDs sa puw

(0] ol 09¢-

v o

c®0 -

ko .._

e

| P

—

(s1rersp uonisodwoo
103 9prd @9s) (DN yim uonnjos ¥ gy

UYHDOWWYLTOA OTTORD (s34 )reandig



G*0~ ~

yu 0

09-
|

HOS SA AW

G*0 ]

0°T

- 241 -

§°T —

§ez "

‘IWVHOONNVYLTOA DITDAD

—————————— 1)
- — .. --

09¢-

(sire1sp uorysodwod 10§ 94zd 99s)
p1oe o1j004[301y1 yilm uoIIN[OS WO%I

(8v—¥) soansty



¥eo- 1
2*0- A
dD0S8 SA AW
09- Otlec—- 09~
! yu o — m\‘ 1 )
N
o
[
2*0 A
(sireep uornisodwod 103 9pzd 89s)
spuoyyo [Lumafjod yum uonnjos? o€y
7°0

*WVHDONNYITOA DITOAD (6V~t) seandty



- 243 -

yu O

HOS sA AU

) S
ya

09¢-

(s[reiap uorirsodwod 10}

9pzd @os) sprweuordord yum’ gty

‘WVYDONNYITOA DITOAD  (0S~P)seanitg



- 244 -

9%0- -

yuw o

09—~

[€a|
O
1%}
0
5
>
£

Cle-

2°T 7~

8°T 1"

/A

(syreiop uoriisodwioo 103
9¥zd @as) proe orjod4[3olyl yum _V.OmmaI

*WYHDOWWYLIOA DITOAD (T§-¥) seanity

09t~
}



§sz-

(YA

L20°0

- 245 -

'aINOIY ], €ST°0 Sv=v
S1Z- 00¢- 0£0°0 'aInolyy, [Aiyawiqg €ST0 1404
L 08- 0S0°0 g usaln snuef €ST 0 v
98- S61- 9€0°0 aulwelsiy 02 o+
88~ 01ez- cz0°0 ajozeprut 0t 18 4
¥8- (44 - = €ST°0 (0]l
€8~ 0Lz = - 0°¢ 6V

Fn.uw.m_uMu,_ﬂum%o HMCWMMMMG g= ? SOAIIIPPY g- 0 10 ainsig

AW (ADS m>.v Jeriualod

SeAIIPPY JO "Ou0)

Y 0s°H jo -ouop

{SHLATOYLOATE 40 SNOILISOAWOD (TI-¥) :9lqel




- 246 -

050°0 apuIo[yD) wnipog
001°0 sprweuoldoid
9LZ- 9LZ- 09070 [OYooe [Autakiod 000°2 1S-t
010°0 proe otjod4[doryy,
Y6~ 081~ 001°0 aptweuordoid 000°2 0S-¥
78~ ovZ- 090°0 Joyodre jAuiadjod 0002 6v-t
S8z~ 06Z- 01070 p1oe o1jod4(3oly], 0002 8v—t
v6- LOSE- 050°0 apHoO[yD wnipog 000°2 Lvr¥
* 931 snue
LST- 061- 05070 g uea1d snuef €51°0 9t
LZ0°0 BAINOIYJ,
uor1daIlp| UOIIJaITp
orpoyie) orpouy wp 3 wp [ow
0=1 1® €= SSALIIPPY - 2In314

AW (325 sa) [eniuailod

SOAIIIPpPY JO “0ouo0)

Y 0S°H 30 "ouo)

¢ SHLATOYLOITE 40 SNOILISOdWOD (z-v) :°19el




- 247 -

§0°0

[JEN

90°0 [oyoore [Auiadjod 02 12€°0 11-¥
01°0 sptweuoldoiyg
10°0 p1oe oroo4[doryL
£0°0 BaInolyl [Aylawiqg
€ST°0 20870 0T-v
$0°0 uasIr) snuef
9¢0°0 sulwelsiy 0°C 12¢°0 6~¥
220°0 9]ozeptul} 02 12€°0 8-v
- - 0°C 12¢°0 Lv
- = €ST°0 20870 9t
g-1P 3 SeALIPPY , gmop e g ou I
SSAIIIPPY JO *ouo) ‘'OSH Jo "duo) 0SnD Jo -duo) :

{SHLATONLOTTA 40 SNOILISOdWoD (€-¥) :°iqel




- 248 -

[oyoo[e [Auladiod = Ad

‘g uaain) snue[ = ¢gof

‘optweuotldoid = vd

‘pioe orjod4dolyL = Vi

‘earnoiyl [Aylowig = 1Q . ‘O[ozeplw]= | ‘eUlwWeRISIH = H :iuOllBlAdIQQY

050°0 = [9BN

900 = Ad
L9°T 5 898 6v°61 (2)  T8T (1) 82°0 (2) 62°0 (1) 01°0 = vd 00 =7 OS°H
0100 = VL 1eeo = M0
500 = aof | 5170 = "OS°H

10°T 3 69711 0's (2) vZL (1) €770 (2) €02°0 (1)
0€0°0 = 1d 7080 = +7°9
. . oV
1T 20061 WL (€) 50 (€) 00z = 7 o H
LeS (2) §TS (1) w0 (2) 1ev°0 (1) 72070 = 1 120 = " np
s (€) : 2= "o
b9's T Lb7ST S ( 0 (€) 00 = OS H
97°¢ (2) zee (1) 1570 (2) 6v°0 (1) 9¢0°0 = H g0 = D
269 (€) ZLy0 (€) €51°0 = YOSZH
9L°L (T) 789 (1) 1v°0 (2) $0 (1) 7080 = +N:U
1e°e 7 vt Wy (T) zo'e (1) 6¥°0 (2) €570 (1) 00°C = ¢nmeNI
1z¢°0 = nh
_wd 47 soueldede) (,_Wwo yuw) sailisusp Aow ) 3ud1011}200 _wp 3 _wp ow
¢ Iade| 91qnoQ ¢~ Juerino oduryoxyg Iajsuel], o1poyie) m%>t%@< mmm\ﬁoboo_m
uoryisodeg 1addop 10j sie1sweieq Ol18uUly 8POINAAIH  (v-+) :RIQV.L




- 249 -

508 SA AW 66°0 T gg°L 3TuTjusjod jsed paaunsual]

soueagadde o1doosoaor]]

Jafel alqnoq

921S UTedd adedoay

" 00°2 proe oranydins

mlsc Touw 2€°0 ajeydins Jaddoos suoijisodwoo a3L[0d39a1H

Tinp‘edpe ysnoua 00°0¥ evv*0 7,019 00°00T
TTnp‘adps ydnoa geeee 6L9°0 7 L1*V 00°06
TInp ‘yjoous €e°ce €92°0 7 €9°2 00*Ge
11np ‘yjoous TL*GE €EE*0 7 66°2 00*Ge
Tinp ‘yjoous Ge*1¢ elv*1 7 €8°¢1 6z*9
TInp yjoous AN Y GL°T 7 z21°2t Ge*9
j31sodep JO Amleo Jdt) aouezroedeo (ww) Amleo.<s )

£1Tsuap juaadn)

- HONVLIOVAVD HIAVT dT4N0Q ANV SLIISOddd A0 ZONVUVALDY ‘HZIS NIVYHD

(S-¥) sa1qey




- 250-

ou d
-up ToW . OTX Tg°¢

H08

oo°e -
T2e*o

Sa pw 68°0 7 T°ET

ptoe otauydins
ajteydins xeoddoo

Tetquatod g4saad paaunseay

aTozeptwt ¢ uoriTsodwod agLlox3081q

1Inp ‘sspa ysnoa

0°Ge - 0°00T

1Inp ‘e3ps ysnod geree 92e°0 7 61°1 0°04

TInp ‘e¥ps ydnox 0°02 £2€°0 7 6€°1 0°0§

TTap ‘yjoous €941 211°0 7 L6°0 0°62

TInp ‘yjoous €9°4T 696°0 7 0€°9 Ge*9
atsodap Jo ANEO\hﬁV aouvyToredes (ud) (w0 fgw)

2ousdeadde otdoosoaoe]

JofeT alquoQq

9zTS Uiead adedany

hwﬁmnwu juszany

*IONVIIOVAYD ¥IAVT dT1dN0d ANV SLISOdAd A0 HONVHVILAY ‘FZIS NIVED

(9-¥) set1qey




- 251 -

T0S S A AW 26°T 7 89°0T : TeTjusjod 3sad psauscay

" 00°2
11} HNMQO

mlE@ Touw ¢l0ﬁ x 1eg°¢

pToe oTanydins
ajeydins xaddoo

autwegsTty ¢ uot}rsodwoo ajffoaiqdalx

IInp ¢83pa ysSuoa

aoueaeadde o1doosododel

Jafel sTquo(g

92TS UTead ofeaany

0°02 glteo 7 €Lt 00°00T
Tinp ‘e3dpa ysnoa ge*ee Gle*o 7 ev°1 00°00T
TInp  ‘yjoous gz°v1 g2 ¥l 7 T6°T 00°04
TP  ‘yjoous €€°g Get1*o 7 61°1 00°62
TI0p ‘ygoous 06°21 fle°1 7 16°VI G2*9
3tsodap Jo wANlEo.th souvyToeded (wd v wo Yu

hvwwnmm PuaLINg

$EONVLIIOVAYO HIAVT FTN0d ANV SIISOdAd 40 AONVYVALdY ‘FZIS NIVHD

(L) *319e0




q0S  Sa pAwW QE€°2 T GE°29 t TeTiusjod 4S8d padnsed]

u €G1°0 proe otanydins
M|Eu Tow 208°0 agjeydins asddoo
M|Eﬁ 3 G0*0 uvaaxd snuel ¢ uorgtsoduwod 83AL10X399TFH
TInp ‘yioous 06°€e 7L0°0 7 6L°0 00°00T
| TInp ‘yjoous 00°6e 00°G2 7 €9°0 00°0§
~
o TInp ‘yjoous 00°02 2g0°0 7 ¥v*o 00°42
TTup ‘yjoous Ge*9 €9V°0 7 OL°T Gz*9
3tsodap JO AN...Eo Jrt) souejtoeded (ww ) NlEo Vu
aoueaeadde o1doosogory Jafel aTquo(Q 9zTS UTedd. adedsay £1Tsusp juUagany

