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ABSTRACT 
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The behavior of impurities (in particular arsenic, 

antimony and bismuth) on copper electrodeposition was 

investigated using several non-steady state techniques at a 

temperature of 63°C in cupric sulfate solution (Cu 45 g/1, 

HjSO^ 200 g/1). As a result, group-V elements work as 

depolarizers against copper deposition and hydrogen 

evolution. From the result of cyclic voltammetry, copper 

reduction was subject to an irreversible reaction with a 

preceding chemical reaction. Impurities do not affect copper 

deposition much except the transfer coefficient for the 

composition investigated. However, there is a peak due to 

arsenic reduction (at -0.330 V) in cyclic voltammogram for the 

As-containing electrolyte. 

In addition, the effect of impurities on morphologies 

were investigated by SEM observation and X-ray dif fractometry. 

As a result, group-V promoted truncated deposits and the (110) 

crystallographic orientation. 
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CHAPTER-1 

INTRODUCTION 

Since cominercial copper electrorefining started at New 

Jersey State in 1886, scientists and engineers have made an 

effort to improve the process, both in term of cathode quality 

(product quality) and cost reduction. During this 100 year 

history, process improvements have been ; however the parts of 

refining system have remain unchanged. 

Recently, the amount of copper produced by 

hydrometallurgical techniques is increasing due to 

improvements in the solvent extraction and electrowinning 

(SX/EW) techniques. If copper sulfide ores can be leached 

easily, probably, pyrometallurgical and electrorefining 

processes will disappear in the world because of the cost 

competitiveness of hygrometallurgical methods. However, the 

majority of copper product is still extracted by 

pyrometallurgical and electrorefining techniques because 

copper sulfide ores which are main source of copper are not 

easily leached [1]. 

In copper electrolytic refining, the plates of crude 

copper metal (anode) are anodically dissolved in a cupric 

sulfate solution, while pure copper metal is deposited on the 

cathodes. In an ideal electrorefining process, the impurities 

which are more noble than copper metal will not dissolve at 
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the applied potential and will remain in the copper anode 

slime. On the other hand, the impurities which are less noble 

than copper metal will dissolve but will not deposit at the 

cathode, thus these impurities accumulate in the electrolyte. 

The typical behavior of anode impurities in a copper 

electrolytic refining process is shown in Table 1-1. 

The production of high quality cathode copper is an 

objective which copper refiners are endeavoring to realize 

notwithstanding the favorable market price of copper and the 

increasing variable content of the anodes which are 

electrorefined. 

According to "electrolytic copper refining tank room date" 

[2], cathode quality is extremely high, in particular, group-V 

elements in copper cathodes are less than 1 ppm in the main 

copper refineries of the western world. As shown in Table 1-1 

, group-V elements can either dissolve into the electrolyte or 

remain undissolved in the anode slime. In the electrolyte, 

arsenic is mainly present as the AsO^^" anion. When the 

electrolyte does not contain antimony and bismuth, arsenic has 

no appreciable effect on the electrolysis process, but if 

antimony and bismuth are present in solution the arsenic can 

form insoluble compounds with them namely; bismuth arsenate 

(BiAsO^) and antimony arsenate (SbAsO^) . These compounds 

separate from the electrolyte in the form of fine particles, 

forming a "floating slime". This slime adheres to 
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Table 1-1. Disposition of impurities in a copper refining 
process. 

Impurities 
* 

PM Au Ag Se Te S Cu Sb As Bi Ni Co Fe Pb Zn 

** 

S S S S S S -

* platinum group metals. 
** slime. 
*** slime and electrolyte. 
**** electrolyte. 

* * *  * * * *  

SE SE SE SE E E S E 
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cathodes and contaminates them. Therefore, the level of group-

V elements in electrolyte must be maintained below saturation. 

One of the main processes in copper electrorefining is the 

removal of impurities including group-V elements. In 

electrorefining, group-V elements are removed in an 

electrolyte purification section using liberator cells with 

inert anodes. Group-V elements can be easily co-deposited with 

copper by decopperization in liberator cells. 

However, the mechanism of cathode contamination is still 

not clear because the impurity level in copper cathode is 

extremely low (less than 1 ppm), which is almost the 

analytical limit. 