THONVLIOVAVO HIAVT 3141000 ANV SIISOdEA 40 HONVHVALAY ‘FZIS NIVHD

(8-9) $°Td=l




qIepip

@os ~Sa pw €°T 3 8°GY

$ [eTjuajod 4sad padusea]

“ €49T1°0 ptoe otanydins
" 2090 aqeydIns Jaddoo
b'e i eadnoTy} TLYg3auw Tq ¢ UOT3Tsodwod a4 AT0a309Tq
(_wp  Tou y-OT X 68°2
IFTIq ‘yjoouws 2°81 61°0 7 256°0 00°001
3udTaq ‘ygoous 00°02 get*0 7 gb°o 00°00T
| U TIq /unoaq p ‘xefer Lyt Ge1*0 7 ¥v°o 00°05
o
v
N | G2t 680°0 = 0£°0 00°Gz
_ PswﬂhP\GSOAP P ‘asfe]
$udTaq/unoaq p ‘xsde] Geet 840°0 7 24°0 Gz*9
4Is0dap JO hN|Eo 4 @) souejtoedead (w ) NIEO yu
oouedeadde OTdoosodoej)] JafeT eTqnog 92Ts UTedd adeldaay £3Tsuap 3juUadLT)

+ HONVLIDVdYD

dHAVT HTHNOd ANV SLISOdEA 40 AONVHVIALdY ‘HZIS NIVHD

(6-¥) sa1qeg




- 254 -

mlsv Tou

w ou
€~ P 1
~ue

mlem Tou

IDg  sa AU

28°0 — LG t Teijusjod gsod paduses)

+
€41°0 proe otanydins
2080 a1eydins aaddoo
G0*0 g usadd snuep

¢|oa X 6g®2 weadnoTyy TLyzeu Iq ¢ uotrj}rsoduwod 93LT0I309TH

1y Taq ‘yjoous

gouraczadde oTdoosoxor]y

(,

Jafel aTquno(

9z1Is UTead adedsay

geel 860°0 7 6¥°0 00°00T

1inp ‘yjoous Le* 1t 222°0 7 28°0 00°05

T10p ‘yjoous Geel 921°0 7 OL*0 00°62

wioaq dtep ‘ygoous 701 22v2*0 7 L9°1T G2*9
4Tsodop Jo wo ) soueiroeded (u 1) NIEo v

£y1Tsusp JUadaN)

:HONYLIOVAYD HIAVT HT4N0d ANV SIISOdId A0 FONVYVAAAY ‘dIZIS NIVHD

Aoﬂlwvumﬁﬁﬁg




- 255 -~

0% A AW Y€*0 7 GLy*9 :TeTqusqod j3sed paaunses)
u 90°0 ToyooTe TAutakiod
_up 3 o1°C aptueuotdoad
3 w 12€°0 ajeydins aaddoo
y 00°*2 proe oTanydins
mlEU Touw mloH X Gevet1 pIoe OoTTooATdory] suoljrisodwod ajLToa30aTq
FUSTIq ‘yjoous °g Lg*o1 g €0gQ 7 6€°G g
1ustaqé yjoous °y OT°TT °v 9156°0 H €8°9 °vy 00°00T
1usTaIq ‘yjoous °g 00°01 °dg TTews Lisa °g
udtaq ‘ysoous °y 0G*0T °v TTeus Laaac®y 00°0§
1YsTaq ‘yjoouseg 00°0T °4 €60°0 It V3°0 °g 00°G2
1y Taq ‘yioouwsey €€°g v 601°0 3 OL*O °y
moTTak/unoaq ygoous g L1y °g 012°0 7 98°0 °g z*9
MOTTa4/umodq yjoousey 00°G vy G02°0 7 ¥8°0 °¥
1tsodsp JO (,_wo g1) souejroedeo. ( wrt) ( NlEo vu )
aouedaeadde oTdoosoaoey ¢ JafeT alquno(q 9218 UTedd adedaily £31susp FUaIUV)

PEDNVLIOVAVD HIAVT HT4N0d ANV SLISOdAd 40 AONVIVALIY ‘dAZIS NIVHD

(T1-9) *@1qed




- 256 -

[oyooTe JAulAh[od = Ad ‘opiweuoldold = Vvd
‘proe o1j004[do1yl = V.1 ‘g uoain snuef = gof ‘gaInolyl jAylowiq = LQ :UOIIBIASIQQY
0S0°0 =19BN
90°0 = Ad ey = P el
. - . . . . 00 = YOS°H
08°0 060 0670 9670 vl 1°€ 01°0 = Vd
0100 = Vvl 1260 = +2 1
o [ 4 e
9¢°T 9¢°1 b1 ShT 951 €€ $0°0 = €b gsTo= OSH
0€£0°0 = 1A 208°0 = +N:U
9¢°0 0 960 ¢80 §9°0 0°¢ €ST°0 = P$OSTH
¢80 = 0
$1°0 $7°0 S€°0 8470 $9°0 0'€ 00%c = vOSZH
1Z¢°0 = +N9U
§°Z9 070§ S°LE 0°s¢ szt ST9 mlEv g mlEv ow
AmlEo yW) S3I1ISUSp JUSNIND IUSIDJJIP 1B (sw) mmr_L SOATNPPY S914[0110914

CHNIL TVILNALOYIAAO HIVIS AQVILS (Z1-¥) :2I1qel




- 257 -

‘proe orjod4j3olL = Vi

Joyooje JAunmdjod = Ad

‘g ueain) snue[ = gof

‘oprweuotdold = vd

‘eainoiyl jAylawiqQ = LG

ISUOIIBIARIQQY

paajoAs NZ ON [10j 1addoo aing
00 = $OSCH
vw>_o>wNZ OoN paAjoas NZ ON paA[oAd NZ ON PIALOAS IN ON .
12¢°0 = +N=U
0S0°0 = PEN
e . _ v [4
PIA[OAd N2 paAjoAd NZ paA[oAs NZ paA[oad N 90°0 = Ad 00z = OSH
170= Vvd
0100 = VL 12¢°0 = +N:U
, . . v ¢
z z 0500 = dof €ST°0= OS H
paA[oas N paAjoAd N paaoas “N paajord N
0g0’0 = 14 708°0 = +N:U
4 A ST9 SL'E
mlEv 3 m..Ev ow
Nqu yw sanisuag 3ualin)d S2AYIPPY 9140110914
*S914[01109]9 puB SS9I1ISUSP 1UIIIND
elajjp worly sojdwes uo 1S9, SPIZY WNIPOS  (g]-¢) :9[qBL




~ 258 -

(€1-) :oIqeL 99

¢ uoinlelaliqqQy

ON ON ‘umolq ysippal [1o3 1addon
ON ON 43uq (¥) $°Z9 (V)
ON ON fy3uq  (g) 0°0S (€) 0500 = gof v oz
saA (oElq 01 umoiq ep () | 0S°TT (2) €10 = OS H
S9A 3oe[q 01 umoiq iep  (T) sL e (1) 0€00 = 1d 2080 =" 0snD
SaA ¥orlq 01 143uq () $29 (v) 050°0 = [>BN v 2
g . = 0z =" OS°H
SaA ¥oelq 031 ysuq (¢g) 0°0S (¢€) 09070 Ad
SaA Foelq;od, IyBuq  (z) | 0S°CT (2) 001°0 = Vvd ’
soA soe[q 03 mo[RA/umorq (1) | su'g (1) 01070 = Vi 120 =7 OSm
ON ON ‘‘umoiq ysippal () §°29 (+) v =
- ‘ v . 0°¢ =" OS™H
oN ON ‘umoiq ysipper (g) 0°0S (¢€) ON
ON ON ‘umoIq.ystppal (Z) 0S°Z1 (2) v
) 12€°0 =" OSnD
ON . ON ‘fumoiq ‘ysippal (T) SLE (1)
sajqqnq se3d - WP 3 - WP Jow
jo oidwes jo sadueyo Inojo) N»Eo v w SOAIPPY 5914[01190[H
aoussald
*$914]01109[5 pue
SS11ISUp 1UalINO 1ualdjjip woil) sajdwes uo si1sa] 10ds gny (vI-¥) :9[qel




- 259 -

Part (4-3)DISCUSSION

Sect (4-3.1) The Effect of Addition Agents on the Kinetics

of Copper Electrodeposition:

The electrodeposition of copper studied in this work
falls into 3 groups according to the compositions of the solution,
and the effect which they produce.

(1) Solutions with pure acidic copper sulphate solutioﬁ.

This solution does not give bright deposit.

(2) Solutions with an heterocyclic compound such as
imidazole and histamine
y .
| /N\
/N\ H_% %"H
H_E (li;H C[__ N
H H2C—-CH2—NH2

Both the addition agents had no effect in brightening

the deposit.
(3) Solutions with a group of addition agents containing

a brightener such as dimethyl thiourea or thioglycolic
acid. Both of the brighteners are sulphur containing compounds.
Bright deposits are obtainable from these solutions.

The cathodic transfer coefficients ( ac) for the acidic
cupric sulphate solution without any addition agent was found
to be 0.48 * 0.05. This value agreed with results obtained

by Bockris et a12’6 , using - electrodeposited copper

electrodes .
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According to the following equation97 the 1 value
o
is proportional to activities of the reducible and

oxidisable reactants in solution.

(1-a) (a)

red ¢ ZoxC E(4-2)

i=nFk°a

For electrodeposition of copper from pure copper
sulphate solution, reducible ions are predominantly
Cu2+ and the oxidisable species is the copper electréde.
Since the activity of solid is equalled to one,the
relationship between iO and the ions in pure copper

electrolyte can be expressed as

. o (1-a_ )
10 = nF k aCu2+ c E(4-3)
The above derived equation predicts that the value
of io is proportional to square root of the activity of the
Cu2+ions.This agrees reasonably with experimental
. . -3 2+
observations here. The 10 value for a 0.32 mol dm Cu
-2
solution was found to be 3.7 mA cm - at 25°C (table 4-4,p248).
-3
At the same temperature,the io values for the 0.802 mol dm
+ -2
solution was found to be 7.2 - 0.5 mA cm .
The aC values for solutions containing imidazole
or histamine are not appreciably different from those of pure
acidic cupric sulphate solution (i.e. table 4-4,p248). This
suggests that the mechanism of the metal-solution exchange

reaction of grOUP (2) addition agents is probably the same

as those of pure copper sulphate solution.
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The cathode potential—loglo i curves obtained from
solutions containing dimethylthiourea and janus green B
(fig 4-10,p223) show that at a current density of 3 mA cm—z,
the overpotentials are higher than the overpotential obtained
from pure cupric sulphate solution (fig 4-6,p219). Also there
is an inflexion on each curve and a depolarizing effect on the
electrode is indicatéd at 10 mA cm_z. The presence of this inflexion
probably implies that surface diffusion of adsorbed ions té the
steps (fig 2-28,p86) is still playing a significant role in
determining the rate of reaction. This is because for a
predominantly charge transfer rate determining reaction in
Cu2+ deposition, the curve of the cathode potential—logloi
at this high field region (i.e.>50 mV) is linear. Also the
steady state overpotential time (Tss) (table 4-12,p256) values
from dimethyl thiourea solutions is much longer than those
obtained from pure CuSO4 solution. In addition, the inflexion
probably indicates that there is also a possibility of the
occurence of a second reaction instead of only

the Cu+ deposition process. The consequence of this

additional reaction might affect the shape of the curve and

the surface diffusion rate of adsorbed ions.
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The a, derived from the Tafel slope of the linear
portion of the curve was much lower [i.e. about
0.202 (table 4-4,p248ﬂ than the values obtained from pure
CuSOASolution. The Tafel exchange current density in this
case is slightly less than those values obtained from pure
cupric sulphate solution.

Turner and Johnson59 also carried out the kinetics
studies of copper sulphate solution containing thiourea.
Their Gb values and shape of the curves are closely
similar to the results obtained here.

The a. and io obtained from solutions with thioglycolic
acids and other addition agents are about 0.29 and 29 mA cm-2
respectively. The anomaly of higher iO values suggest that it
isveasier for copper to plate out from solution. A similar
type of inflexion is also present on each curve (fig 4-11,p224)

but to a lesser degree.
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Sect(4-3.2) Double Layer Capacitance and Adsorption

The double layer capacitance average results (table
4-4,p248) show that the presence of addition agents had
lowered the Cal values. This lowering of Cal values is much
more significant in solutions containing brighteners. From
the measured double layer capacitance values, the number ofv
molecules which adsorbed on the electrodes can be calculated.
The following assumptions are made.

(1)A blocked siteon the electrode by the organic molecules
does not contribute to the double layer capacitance.

(2) The area of the electrode deposit does not change between
the measurements of Cdl(Cu2+) and Cdl(organic)
The calculations are carried out as follows:

(A) Calculation of the area covered per molecule:-

The following sitting positions on the electrode have
been decided. It is assumed here that, the hi_gher the
electronegativity of an atom ‘or group of atoms the more
likely that atom or group of atoms will be attracted to

a . negatively charged surface.



- 264 -

(i) Imidazole Molecule:

HC — N
-1 I fig(4_52)
\ 7
N—H_
i) i L R
,N\
HC CH
d 1
~C —N fig (4-53
/CHZ ig )
2

L1711y T
(iii) Disulphide of Dimethyl Thiourea:

CHj /CH3 fig(4-54)
\W w
C CH
CH3 , C\ ,0N 3
NN S - § N—H

(iv) Disulphide of Thioglycolic Acid:

COOH /COOH

AN
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The covalent radii of the atoms are:101
-H- =0318%, -N- =0.70 ]

=N = 0.63 & -S- =1.04 R

The radius of a molecule that: covers the surface is
taken to be the sum of the radii .-of the adsorbed atoms.
Area . covered by these molecules is 11 x (the total radius
of adsorbed atomss Therefore, the areas covered by

different molecules are as follows:

(o]
3.202 (A )2
5.471 (R)2

Imidizole Area

Histamine Area

o
Disulphide of Dimethyl thiourea Area = 50.99 (A)2

o
Disulphide of thioglycolic Acid Area = 13.85 (A )2

(B) Caculation of area covered by organic molecules from Cdlmeasurement
i f the electrode
Let Cdl(Cu2+) be the capacitance o e c
in CuSOA /H'ZSOA

Let C be the capacitance of the electrode

dl(organic)
in CuSQ, /HZSOI. /addition agents.
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True area (Area) cu2+ of electrode in CuSO4/H2504 is

C 2
(Area)c 24 - _di(Cu ) x Apparent Area (8cm2)
u
17

E(4-4)

True area (Area)organic of electrode in CuSO,./Hz,SOL /addition agents

2
_ C . x 8 cm
(Area)organic = dl(organic) . E(4-5)
17
Therefore area covered by organic is
= (Area)cu2+ - (Area)organic E(4-6)
The total number of molecules adsorbed is
_ (Area)cu2+ - (Area)organic E(4-7)

Area of one molecule

Calculated values of the number of adsorbed molecules for

imidazole, histamine, disulphide of dimethyl and thioglycolic

6
acid are 2.163 x 106 , 1.630 x 106, 0.210 x 106 and 0.836 x 10
respectively. There are less brightener molecules being adsorbed,

than the histamine and imidazole mo‘l;ecules, on the electrode.

This is probably because their sizes are very much larger than

imidazole and histamine.
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Sect (4-3.3) The Reactions involving the Brighteners:'

Postulating the rate determining mechanism of the
depcsition of shiny copper deposits in an industrially
used plating bath is difficult. This is because more than one
addition agent is used in the bath so that a bright and
smooth deposit can be obtained. Some of the addition agents
have their specific functions. For example some additién
agents increase the brightness of the deposit and they are
known as brighteners (e.g.dimethyl thiourea). Levelling
agents such as janus green B ( i.e. Diethyl safranine azo
phenol) decreases surface roughness. Frequently it is
required to combine various addition agents to obtain a
shiny deposit.

From the sodium azide tests on the copper deposits
obtained from different baths, it was deduced that sulphur
was embedded from sulphur containing addition agents
(table 4-13,p257). Rogers and Wareel also found that
incorporated sulphur in nickel deposits was from thiourea
instead of sulphate.

Inclusion of sulphur in copper deposits from experiments
here suggest that dimethyl thiourea and thioglycolic acid
used in plating baths are involved significantly in

electrodeposition of bright copper deposit.
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The following are the chemical properties of dimethyl
thiourea and thioglycolic acid.
Di-methyl thiourea is a thione and thioglycolic acid is a

thiol. Their structural fomulae are as follows:

CH3 N H
! 2
=S HS -C- COOF
N
CH3 7/ NH H
(Dimethyl thiourea) (thioglycolic acid)

a a
The main structural difference between/\thiol andAthione is
that the thiolhas a hydrogen atom attached to the sulphur

and the thione does not.

One of the properties of thiols and thionesis that

90. It was suggested that

tautomerism exists between them
thiourea exists as a thiol since it is easily oxidised in acidic
solution to salts of - unstable formamidine disulphide. The

two structural forms of thiourea are as follows:

N N
HaNG L HN
C=S —_— /C—S-—H
/ +

(Thione) (Thiol)
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Since the structure of thionesand thiols are closely
related, therefore their reactions in electrodeposition of

bright deposit are probably similar.

One of the products gf the chemical reaction between
Cu2+ and thiourea is formamidine disulphidefml“hus, it is very
likely that dimethyl thiourea will react with Cu2+ present in
the plating bath to form disulphide. The reaction is probably

as follows:

C H oH
H3\N/ CH3N NCH; 2(4-8)
' 24 | l 2Cl + H+
¢=S +2C0 —  C—S— —S-C U +2

/
\H Aso, in the absence of oxyEen thiols are known to be

CH3

oxidised by ions of transition metals which may exist in different

state389. The oxidation reaction of thioglycolic acid shown below

probably occurs in the N2— purged plating bath.

H COOH COOH
COOH-C—HS+2Cu—-H—C—S 5- C—H 2Cd «2H*
l-'l H H H E(4-9)

The above two reactions show that it is possible for
some of dimethyl thiourea and thioglycolic acid to be chemically
oxidised into their respective disulphides. When these happen, the
disulphides are probably adsorbed on  copper electrode as well.
Thus copper eléctrodes are probably covered by adsorbed layers

of thioglycolic acid and its disulphide or by dimethyl thiourea and

its disulphide.
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Results showed that sulphur was present in the
copper deposit, obtained from a plating bath containing
dimethyl thiourea and thioglycolic acid (table 109). This suggests
that there are probably more than one electro-chemical reactions
taking place on the cathode.

It is postulated that there are probably at least 2
electrochemical reductions occuring on the cathode. The
most likely electrochemical reaction is the reduction of cu?t to
Cu®. This is because there is a large amount of Cu?"+ ions
present in the solution.