The incorporation of group-V ( As, Sb and Bi) deposits 

can be due to the following: 

1. Electrolytic co-deposition. 

2. Anode slime occlusion. 

3. Electrolyte occlusion. 

4. Direct precipitation (including floating slime) of 
impurities from solution. 

Many authors have indicated that group-V elements in 

cathode deposits are unlikely to occur through electrolytic 

co-deposition, particularly when impurity concentration and 

electrolytic potential are very low. 

However, there are many possibilities for electrochemical 

contamination due to nonuniformity in tank house, which will 
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be explained in more detail in Chapter-2. 

In fact, the electrolyte system in elctrorefining is very 

complicated: there are many indifferent cations, inorganic 

compounds and organic compounds in electrolytes. For example, 

although the role of organic additives like glue, thiourea, 

aviton and so on is known, the role and structure of 

decomposed compounds of these additives is not clear. For 

example, the formula of glue, a protein with a molecular weigh 

of over 200,000 grams/mole is unknown. Glue will decompose in 

the electrolyte, probably on the electrode or in a heat 

exchanger. The chemistry of the decomposition products is 

clearly unknown. Thiourea also can make some complexes with 

metal cations in electrolyte. The above discussion indicates 

the difficulty of investigating the effect of impurities in 

copper deposition using a commercial electrolytes. 

For this study a simple system (synthesized electrolyte) 

was selected for analyzing the behavior of impurities on 

copper deposition. 
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CHAPTER-2 

PREVIOUS STUDIES 

2.1 Molar fraction ratio 

Generally, it is extremely difficult to identify the 

source of contamination in cathodes, because the impurity 

level in group-V elements is extremely low. Braun et al.[3] 

introduced a so-called mole fraction ratio (MFR) parameter in 

order to understand the source of cathode contamination. MFR 

is defined as the ratio As/(Sb + Bi) (mol/mol). From several 

sources of contamination, the range of MFR can be calculated. 

According to Abe et al.[4], the chemical analysis of 131 

cathodes (arbitrarily selected) from the Hitachi tank house 

product in Japan, yeilded the following MFR results: 63.4% 

exceeding 1.25 and 22.9% ranging between 0.75 and 1.25. The 

above data indicated that the main source of contamination for 

these cathodes was precipitation (i.e., floating slime ). It 

is clear that the solubilities of impurity compounds depend 

strongly on electrolyte temperature. Therefore, controlling 

electrolyte temperature is one of the important aspects of 

copper refining. However, from the above discussion, other 

sources of contamination cannot be eliminated. 
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2.2 Recent trend in copper refining 

There are two main trends in copper electrorefining 

relating to impurity contamination. 

(1) Establishing high current density operations. 

(2) Treating anodes with higher concentrations of 
impurities. 

Almost all copper refineries would like to use high 

current density, because generally speaking, it can increase 

copper production without increasing factory equipment and can 

decrease the amount of steam required to heat the electrolyte 

and reduce the amount of copper head in inventory. 

According to Ibl et al.[5], the optimum current density is 836 

A/m^. Jaskula [6] also indicated an optimum current density of 

>670 A/m^. Scholoen [2] examined thirty of thirty six copper 

refineries (representing 66% of the western world's refining 

capacity) the average current density for these refineries was 

231 A/m^. This shows that almost all copper companies use a 

relatively low current density (200 - 250 A/m^) . Furthermore, 

many authors have pointed out the disadvantages of high 

current density. Abe et al.[7] reported that high current 

density would lead to the saturation concentration of copper 

sulfate being exceeded in vicinity of the anode and the effect 

of current density on anode passivation was appreciated by 
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tank house operators. 

From the point of view of operating costs, if high 

impurity anodes can be served toward commercial tank house, 

the cost of ores and concentrates can be reduced dramatically. 

However, high impurity levels in electrolyte and high 

current densities probably lead to electrolytic co-deposition 

of impurities. 

2.3 Probability of contamination due to electrolytic co-
deposition. 

Generally, equilibrium potentials are described by the 

Nernst equation. For the cathodic reduction of copper, 

Cu^^ + 2e = Cu <2-l> 

The following Nernst relationship can be written. 

where 

E„ = E° + (RT/zF)ln( aM^/aM ) 

= 0.337 + (0.059/2) ln( aCu^^/aCu) <2-2> 

Egq : equilibrium potential. 
E° : standard potential. 
R : gas constant. 
T : temperature. 
z : valences. 
F : Faraday constant. 

aM"* : activity of cation. 
aM : activity of metal. 