The second possible electrochemical reduction process
is the reduction of - chemically formed disulphides back to
dimethyl thiourea or thioglycolic acid. It is known that
disulphides can be reduced to free thiols electrochemiallygland
a high yield of thioglycolic acid from dithioglycolic acid was
obtained in 2N sulphuric acid at a lead electrode at

95. The electroreductions of both

- 0.55V vs. S.C.E..
disulphides into thioglycolic acid and dimethyl thiourea are

probably as follows:
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COOH COOH
H (13 S S—(IZ H+26 +21* CODH
TUTOTOU-H 208 42H —e
| | *<H 2 H—(E—‘HS E(4-10)
H H H
N-H N AN

| u ,
C=S—S—C+2€+2H—~ 2 (=g
I | ,

CH;N CH3'\|J N E(4-11)

H CH, H

The chemical oxidation reactions of dimethyl
thiourea and thioglycolic acid E(4-8,4-9,p266) and the
electroreduction of their disulphides show that they are
interconvertable in cupric sulphate solution. These possibilities
of interconversion  of - addition agents explains why
that only small amount of brighteners are normally

required  for  plating baths.
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Turner and Johnson59 suggested that sulphur was
embedded in © deposit of thiourea containing acidic cupric
sulphate solution. Their explanation was that thiourea molecules
come apart during the electroreduction process since,only sulphur
and no carbon was detected in the deposit. The products of
this reduction are NH4CN and HoS. The H9S will then react
with copper electrode and form CuS precipitate at the cathode
surface. Following their suggestion, the electrochemical
reduction of dimethyl thiourea and thioglycolic acid is probably

as follows:

CHy H
S/

|
- F ot . E(4-12)
F— S + 2¢+2H CZHSNH3CN HZS

CH; “H

H
I
HS- C-COOH + 2€ + H — H25+CH3COOH E(4-13)
|
H
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In this experiment, sodium azide tests (p197) were
carried out to detect the presence of sulphur compound such as
sulphide, thiousulphate and thiocyanate in the deposit. The results
(table 4-13,p257) show that at least one of the above compounds
were present.

In order to confirm the inclusion mechanism of sulphur
in . deposits suggested by Turner, a detection of CuS Spot'
tests (p199) were carried out. In principle when a drop of KCN
is in contact with a copper sulphide (CuS) suspension which
is placed on a spot plate, the brown colour due to copper
sulphide disappear at once. This is due to the following chemical
reactionloo,

| CuS +4KCN = K 2 [Cu(CN); ] + K9S E(4-14)
Results. - from the tests (table 4-14,p258) carried out \
indicated that the above reaction probably does not occur
This is because in most samples which contained sulphur
(sodium azide test) changed from their original colour (dark
brown, brown/yellow, bright brown) to black. In addition gas
bubbles were also formed on the samples. The solid product of
this test could probably be any of these black copper solids i.e.
CuS , CupS, CuO, CUp0. The derivation from these tests is that
the inclusion mechanism of sulphur in deposit suggested by

Turner might not be applicable in the experiment carried out here.
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More investigations are required in order to
determine how sulphur are incorporated into deposits. It
is also essential to know the form of sulphur present in the
deposit . Dye and Klingenmaier 92 found that the brightener,
fuchsin (C20H éON §1) in its original form was embedded
in nickel deposits. Therefore there is a possibility that
dimethyl thiourea or thioglycolic acid or their respective

disulphides be embedded in copper deposits.
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Sect (4-3.3) Qualitative studies of the Electrochemical reactions

in various solutions using Cyclic Voltammetric Techniques:-

Cyclic voltammetric studies were performed in pure
sulphuric acid and in suphuric acid containing addition agents
which were used in  morphological studies. The solution
contains each individual addition agent or a group of addition
agents which were used inthe bright plating process. The
solution was stirred since - deposits used for morphological
studies were obtained in stirred electrolytes, and the aim of
this experiment was to qualitatively differentiate the électro-
chemical behaviour of : various addition agents. A short
sweep range was used (i.e. -72mV to -350mV vs. S.C.E.) in
order to avoide the anodic dissolution of the cu® working
electrode and the hydrogen evolution at more negative potential.
Tables (4-1,p245) and (4-2,p246) show the composition of
electrolytes and  potentials of the curve at i=o in both sweep
directions.

For those solutions containing addition agents such as
imidazole, histamine, Nacl and polyvinyl alcohol (fig 4-41,4-42,
4-47,4-49, between p234,p242) the voltammograms obtained were
quite similar to those voltammograms obtained from pure sulphuric
acid (fig 4-39,4-40,p232 and p 233). This suggests that these
addition agents probably does not oxidise or reduce within

the potentials of _72mV to - 351 mV vs. S.C.E.
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In solution containing propanoamide, an anodic reaction
seem to occur at the initial sweep range of -72mV to -90mV
vs. S.C.E. (fig 4-50,p243). The voltammogram obtained from a
solution containing janus green (B) (fig 4-43,p236) shows that
throughout the whole sweep range cathodic reduction occurred
significantly. This suggests that janus green B is reasonably '
reducible in sulphuric acid solution.

Results (fig 4-44,p237; 4-45,p238; 4-48,p241) show
thatthe brighteners, thiourea, dimethyl thiourea and thioglycolic
acid, oxidised anodically in a large part of the sweep range. It
is known that the major products of the anodic oxidation of
thio acids are the corresponding disulphides and anodic oxidation
of thiourea is a convenient method for the preparation of

96. The anodic

corresponding formamidine disulphide salts
oxidation of dimethyl thiourea and thioglycolic acid used in

these experiments are probably as follows:

CHy H  CHy H CH,
X/ 7 s 9
N N
| - Ze_ ] 1 E(4-10)
2 C=5 —= (C-5-5-C
] -2H T |
N N N

/7 N\ e 7\
CHy H O CH, H



- 277 -

COOH COOH (|ZOOH
‘ -2e |
2 HCHS ——= H-C -S-S-C-—-H E(4-11)
I -2H" ‘ !
H H H

In solution containing janus green B and thiourea, -
the voltammogram (fig 4-46,p239) indicated that anodic oxidation
of thiourea takes place in the initial part :of the sweep range
(i.e. -72mV to -150mV) and the remainder part of the sweep
range was predominantly due to cathodic reduction of janus
green (B).

The voltammogram fig (4-51, p244) obtained from a
solution containing thioglycolic acid, polyvinyl alcohol, NaCl
and propionamide showrhatin3/4 of the entire range of the
sweep potential, anodic oxidation is predominant _  These reactions are
probably the oxidation of thioglycolic acid and propionamide.

The results obtained show that the sulphur containing
brighteners are easily oxidised in sulphuric acid. Also
organic compound such as janus green B are easily reduced .
The rest of the addition agents appear not to be significantly

active :in the solutions.
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Sect (4-3.4) The Effects of Addition Agents on the morphology of

the Copper Deposits:

(A) Deposits obtained from H7SO4 solutions:-

The pyramidal form of deposit (fig 4-12,p225) obtained
from pure copper sulphate solution at 6.25mA/cm2 supports the
bunching concept. This is because the flat portions of %he
pyrimidal faces may be pictured as composed of many thin,
possibly monoatomic, steps assumed to be originate at the top
of the pyramids and spreading in this region one after another.
Approaching the base, however, smaller steps cluster and join
into larger and eventually visible steps, with the distances between
them increasing as they propagate93.

Grain sizes at 6.25mA/cm2were very much larger

than those at higher current densities (C.D.s) (table 4-5,p249).
This is probably because at low current density there are
very few hydrogen ions which are present in the diffusion layer at the
CathOde,which adsorb'on the electrodeiHence at any instant,the majorit;
of the sites suitable for crystal growth are free. Therefore,
the mobility of the metal ions over the surface is not reduced.
Thus there is a tendency for the crystal to grow into a reasonable

size from each nuclei, and a large-grained deposits results.
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As the current densities increase from 25mA cm_2
to 100mA cm"2 grain  sizes also increase from about 3um
to 6.1 pm (table 4-5,p249). This is probably because the growing
electrodeposit is inadequately supplied with ions at 100mA cm"z,
since the rate of Cu2+consumpti6n increases with
current density. Therefore, further growth of electrodeposit
prefes to concentrate in those parts which are easily accessible
by copper ions. As a result the deposit has a larger grain
size and these grains tend to form on the peak instead of the recessed
parts of the electrode. The overall microscopic appearance
of the deposit is that there are rows of cauliflower type of grains
and with a gully in between the rows. Macroscopically edges
of the electrode will be rough since they are more accessible
to metal ions.

The grains change from a pyramidal form to
boulder type and the cauliflower types at higher current
densities (fig 4-13 to 4-15,p225). Possible réasons are the
adsorption of hydrogen on the cathode which affects the growth

of the deposit, and the depletion of Cu2+ ions at high

current densities.
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(B) Deposits obtained from imidazole-CuSO4 and Histamine

- CuSO4' solutions:

Forms of deposits obtained at 6.25 mA cm 2

are of the boulder type ( fig 4-19 to

4-22,p227). These grain boundaries are as well defined as
those depositsobtained from sulphate solution. The grain sizes
are reasonably larger than those obtained at high current
densities. The common characteristics from deposits obtained
in sulphate solution suggest that, at this low current density,
the imidazole and histamine do not affect the mobility of
Cu2+ ions significantly.

At higher current densities the shape of the grains
are not distinctive and grain boundaries are no longer well
defined (fig 4-17and 4-18,p226; 4-20 to 4-22,p227). Also
grain sizes do not increase as the current density increases
(table 4-6 ‘and 4-7,p250 and 251). The above characteristics
show that imidazole and histamine have quite a significant
effect on the growth of deposits. This is probably due to
the adsorption of some organic molecules.