The cathodic overpotential (") can be expressed as 

" = <2-3> 
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where 
Eact : actual potential. 
Egq : equilibrium potential. 

If the cathodic overpotential increases and reaches the 

deposit potentials of impurities, impurities can co-deposit. 

On the other hand, if the electrorefined metal makes a solid 

solution or an intermetallic compound with impurities, with a 

corresponding decrease in the aCu. Therefore, it is possible 

for the co-deposition with impurities at more noble 

potentials. 

The causes for an increasing overpotential can be 

attribute to the following: 

(1) Decreasing aCu^"^. 

(2) Decreasing metal salt concentration. 

(3) Decreasing electrolyte temperature. 

(4) Decreasing conductivity of solution. 

(5) Increasing anion additives to solutions. 

(6) Increasing viscosity of solution. 

(7) Increasing current density. 

(8) Increasing surface roughness. 

If the overpotential of copper is high enough to co-

deposit with impurities for the above reasons, then the 

quality of the cathode will go down. 

It is known that the group-V elements react 
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electrochemically in an acid electrolyte according to the 

following : 

Bio* + 2E* + 3e = Bi + HjO (0.320 V) <2-4> 

HAsOj + SH"" + 3e = As + 2H2O (0.250 V) <2-5> 

or AsOg" + 411"^ + 3e = As + 

SbO* + 2H* + 3e = Sb + H2O (0.210 V) <2-6> 

Group-V elements reduce the quality of the copper metal 

considerably. For example, arsenic lowers the electrical 

conductivity by 23% and thermal conductivity by a similar 

amount at an arsenic content of as low as 0.1 wt% [8]. It is 

also known that bismuth promotes crack propagation along the 

boundary with a high enough bismuth concentration (about 0.007 

wt. % or higher) [9]. 

2.4. Determining the diffusion coefficient of cations. 

Diffusion coefficient must be determined in order to 

analyze the mechanism of copper deposition including the 

determination of the current density itself during 

electrolysis. Generally, the diffusion coefficients for 

cations are measured by limiting current density techniques. 

Using rotating disc electrode (RDE), one can obtain a 
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relationship between limiting current density (i^) and disc 

rotation rate (w). 

ij = 0.62 nFD^-'^ r Cj, <2-7> 

By plotting (ij) versus the slope will yield the 

diffusion coefficient. They are many studies [10-13] which 

have determined the diffusivity of copper in the system HjSO^-

CuSO^-HjO. In most cases, the diffusivity was measured at low 

temperature (25°C and so on) . Two equations have incorporated 

the effect of temperature on diffusivity. Arvia et al.[14] 

showed : 

D/rjT is (2.23 ± 0.37) x 10"^° cm^ poise/sec K. <2-8> 

where r\ is the viscosity of the electrolyte. 

More recently, Subbaiah and Das [15] studied the 

diffusivity of cupric ion and obtained an empirical equation 

which expresses D values as a function of the concentration of 

copper, concentration of sulfuric acid and temperature: 

D x 10^ = -0.570 - 0.00164 C(H2S0^) - 0.00175 C(Cu) 
+ 0.0607 T(°C) <2-9> 

where C for HjSO^ and Cu is in units of grams/liter. 

Both equations indicate that the diffusivity of copper cation 

is more than 1 x 10'^ cmVsec. 
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2.5 Analysis of electrorefining using non-stationary methods. 

In the field of electrodeposition and/or corrosion, non-

stationary methods are convenient for examining reduction 

mechanisms because they can neglect concentration overpotent-

ial. For many years the measurement of characterif>tic parame

ters like exchange current density (i^j) and transfer coeffi

cient (a) for simple electron exchange reactions after 

correction for diffusion, was a major aim of electrochemistry 

[16]. However, it is difficult to analyze the mechanism using 

non-stationary method because of the cathode surface 

condition. Therefore, the recent trend is the application of 

non-stationary methods for surface reaction like adsorption or 

the study of organic compound reactions on electrodes. 

Furthermore, these techniques can investigate coupled 

electrochemical and chemical reactions, and surface reactions. 