At 100 mA cm"2 the same type of rough edges around the
electrodes are also observed. This suggests that both
imidazole and histamine are not levelling agents which will
reduce roughness on the surface of an electrode. The deposits
do not have a bright appearance but a normal metallic brown
colour. This also shows that imidazole and histamine do

not act as brighteners in copper sulphate solution.
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(C) Deposits obtained from dimethyl thiourea -CuSO ,

Janus Green B - CuSO ,, and di-methyl thiourea with

Janus Green B - CuSO , solutiomns:

At C.D. of 6.25 mA cm—z, the microscopic
appearance of the deposits obtained from dimethyl thiourea
containing solutions are quite different from those obtained in
janus green B - CuSO4 solution. Irregular and random pyramidal
type of grains (fig 4-23,p228) appear in the deposits obtained
from janus green B - CuSO 4solution. Clusters of small
spherical grains were formed in solutions containing dimethyl
thiourea (fig 4-27 and 4-31,p229-230). The grain sizes at this
low current density are very much smaller than those grains
obtained from CuSO 4solution (i.e. < 1.70% 0.46 am, table 4-8 to
4-10,p 252). This suggests that adsorption of di-methyl
thiourea and janus green B molecules on  copper cathodes
inhibit the crystal growth process, and small-grained deposits
result.

The dark brown precipitate type of deposits obtained
at low current density from dimethyl thiourea containing solutions
indicate that the deposits probably contain other compounds.Also
(in dimethyl thiourea -CuSO 4 solution), two types of deposits

appear on the cathode after electrodeposition. Parts of
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the electrode were covered with bright deposit and the remainder
with layers of dark brown precipitate type. Only +the

dark brown precipitate type of deposits obtained from di-methyl
thiourea with janus green B - CuSO4 solution suggest that janus
green B is a levelling agent.

At higher current densities the grain sizes of thé
deposits obtained - from dimethyl - CuSQ 4solutions do not
reduce significantly (table 4-9,p253). The grain size from
other solutions reduce to less than half of their sizes (table
4-8,4-10,p252,254). The general forms of these grains obtained
from dimethyl thiourea containing solutions do not vary much
from those of lower current density (4-27 to 4-34,p229 and p230).
On the other hand,the grains obtained from janus green B
- CuSO , solutionslost their slight pyramidal forms,into an
irregular shape (fig 4-23 to 4-26,p228). This probzbly suggests
that there might be an increase of adsorption of janus green B
molecules on the cathode at higher current densities. This will
affect the crystals growth process.

Macroscopically all the deposits obtained at high
current densities (100mA cm_z) (table 4-8 to 4-10, p252 to 254)
do not have rough edges. This suggests that - - dimethyl thiourea
or perhaps its disulphide and janus green B molecules preferentially
adsorb  on the microscopic peak of the electrode, until the recessed

.. 2 .
parts of the electrodes are’levelled with ,copper deposit.
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(D) Deposits obtained from thioglycolic acid + others - CuSO4

Solutions:

Two types of deposits were obtained at 6.25 mA em™2
(fig 4-35,p231) on one electrode. The micrograph shcws that
they are normal small spherical grains and a spongy preéipitate.
The small grained deposit  probably consists of metallic copper,
and the spongy deposit of copper chloride. ...-
Macroscopically the deposit is brown/yellowish green in colour.
Also the presence of chloride had been confirmed with a silver
nitrate test. A smalll amount of sodium chloride had been
added into the plating bathas alustrous builder. Since the deposit was
obtained using the galvanostatic pulsed method, a small
amount of cuprous chloride will be formed33(or see pl65 ),

The grain sizes vary significantly at different current
densities (table 4-11,p255). Also,microcracks appear on the
deposits which were obtained at 50mA cm ™2 (fig 4-37,p231). The
deposits obtained at 25 mA cm_z, 50 mA cm™2 and 100 mA cm
(table 4-11,p255) show that the individual grain sizes do not
determine the brightness of the deposits. This is because all the

deposits were bright and their grain sizes differ from an inmeasurable

small to about 6 pm.
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(E) Bright Deposits:

Bright copper deposits can only be obtained at
reasonably high current desnities (i.e > 25mA cm'z) in copper
sulphate solutions containing dimethyl thiourea or thioglycolic
acid as brighteners. It is observed here that the grainso,:bright
deposits have the following features:

(i) Uniformly spherical grains which are small, and form
reasonably smooth surfaces(fig 4-28, 4-30, 4-34, p229, p230)
(i)  Very smooth surface and the grains, very small (fig

(4-37, p231).

(iii) Large and smooth oval shaped grains which may cluster
togerher to form a dough like structure (4-38, p231).

The common physical property of the above three features is

that light can be easily reflected without being blocked by

adjacent grains or clusters of grains. This property probably

gives the brightness of the deposits.
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(F) The Levelling action of Janus Green B:-

Janus green B is a huge molecule and its

structure is as follows:

N
CHy CH,
(CH),~N N=N— (O »-on
- N ’
Cl
Assuming the diffusion-layer thickness between

the surface of the electrode and the electrolyte has a linear

variation of concentration with distance, using Fick's law
of diffusion one hasloz.

i~ 5 - op(dy E(4-15)

nfE ~ D dx ’x=0
or

(o] .
1 c” -C__
i X E(4-16)
5

Therefore the diffusion current i is given by

o
i = -DnF c - CX:O E(4-17)

)
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When the heights between peaks and recesses on the

electrode is small compared with the diffusion layer thickness,
= 6pea.k will be less than Orecess and as a result of this,
more electrodepositionwill take place on the peaks than on

the flat or recess surface.

7N N diffuse layer

6pea.k

6I‘(BCGESS
4
/ //

In order to slow down the rate of deposition on

fig (4-56)

the peaks, levelling agentssuch as janus green B might be

used. The mechanism of the inhibition process by janus green (B)

molecule is proposed.

Considering janus green B molecule is adsorbed on a

peak fig (4-57).
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When the current is switched on, the coppper atoms will

deposit on those vacant sites such as surface 1,2,3 and 4

(fig 4-57).

Fig (4-57)

In the first step of depositon fig (4-58), the rate of deposition of
copper atoms will be slightly faster in surfaces 1,2, and 3.The 4th
surface has the slowest rate since its diffusion layer thickness

is the largest.

Fig (4-58) gy 0

Janus Green B @

In the second step, the rate of deposition on surfaces
1 and 2 is reduced. This is because the adsorbed janus green
molecule is obstructing the movement of Ccu® atoms. The
rate of deposition of the 4th surface is accelerated since now

its diffusion layer thickness is reduced and there is no pbstacle

for Cu2+ ions to deposit on its surface.
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The deposition rate . of copper en surface 3 is probably not

increased since this surface is getting crowded (fig 4-59)

As the deposition process proceeds, the rate of
depositon on surface 4 increases. Therefore, within the same
time of depositions with surface 1,2,3, they will be more layers
of copper atoms deposited on surface 4 than 1,2, and 3. The
mobility of depositing atoms of surface 3 is restricted
since it is also getting crowded due to the surface 2. As a
result the number of atoms intending to deposit on surface 3
also reduced. Also forces due to the packed conditons on
surface 1,2 and 3 begin to exert moment of force on the

adsorbed molecule (fig 4-60).

Flg (4-60)




- 289 -

In the final stage, forces due to the densely packed
condition on surface 2 and 3 will exert a very strong force on
the adsorbed molecule. If the opposing force from the deposited
atoms on surface 1 is not strong, it is quite likely for the adsorbed
molecule willbe tumbled over towards the side nearer to surface 1
fig (4-61) and may be attracted to another close by peak. If the
opposing force from surfacelis also strong, it is quite likely that
attractive force of the adsorbed molecules might be reduced and
thus desorbed from the peak. The peak is now exposed to the
depositing copper atoms. As a result, copper atom will deposit on
the peak and the rest of surfaces with the same rate of deposition .
This is because the diffusion layer thickness on the new surface
is reasonably uniformed. A level surface is then obtained and this

process is repeated until the surface of the electrode is smooth.

Fig (4-61)
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CONCLUSIONS

A galvanostatic pulse technique has been used to
study the complex reactionsof copper in copper (II) halige
solutions. More understanding of these complex reactions
have been achieved. From experimental results and with
the aid of computer calculated results, it is known now
that the cuCl™ and CuBr’ complexes are the main species_
which determine the Cu(I)Cl and Cu(l)Br formation reactions,
(2500 b 0.5°C and using total halide concentrations of less
than 0.7 mol dn >).

The results of cyclic voltammetric show that
brighteners, thioglycolic acid and dimethyl thiourea are
readily oxidised and janus green B is easily reduced. This
indicates that an addition agent probably needs to be reactive
or easily adsorbed within the range of deposition
overpotentials, in order to function well as a brightener
or levelling agent.

Sulphur atoms were confirmed to be embedded in

deposits but not as CuS
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APPENDIX (1)

Computer Pré_grarrme

This computer program was used in calculating the copper
complexes in cupric sulphate solutions containing halides. The

details of the program are as follows:

c PROGRAM EQUIL

c Equil calculates the equilibrium concentrations of

c copper complexes.

c K(I.J.) is the stability constant of Cu(J) L (I) where I is
c the oxidation state of Cu, and ] is the number of ligands
c G(L,]) is the associated free energy change KCu is the

c equilibrium constant for 2Cu® = Cu2® + Cu

c ‘ Cul(1,]) is the equilibrium concentration of

c Cu(J) L (1-1). J and I as before

c TL is the total concentration of ligand

c TCu is the total concentration of copper

c L is the equilibrium concentration of ligand

c GuessC is the tinitial value of the Cu2® concentration

c GuessL. is the initial value of the ligand concentration

c IP = 1 if you want the results of each iteration

c MAXIT The maximum number of iterations
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COMMON /B1/ Cul(5,2), K(4.2), L,KCU,TCU,TL
REAL K,L,KCU

DIMENSION G(4,2), B(4,2)

CHARACTER *80 ITITLE

EXTERNAL DIFFL

READ (5, '(A80)' )ITITLE

READ (5,100) T, KCU

READ (5,100)K

WRITE (6, '(//10X, '' Total copper concentration ?