However, even though the cathode surface effect is strong 

, the non-stationary method is still one of the most effective 

methodology for investigating a corrosion mechanism and 

electrodeposition. 

Burrows et al.[17] investigated copper deposition using 

several electrochemical methods including the faraday 

impedance method and concluded copper deposition is similar to 

the silver or gold deposition mechanism. 

Grigis and Ghali [18] studied the behavior of arsenic 
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(III) during electrolytic refining of copper by using 

different electrochemical methods such as, linear potential 

sweep (LPS), cyclic voltammetry (CV), chronoamperometry (CA) 

and chronopotentiometry (CP). They concluded that: 

(1) the deposition of As occurs at cathodic potential 

<-0.250 V and which is irreversible much like the deposition 

process for copper. 

(2) the electrochemical and surface analytical techniques 

illustrated that As deposits mainly through an electrochemical 

process and its presence in solution resulted in lowering the 

overpotential and increasing the current density. 

They presented very important information about 

electrochemical contamination in electrorefining. However, the 

copper concentration was relatively low (10.7 g/1) compare to 

the commercial operating conditions. Therefore, it will be 

necessary to understand the mechanism of electrochemical 

contamination under commercial conditions. The copper 

concentration of 10.7 g/1 is almost the copper concentration 

in liberator tank house condition. Arsenic concentration was 

not very high concentration (2 g/1), however the reduction 

potential of arsenic (-0.250 V) will shift negatively (i.e., 

safer side) due to copper concentration in commercial 

operation condition. 
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It is natural that high current density induces an 

electrochemical contamination by group-V elements in copper 

deposition. However, there are many possibilities of 

electrochemical contamination even at low current density 

because there is some nonuniformity caused by several 

conditions in the commercial electrorefining cell. 

2.6.1 Nonuniform by physical condition. 

Ideally, all cathodes should operate with the same and 

uniform current density. In commercial cells, however, both 

conditions are not fully achieved. Contact differences and 

irregular interelectrode spacing exist in commercial cells and 

individual cathodes, which are electrically connected in 

parallel, never draw the same current. These differences are 

particularly large in copper refining where cathodes operating 

at 50% higher than average value are not uncommon [19]. 

Cathode current density distribution in a typical cell is 

described in Fig.2-1 [4]. Even though the average current 

density is 220 A/m^, some cathodes have a high current density 

(>400 A/m^) in the cell. In fact, at any instant a higher 

current may flow through the cathode, because these data are 

based on the weight of copper cathode in one cathode life. 
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Fig.2-1 Cathode current density distribution in a typical cell. 
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That is one reason why copper refiner cannot use a high 

current density. 

Since commercial electrodes are not ideally flat nor 

vertical, there is also an appreciable variation of local 

current density over one cathode surface. Both effects are 

undesirable as the cathode area operating with excessive 

current density will develop roughness, porosity, shorts and 

electrochemical contamination. In addition, the initial 

surface condition of starter sheets also strongly affects the 

final copper cathode. For example, a nodule on the starter 

sheet becomes an enlarged nodule on the copper 

cathode: commercial copper refining does not have a 

compensation mechanism (i.e., the throwing power is low). 

2.6.2 The effect of convection. 

The other difficult factor for determining the source of 

contamination is the size of electrodes itself (usually, the 

size of electrodes is around 1 m^) . Generally, the most 

popular equation of mass transport is 

Ni = -ziFuiCiV^ -DiVCi +Civi <2-10> 
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where 

Ni: flux of chemical species i 
zi: valence of chemical species i 
ui; mobility of chemical species i 
F : Faraday constant 
Ci: concentration of chemical species i 
0 : potential 
vi: velocity of chemical species i 

In Eq.<2-10>, the first term indicates electrical migration, 

the second term diffusion and the third term convection. 

In copper electrorefining cells, the effect of electrical 

migration can be neglected since concentrated sulfuric acid is 

used as the supporting electrolyte. In fact, for example, a 

O.IM CuSO^ solution has a specific resistance of 0.74n, 

however, if a 1.53M sulfuric acid is added to the electrolyte, 

the specific resistance decreases from 0.74 n to 0.0118 n . 

The effect of convection on current distribution will be quite 

large in commercial tank house at high current density. 
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CHAPTER-3 

EXPERIMENTAL 

3.1 Electrochemistry of copper deposition from impurity-free 
and impurity-containing electrolyte. 

The behavior of arsenic, antimony and bismuth was 

investigated using two kinds of electrolytes. The range of 

electrolyte composition in modern refineries is shown in 

Table 3-1. Bath composition was based on the Saganoseki 

Refinery. However, Ni, Fe and CI were not contained in the 

electrolyte prepared and examined during this study. This 

helped the in analysis of the various reduction mechanisms. 

A-type electrolyte was made up of Fisher grade sulfuric 

acid (200 g/1 HjSO^) and copper sulfate (45 g/1 as Cu) . The 

effect of group-V elements was studied by the additions of 

As203(5.0 g/1 as As), Sb203(0.5 g/1 as Sb) and Bi2O3(0.15 g/1 as 

Hi), respectively. Each electrolyte was deaerated with oxygen-

free nitrogen for one hour prior to the electrochemical 

measurement. 

C-type electrolyte consists of 400 g/1 HgSO^ , copper 

sulfate (10 g/1 as Cu) and group-V elements equivalent to 

liberator tank house conditions. 

High purity copper (>99.99% ,not electrodeposited copper) 

was used for the working electrode and electrorefined copper 
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Table 3-1. A typical range of electrolyte composition 
in modern refinery 

Materials 
Modern 

Composition 

refineries 

(g/1) 

Saganoseki refinery* 

Cu 40 - 50 45 

HgSO^ 160 - 200 200 

Ni 8 - 20 13 

As 0.5 - 12 5.0 

Fe 1.0 - 2.0 1.2 

Sb 0.2 - 0,7 0.5 

Bi 0.1 - 0.5 0.15 

CI 0.01 - 0.05 0.02 

* A main refinery at Nippon Mining Co. in Japan. 
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(>99.99%) used as a counter electrode. The cathode (working 

electrode) was prepare by embedding a disc of copper in a 

teflon rod. The electrode had an exposed area of 0.48 cm^. 

Prior to each experiment the electrode was mechanically 

polished on different grades of Sic paper and thoroughly 

washed with D-D water. 

A saturated calomel electrode served as the reference 

electrode. Electrochemical experiments were made using an EG&G 

Model 273 potentio-galvanostat (a menu driven software package 

from Princeton Applied Research) and an rotating disc 

electrode from Pine Instrument Company for examining the 

diffusion coefficient of the cation in various electrolytes. 

A schematic diagram of the experimental apparatus is shown in 

Fig.3-1. 

All experiments were made at a temperature of 63°C. The 

electrolyte volume was 1000 ml for each experiment. 

In addition, the surface of cathode was examined using Auger 

Electron Spectroscopy at the main peaks of cyclic 

votammogram for different kinds of electrolytes. 

3.2 Morphological studies 

A schematic diagram of experimental apparatus for this 

test is shown in Fig.3-2. The effect of group-V elements on 

morphologies of the copper deposit was examined using the same 
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Fig. 3-1. Schematic diagram of experimental apparatus. 
(Three electrode ceil). 
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Fig., 3-2. Schematic diagram of experimental apparatus 
(4x4 In. electrode test). 
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A-type electrolyte. Electrowon copper (>99.99%) was served as 

the cathode and electrorefined copper sheets (>99.99%) 

were used for the cathode. The size of cathode was 4 x 4 in. 

and that of anode 3.8 x 4.0 in. There were two cathodes and 

three anodes in a cell and the electrolyte was circulated by 

a persistatic pump at a rate of 20 ml/min. per gallon of 

electrolyte. The samples for surface analysis were made by 

cutting square section from the electrode. Each sample was 

named due to the location in a cathode and electrolyte 

compositions (Fig.3-3). Surface analyses of copper deposition 

were done using Scanning Electron Microspectroscopy (SEM) with 

EDX and X-ray diffractometry. 
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Fig.. 3-3. Identification of cathode sample positions. 
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CHAPTER-4 

RESULTS AND DISCUSSION 

4.1 Electrochemistry of copper deposition from impurity-free 
and impurity-containing electrolytes. 

Several non-steady state methods were served to analyze 

the effect of group-V elements on copper deposition. Linear 

potential sweep method was used for determining the diffusion 

coefficient and basic electrochemical parameters. Cyclic 

voltammetry was used for analyzing the mechanism of copper 

deposition with/without group-V elements. Finally, 

chronoamperometry and chronopotentiometry were used for 

examining the transient phenomena of copper deposition. 