READ (2,100) TCU
WRITE (6, '(//10X, '' Total ligand concentration ?

(E10.3).ueecennne oo
READ (2,100)TL

Calculate free energy

DO1 1=1.2
DO 1 J =14
G(J, 1) =0

If (K(J, ) GT. 0.)G(J, ) = -8.314*T*ALOG (K(J, I) )
Continue

B(1, 1) = K(1, 1)

B(1, 2) K=(1, 2)

DO 3 I=1, 2

DO 3 J=2, 4



- 293 -

3 B(], 1) =B(J-1, 1) *K(J, I)
WRITE (6, ' (//////20X, '* Ligand is '', A80) ') ITITLE
WRITE (6,1000) ((K(1, J), B(L,]), G(1,]), 1=1,4),]J=1,2)
1000 FORMAT (6X, 'K', 18X, 'B', 19X, 'G' /
1 8(1X, 1PE10.3,2(10X,E10.3)/))
WRITE (6,1001)TCU, TL, KCU
1001 FORMAT(//1X, 'TOTAL COPPER = ', F10.7, 10X,
'TOTAL LIGAND = ', F10.7
1/10X, ' Equilibrium constant for Cu2+ + Cu~ > 2Cu’ =,
1PE10.3/////)
IFAIL = 1
MAXIT = 1000
ERF = 1.E-7
CALL BIN (DIFFL,TCU, O., X ,ERF, MAXIT, IFAIL)
Cul (1, 1) = X
R = DIFFL (X)
CALL FUN (F, GG)
WRITE (6,3001)
3001 FORMAT (/20X, ' BINARY SEARCH HAS CONVERGED')
999 WRITE (6,2000) Cul (1,1), Cul(1,2), ((Cul(J,]), J=2,5)
1=1,2),L,F, GG, R
2000 FORMAT (////2X, 10('*'), 1X, 'RESULTS', 1X, 10('*")//2X,
icu?t = 1, 1PE10. 3,20, 'Cu’ =,
E10.3/1X, 'Cu’® + Ligands', 4(5X, E10.3)/1x,' Cu” + Ligands’,

4(5X, E10.3)/1X 'Free ligand = ', E10.3//5X,



- 294 -

>'Difference in total concentrations', 5X,2(3X, E10.3)
6/5X, 'Value of function DIFFL = ', E10.3)
100  FORMAT (8E10.3)

c Calculate ionic strength of soultion
STR =0
DO I= 1,2
DO J=15

STR = STR + Cul (J, D*FLOAT (4 -1 - ]J)**2
ENDDO

ENDDO

STR = (STR + TCU* 4.0 + TL)/2.

STR2 = TL + TCU* 4.0

WRITE(6,4000)STR, STR2

4000 FORMAT(//20X, 'lonic strength of solution :', F10.5,
1 //2x, 'lonic strength in terms of initial concentrations:'

2 F10.5/)
STOP
END

FUNCTION DIFFL (X)
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Calculates difference between the concentration
of ligand at copper conc. X which give F = 0 and
G=0

Common /B1/ Q(20), TCU, TL

EXTERNAL FUNL, GUNL

Q1) = X
IFALL = 1
MAX = 1000

ERF = (TCU + TL) * 1. E-7
CALL BIN1 (FUNL, TL., Y, ERF, MAX, IFAIL)

If (IFAIL, EQ. -1)Y = TL +1

n

-1

If (IFAIL, EQ. 1)Y
i (IFAIL. EQ. 2) Then
WRITE(*,' (10X, "' Error in OFFL with IFAIL = 2'',
10X,
"X = "', 1PE10.3)")X
STOP 4
. ENDIF
IFAIL = 1
MAX = 1000
CALL BIN1 (GUNL, TL, 0., Z, ERF, MAX, IFAIL)
DIFFL = Z - Y
RETURN
END
FUNCTION FUNL (X)
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Calculates value of SUMC - TC at ligand conc. X.
COMMON /B 1/ Q(20), TCU, TL
Q(19) = X
CALL FUN (F, G)
FUNL = F
RETURN
END
FUNCTION GUNL (X)
Calculates value of SUML - TL at ligand conc. X.
COMMON /B1/ Q(22)
Q(19) = X
CALL FUN (F,G)
GUNL = G
RETURN
END

Subroutine BIN(F, YU, YL, X, ERF, MAXIT, IFA)
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Conducts binary search between limits XU and XL

F(X) Generates values of the function

X is the final vaue returned when ABS(F(X)) < ERF

IFA --- on entry = 0 program will stop on finding
error
=1 program will reset IFA and continue
exit =0 successful operation
=1 initial function values both + VE
=-1 initial function values both - VE
=2 Maxit iterations performed
XU = YU
XL = YL
FU = F(XU)
FL = F (XL)

If (FU*FL .GT. 0.) Then
Error FU and FL same sign
IFAIL =1
If(FU .LT. 0) IFAIL =-1
IfUFA.EQ. 0) Then
Hard fail option

WRITE(*,1000)IFAIL, XU,XL, FU,FL

STOP2
ELSE
IFA = IFAIL
ENDIF
ELSE
IC =0

I£(IC, EQ. MAXIT) Then
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IFAIL =2
If(IFA. EQ. 0) Then
WRITE(*,1000)IFAIL, XU,XL, FU,FL
STOP3
ELSE
IFA = IFAIL
RETURN
ENDIF
ELSE

IC=1C +1

i

X = (XU - XL)/2. + XL

FX = F(X)

If (FX*FL. LE. 0)Then
XU =X
ELSE
XL =X
FL =FX
ENDIF
IF (ABS(FX) . GT. ERF) GOTO1
ENDIF

IFA =0



=299 -

ENDIF
RETURN
1000 FORMAT (///10X, 'Error in binary search with IFAIL =', 3/

110X, 'Status at time of error'/10X, 'XUPPER = ', 1PE10.3,

2 5X, 'XLOWER = ', E10.3, 5X, 'F(XU) = ', E10.3,5X,' F(XL)
', E10.3)
END

Subroutine BIN1 (F, YU, YL, X, ERF, MAXIT, IFA)

Conducts binary search between limits XU and XL
F(X) Generates values of the function
X is the final value returned when ABS(F(X))<ERF
IFA —————- on entry = 0 program will stop on
finding error
=1 program will reset IFA and continue
on exit =0 successful operation
=1 initial function values both +VE
=1 initial function valuse both -VE
=2 MAXIT iterations performed
XU=YU
XL=YL
FU=F(XU)
FL=F(XL)
IF(FU*FL .GT. 0)Then
Error FU and FL same sign
IFAIL =1
IF(FU. LT. 0)IFAIL =-1

IF(IFA. EQ. 0)Then
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Hard fail gtion

WRITE(*, 1000)IFAIL,XU,XL,FU FL

STOP2
ELSE
IFA=IFAIL
ENDIF
ELSE
IC=0

IF(IC. EQ. MAXIT)Then
IFAIL =2
IF(IFA. EQ. 0)Then
WRITE(*,1000)IFAIL XU, XL ,FU,FL

STOP3
ELSE
IFA=IFAIL
RETURN
ENDIF
ELSE
IC=IC+1

X={XU-XL)/ 2.+ XL

FX=F(X)

IF(FX*FL. LE. 0)Then
XU=X
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ELSE
XL=X
FL=FX
ENDIF
IF(ABS(FX). GT. ERF)GOTO1
ENDIF
IFA=0
ENDIF
RETURN
1000 FORMAT(///10X,'Error in BIN1 with IFAIL =',13/
110X, 'Status at time of error'/10X, 'XUPPER=', 1PE10.3
2 5X, 'XLOWER= ', E10.3,5X, 'F(XU) = ', E10.3,5X,'F(XL)= 'E10.3)
END
Subroutine FUN(F,GG)
Common /B1/ Cul(5,2),K(4,2),L KCU,TCU,TL
Real K,L,KCU
SUML =L
Cul(1,2)= SQRT(KCU*Cul (1,1))
SUMCU = Cul'(1,2) + Cul(1,1)
DO 2 I=1.2
DO 2 J=2,5
Cul(J,]) = K(J-1,)*L*Cul(J-1,I)
SUMCU=SUMCU+Cul (J,I)

SUML = SUML + Cul (J,)*FLOAT(J-1)

2 Continue
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F=SUMCU-TCU
GG=SUML -TL
RETURN

END
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Abbreviations

a
(0).¢

a
red

>

@]
(o]

0 0O 0O

ads

o

M o] m m ™
Ne =0 g o

activity of oxidisable reactant

activity of reducible reactant

absorbance

bulk concentration

concentration of ions at distance x from the
interface

the equilibrium adions concentration

the average surface concentration of adions at

a time t.
the bulk concentration of metal M ions

oncentration of species R

capacitance

double layer capacitance

double layer capacitance due to adsorbed molecules
diffusion coefficient

potential difference at non standard condition
potential difference at standard condition

reversible potentiél of copper in electrolyte

equilibrium potential of reaction E(3-4,p121)

equilibrium potential of reaction E(3-6,p122)
Faraday

current density

anodic current density

cathodic current density

limiting current density

double layer current density
charge transfer current density

equilibrium exchange current density



~

~ ?ﬁo?ﬁ §

=

SS

on

off
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diffusion flux
chemical reaction rate constant involving reactantM
Equilibrium conseant of reaction X
rate constant of charge transfer cathodic deposition
rate constant of charge transfer anodic reaction
proportionl constant
molecular weight of substance X
number of electrons
mol m™2 of copper
mol m~2of copper(1) halide
the order of the cathodic reaction of the reactant
number of coulombs
radius of atoms or molecules
factor of rate determining step
the "gas constant
total CuX formation reaction time
temperature
measured time for the overpotential to reach
steady state
pulse on time
relaxation time
the potential difference across a parallel plate

capacitor at time t
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\ the final steady state potential difference
V! electrode ‘potential vs. standard hydrogen electrode
W

AA weight of copper in deposit
WE measured weight of electrode

WCuC.l weight of copper (I) chloride

WpC theotrical ‘'weight of copper deposited by pulse current
a, anodic transfer coefficient

a. cathodic transfer coefficient

Bn gross constant n

B symmetry factor

Ye number of electrons transferred preceding the

rate determining step for the eathodic process

&S diffusion layer thickness
v’ stoichiometric number of reaction
v sweep rate
T The time notation
n
[4 transition time
n .. Fime .
Tt transition ,of charge transfer reaction
c

AD potential difference across interface
A®, equilibrium potential difference
Aw increase in weight of copper(I) halide

AE* change in activation energy
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overpotential

diffusion overpotential
concentration overpotential
charge transfer overpotential
crystallization overpotential
reaction overpotential

ohmic overpotential (IR drop)
overpotentiail at time t

steady state overpotential

" fraction of electrode covered by adsorbed species

at equilibrium
fraction of etectrode covered by adsorbed species
at time t

angle of resolution

potential of bulk solution

inner'potential at the metal

the valence of the species i

the electronic charge

the outer potential due to the charge on the
metal electrode

diffuse charge density

net charge density on the electrode
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ABSTRACT

CuX (X = Clor Br) is formed during the galvanostatic pulse plating of copper from acid solutions containing Cu?*
X-~. The reaction Cuz“f + Cu’® + 2X- - ZCUX occurs in the relaxation period of the pulse. Copper (I) chloride ano%e:fofxr‘ﬁ
serve seawater batteries may be made by this method. CuBris oriented in the {220} plane when deposited on copper foil with
the {200} plane uppermost. CuCl tends to dissolve in solutions containing Cl~ to give soluble copper (I) halides. Corrosion
rates at pure copper were determined from the pulse-plating experiments.

Stuc_lies (1-3) of copper plating from acid baths by
a variety of pulse methods have been made to im-

prove efficiency and plate quality, especially in cathode

geometries having small holes or pores (1). Different
additives may also improve plate quality by com-
plexing with ions in solution or by adsorption at the
plating surface. This investigation was instituted to
observe the effect of additives on pulse plating. Cop-
per halides were chosen as model systems because of
the availability of data and the body of previous work.

The corrosion of copper in solutions of copper (II)
chloride has been studied by Hurlen (4, 5) who showed
that layers of copper @) chloride are formed which
subsequently dissolve giving soluble species such as
CuCly—. The rate of copper(Il) chloride formation is
slow after an initial monolayer because of the need for
solid-state movement of chloride ions to the underly-
ing bulk copper. Numerous workers (4, 6-8) have
studied the anodic behavior of copper in halide media.
Copper dissolves to CuCly—, CuClz2—, and CuClg3— via
films of CuCl.

Copper(I) chloride is used as an anode for reserve
seawater batteries (9), which may be fabricated
by mixing copper(I) chloride with an organic binder
and graphite, or by dipping copper plates into molten
copper(I) chloride (9). A method of manufacture by
direct reaction at a copper electrode, as described in
this paper, may provide electrodes which are more
conducting, have a known discharge capacity, and ulti-
mately be more economical.

Experimental

Materials
All materials were of Analar grade and used with-
out further purification. Electrodes were 2 X 2 cm
copper foil (BDH 99.999%) or 2 X 2 cm platinum foil

* Electrochemical Society Active Member. .
Key words: pulse plating, battery anodes, corrosion.

(Johnson Matthey 99.99%) on which a thin layer of
copper was plated from acid copper sulfate solution.

Methods

Corrosion of copper in solutions containing halide
ions.—A clean copper foil was suspended from a bal-
ance (CI Electronics Microforce 1I) in a solution con-
taining 1 mol dm—3 HzSOy, 0.34 mol dm—3 CuSOy, and
0.1 or 0.34 mol dm~—3 KC1 or KBr. The solution was
thermostated to 25°C (=x0.5°C). During the experi-
ment, the level of the solution was adjusted relative
to the electrode to correct for the buoyancy of the
electrode. The increase in weight of the foil was mea-
sured (+0.01 mg) with time. Similar experiments were
attempted with solutions containing fluoride and iodide
ions.

Pulse plating.—Copper was galvanostatically (300
mA) pulse plated from a series of electrolytes con-
taining 1 mol dm~—3 H,SO4 0.1 to 0.34 mol dm~—3
CuSOy4, and 0.05 to 0.34 mol dm~—3 KCI or KBr. A
single compartment cell was used with a copper or
platinum foil anode. The potential of the working elec-
trode was monitored by an oscilloscope against a
saturated calomel reference electrode connected with
the Luggin capillary by a salt bridge. The cell was
continuously purged with nitrogen during all experi-
ments, and thermostated to 25°C (%0.5°C). A train of
square wave pulses was produced by a Chemical Elec-
tronics pulse generator (CE RB1) and the current .
controlled by a potentiostat (Thompson Associates
125)* working in a galvanostatic mode. The range of
pulse periods was 0.5-10 msec, and relaxation times of
10-1000 msec. For analysis of the deposited layer,
plated platinum electrodes were used.

Analysis of plated layers.—Plated electrodes were
washed with distilled water and dried in a nitrogen
atmosphere to constant weight. For copper-plated
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platinum electrodes, the weight of the initial copper
layer was subtracted from the total deposit weight.
The total copper content was determined by atomic
absorption spectroscopy of a solution obtained from
dissolution of the deposit in nitric acid. Copper (I)
halide was determined by cathodic coulometry in
nitrogen-purged sulfuric acid at 25°C. A potentiostatic
step, OCV to 0.1V (vs. SHE) for CuCl, and to —0.05V
for CuBr, was applied to the copper(I) halide elec-
trode and the current measured with time. The charge
passed as CuX was cathodically reduced to copper and
X- (Eq. [1]) gave the amount of halide in the elec-

trode
CuX 4+ e- Cu+ X- 11

for X = Cl, E° = 0.137V; X = Br, E°c = 0.033V. An
x-ray diffraction pattern of the deposit was obtained
by placing an electrode at the focal plane of a Phillips
diffractometer. For comparison, the x-ray pattern of a
copper foil was also recorded.

Results

Corrosion of copper in copper(II) halide solutions.—
Figures 1 and 2 show the increase in weight of elec-
trodes immersed in acid copper chloride and bromide
solutions having 0.1 mol dm~—3 and 0.34 mol dm~—3
halide. It is seen that the corrosion rate for solutions
containing bromide increases with increasing bromide
concentration. In the case of chloride, the weight even-
tually decreases due to dissolution of CuCl giving
soluble copper(I) chlorides, this effect being greater
at higher concentrations. No action of solutions of F—
was noted, Solutions containing I~ and Cu?+ reacted
extremely quickly giving Cul as a white precipitate
which easily scaled from the foil.

Pulse Plating in Halide Solutions
Analysis of deposit—For all conditions of plating,
the weight of the deposit calculated from the total
copper content and the amount of copper(I) halide
agreed with the measured weight showing that the

10

1

o 300

o} 100 200
Time (min)

Fig. 1. Increase in weight (Aw) of a 8 cm2 copper foil immersed
in acid copper chloride solutions at 25°C. CuSO4 = 0.34 mol
dm=3, Hp804 = 1.76 mol dm—3, (O : KCl = 0.1 mol dm—3; ¢
KCI = 0.34 mol dm—3, Line A is the limiting corrosion rate cal-
culated from Eq. [5] and Fig. 6.

COPPER AND COPPER(I) HALIDES - 87

100F

73

O 1 1 1
0O 50 100 150
Time (min)

Fig. 2. Increase in weight (Aw) of an 8 cm2 copper foil immersed
in acid copper bromide solutions at 25°C. CuSO4 = 0.34 mol
dm~3, HS04 = 1.76 mol dm—3. (O: KBr = 0.1 mol dm~3; ¢:
KBr = 0.34 mol dm—3. Line A is the limiting corrosion rate cal-
culated from Eq. [5].

only species present in the deposit were Cu, and CuCl
or CuBr. Table I contains x-ray data for a copper foil,
and for foils coated with CuCl and CuBr. For the
coated foils, a background pattern of the underlying
copper was also observed.

Dependence of the formation of CuX on plating
conditions.—Figure 3 shows the percentage of cop-

100r

75t
@)
-3 ]
<

50F

25k

0 ‘ . .

O 100 200 300
Toﬁ(m s)

Fig. 3. Percentage of CuCl in the plated deposit as a function
of relaxation time of the pulse, during pulse plating in acid copper
chloride solution at 25°C. CuSO4 — 0.34 mol dm—3, HsS04 =
1.76 mol dm—3, KCI = 0.34 mol dm—3. @: Pulse length = 10
msec; O : Pulse length = 2 msec.
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Table I.
Cu CuCl CuBr

d/A Texp Itn h k 1 d/& Texp Itn h h i d/A Iexp Itn h k 1

2.085 100 100 1 1 1 3.135 1

ig% >sgg gg % g g 31 02 ll)g é 2.) (]j 3.302 100 100 1 1 1

K 1.920 44 55 2 2 0 2.021

1080 21 17 3 1 1 1.§33 23 30 3 1 1 1.732 >ng gg § % g

1.243 4 10 3 3 1 1.3u8 90 10 3 3 1

X-ray diffraction data for copper foil, and £or copper foil coated by pulse-plated CuCl and CuBr. Theoretical intensities from Ref. (10).

per (I) chloride in the plate as a function of relaxation
~ time at constant pulse length. For steady-state plating,
no copper halides were found in the deposit. A similar
plot is given for copper(l) bromide in Fig. 4 which
shows the increase in percentage of CuBr with bro-
mide concentration.

The effect of concentration of Cu2+ and Cl- at con-
stant pulse length and relaxation time was studied.
The results are shown in Fig. 5.

Discussion
The reaction between copper and copper (II) halides.
—1In this study we have confirmed the corrosive action
of halide ions in copper (II) solutions. The reaction to
give copper (1) halide is

Cu + Cu2t 4 2X~ - 2CuX [21

We have found that the order of reactivity of halides
to Eq. [2] is F~ < Cl- < Br— < I~. This is supported
by thermodynamic data (13) which shows a similar
increase in reduction potential for Eq. [2], E° =
0.401V, 0.607V, 1.045V for Cl—, Br—, and I-, respec-
tively. The reaction with chloride is complicated by
dissolution of CuCl giving CuCly~, CuClz2~, and pos-
sibly CuCL3~. This is seen from Fig. 1 where, on in-
creasing the concentration of chloride, the increase in
the weight of the foil is less by the reaction

CuX + X~ - CuXy~ [31
100} o
751
O
m
3
9
o
50+
25t
% 550 B0O 750 1000
TOff (ms)

Fig. 4. Percentage of CuBr in the plated deposit as a function
of relaxation time of the pulse, during pulse plating in acid copper
chioride solution at 25°C. CuSO4 = 0.34 mol dm—3, HaSO4 =
1.76 mol dm=—3, pulse length = 30 msec. O: KBr = 0.34 mol
dm—3; @: KBr = 0.10 mol dm—3,

For X = Br, dissolution of CuBr is not so important.
The equilibrium constant for Eq. [3] is 2.8 x 10—2 for
X = Cl and 45 x 10-3 for X = Br (14). Conversion
of CuBry— to further species is also less thermody-
namically favorable (14).

For chloride and bromide solutions, therefore, the
corrosion rate at a fresh copper surface is great, and
it is this fact which is used in the pulse-plating experi-
ments. During the pulse, approximately a monolayer of
copper is formed which, during the relaxation time,
reacts to give the copper(I) halide by Eq. [2]. Opti-
mum production of CuX occurs when the relaxation
time is sufficient to allow reaction of the monolayer of
plated copper, but not so great as to allow dissolution
of the halide layer.

The stoichiometry of the reaction forming CuCl and
CuBr during pulse plating.—Noting that formation of
CuX occurs only in the relaxation time of the pulse by
corrosion of the newly plated copper, it is possible to
obtain the stoichiometry of the reaction with respect
to copper and halide ion and, thus, confirm that Eq. [2]
is indeed of the reaction which produces CuX. Analysis
of the layers formed gives the total copper content and
the total weight of the deposit. The total charge passed
is also known, and by coulometry of the reduction of
CuX, the amount of CuX may be determined. Experi-
ments have established that in steady-state plating
under the same conditions, 100% current efficiency for
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plating copper is obtained. If the total charge passed
during plating is @ coulombs, the copper deposited is
Q/2F g atoms where F is the Faraday. If Q2 coulombs
are passed during reduction of CuX (molecular weight
Mcux), the amount of CuX formed is Qo/F mol. Let a g
atom of Cuc react with 1 g atom of X~ during the for-
mation of CuX. Therefore, the amount of copper re-
maining after this reaction is (Q/2F — a@2/F) g atom.
The total weight (W) of the deposit is, therefore

Wr = (Q/2F — aQ2/F) X 63.54 + Mcux X Q2/F [4]

and thus, a may be found from the measured weight.
Results during pulse plating in copper chloride gave
a = 0.51 = 0.03 (from 12 experiments) and for copper
bromide a = 0.49 = 0.05 (from 6 experiments). This
treatment is, therefore, in agreement with a mecha-
nism in which reaction occurs during the off time of
the pulse according to Eq. [2].

Calculation of corrosion rates.—The rate of corrosion
at a fresh copper surface may be determined from the
formation of the copper(I) halide at different relaxa-
tion times. If conditions are chosen such that conver-
sion to CuX is low, a constant corrosion rate may be
assumed. Let ncy, mol m—2 of copper be plated during
the period of the pulse T,, sec, at a current density i A
m~2, Therefore

ncy = Toni/2F [5]

At a corrosion rate of C mol sec~! m~—2 during the
relaxation period, Tof, Tcux mol m—2 are formed, i.e.,
Ncux = CToss. Thus

ncux/Nea = C/ (1/2F) X (Tost/Ton) [6]

The ratio ncux/ncu calculated for a single pulse applies
equally to any number of pulses. A plot of ncyx/ncu
against Tofs/Ton should give, from its limiting slope at
low relaxation times, a value for the corrosion rate C.
Figure 6 shows such a plot for the corrosion of copper
in 0.34 mol dm—3 CuSOy4 and 0.34 mol dm~—3 KCL The
limiting corrosion rate is 1.10 % 10—¢ mol m~—2 sec™1,
which in terms of the increase in weight of a 8 cm?
copper foil is 0.356 mg min—!. This rate is drawn in
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Fig. 6. Ratio of CuCl (ncyci/mol) formed in the relaxation time
(Tosr) to copper plated (ncy/mol) during the pulse (Ton), as a
function of Togr/Ton at 25°C. CuSOs = 0.34 mol dm—3, Hs504
= 1.76 mol dm~—3, KCI = 0.34 mol dm—3. (O : Pulse length = 10
msec; @ : Pulse length = 2 msec.
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Fig. 1 as line A. It is seen that the rate of corrosion
by chloride stays close to the limiting value for several
minutes until the effect of dissolution becomes impor-
tant. A similar plot for corrosion in bromide solution
gave C = 9.30 X 1074 mol m—2 sec~!, or 4.97 mg min-!
for an 8 cm? foil (line A in Fig. 2). Thus, for those
metals which may be plated from solution, the pulse
plating method may be used to give accurate values
for corrosion rates at fresh metal surfaces.

Reactions occurring during pulse plating.—The anal-
ysis of the processes above assumes that during the
pulse copper alone is deposited by

Cu2t 4 e-> Cut [7]
Cut 4 e- Cu (8]

where Cu2* and Cu* may be complexed by halide
ion, and that the reaction in the relaxation time is
given by Eq. [2]. The potential at the electrode during
pulse plating (150-200 mV vs. SHE) allowed copper
deposition to take place, but was not sufficient to result
in reduction of the copper(I) halide via the reaction
given by Eq. [1]. No evidence was found for the direct
reduction of Cu2t in the presence of halide ion

Cu2t 4+ X~ 4 e-> CuX [9]

Orders of reaction with respect to Cu?t+ and X——
The corrosion Eq. [2], which produces copper(I)
halide, may be written as a pair of redox reactions of
which Eq. [9] is the reduction, and

Cu 4 X"‘ - CuX }- e [10]

If Eq. [10] is rate limiting, for a reaction at a mono-
layer of copper which does not involve diffusion, the
reaction would be expected to be first order in halide
and zero order in Cu?+, Figure 5 shows that the pro-
duction of CuCl is influenced more by chloride con-
centration than copper concentration, but that it is
not possible to determine exact reaction orders. As
Cu?+, Cut, and Cl— are complexed, a series of reac-
tions involving CuCl*, CuClp, CuCl;—," CuCL2—, and
CuCly—, CuCl32—, CuClg3— would need to be con-
sidered for a full analysis of the system.

Structure of the copper halide deposits.—The copper
foil electrodes used in this work were oriented along
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Fig. 7. (a) {200} plane of copper, (b) {220} plane of copper (l‘)
bromide.
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the {200} plane. From the x-ray results, copper bro-
mide appears to have been deposited with the {220}
plane uppermost. Copper crystallizes in a face-cen-
tered cubic arrangement with a unit cell length of
3.615A (10). The {200} plane of copper is shown in Fig.
7a. Copper bromide exhibits a zinc blende structure in
which copper is found in tetrahedral holes formed by
bromide ions with a = 5.691A (11). Figure 7b gives
the {220} plane of CuBr in which the radius of Cu+*
and Br— are 0.96 and 1.96A, respectively (12). It is
seen that the Cu-Cu distance in the x direction of the
two planes is similar (3.6A in copper and 3.9A in cop-
per(I) bromide), and thus, a CuBr lattice may be
built up by the insertion of bromide ions with a limited
relaxation of copper ions from the underlying lattice.
Such an obvious orientation is not seen with CuCl, al-
though geometrically the same considerations apply.
Dissolution of CuCl as CuCly— may result in the re-
organization of the CuCl layers. .

The production of seawater battery anodes.—Pulse
plating may be a useful method for the production of
copper chloride anodes for reserve seawater batteries.
Control of plating conditions can produce a nearly pure
CuCl deposit of any required thickness and discharge
capacity. A small amount of copper in the layer gives
the anode conductivity which is an advantage for
such electrodes.

Manuscript submitted Aug. 9, 1982; revised manu-
script received Nov. 16, 1982,

April 1983

Any discussion of this paper will appear in a Dis-
cussion Section to be published in the December 1983
JournaL. All discussions for the December 1983 Dis-
cussion Section should be submitted by Aug. 1, 1983.
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