4.1.1 Diffusion coefficient and basic electrochemical 
parameters. 

4.1.1.1 Diffusion coefficient of copper cation. 

A diffusion coefficient "D" of copper was measured using 

a limiting current density technique under commercial 

electrorefining conditions (Cu = 45 g/1 , HjSO^ = 200 g/1). 

The value of "D" could not be obtained from these results 

because it was very difficult to find the limiting current 

density for such high copper concentrations. The linear sweep 

voltammograms are shown in Fig. 4-1 . Therefore, measurement 

were performed using low copper concentration electrolyte 
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Cu 45g/l 
H2SO4 200 g/l 
Temp. 63®C 
Scan rate lOmV/sec 

2000 

lOOOrpm 

TOOrpm 

Potential (V/SCE) 

Fig. 4-1. Linear sweep voltammetric curves of copper 
deposition. 
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(10 g/1) . The LSV curve for the impurity-free electrolyte and 

the impurity-containing electrolytes using a rotating disc 

electrode are shown in Fig.4-2 ~ Fig.4-5. These data display 

clearly defined plateaus in the voltammograms representing 

limiting current density value. The values of the limiting 

current densities for the different conditions are reported in 

Table 4-1. In impurity-free electrolyte, Sb containing 

electrolyte (Sb 0.5 g/1) and Bi containing electrolyte 

(0.15 g/1), the limiting current densities of copper were 

almost same. However, the limiting current density of copper 

in As-containing (As 1 g/1) system was noticeably different 

from the others, which indicates that copper co-deposited with 

arsenic (Fig.4-6). In fact, there were some shoulders in C -

V curves for the As-containing electrolyte. Under these 

conditions. The diffusion coefficient of copper was 1.660 x 

10'^ cm^/sec calculate from Eq.-<2-7>. 

i^ =0.62 nFD^''^ r w^''^ <2-7> 

The diffusion coefficient of arsenic was calculated using 

the difference between limiting current densities in impurity-

free electrolyte and in As-containing electrolyte. As a 

result, the diffusion coefficient of arsenic was 1.92 x 10'® 

cm^/sec. In addition, it was observed that the hydrogen 

overpotential decreased with increasing rotating rate in the 
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Fig.4-2. Linear sweep voltammetric curves of copper 
deposition ( Type-B electrolyte ). 
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Fig. 4-3. Linear sweep voltammetric curves of copper 
deposition from As-containing electrolyte 
(Type-B electrolyte). 
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Fig. 4-4. Linear sweep voitammetric curves of copper 
deposition from Sb-containing electrolyte 
(Type-B electrolyte ). 
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Fig. 4-5. Linear sweep voltammetric curves of copper 
deposition from Bi-containing electrolyte 
(Type-B electrolyte ). 
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Table 4-1. The dependence of limiting current densities on 
rotating rate. 

rotating limiting current density i. 
rate, (mA/cm^)* 

(rad/sec)^^^ < Cu > < Cu(As)> < Cu(Sb)> < Cu(Bi)> 

3.23 78.6 89.5 78.4 74.6 

5.60 138.3 157.3 148.4 137.0 

7.23 179.0 203.4 173.0 175.0 

8.56 225.1 246.8 212.0 217.0 

10.23 257.6 295.6 254.1 250.9 

* < Cu >, < Cu(As) > , <Cu(Sb)> and <Cu(Bi)> describe 
impurity free electrolyte. As containg, Sb-containing and 
Bi-containg electrolyte, respectively. 

Differences between limiting current densities 

i^< Cu > = 26.1550 - 6.5800 ( r=0.998) 
i^< Cu(As)> = 29.5210 - 7.2592 ( r=1.000) 
i^< Cu(Sb)> = 24.5346 + 2.1276 ( r=0.996) 
i^< Cu(Bi)> = 26.5024 - 6.8756 ( r=0.999) 
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Fig.4-6. The relationship between the limiting current 
density and rotating rate. 



47 

impurity containing electrolyte. It seems both Sb and Bi work 

like a "catalyst" against hydrogen evolution at high rotating 

rate (Table 4-2). 

In the field of plating, the addition of ASjO^ 

to the electrolyte is known [20] to facilitate easy entry of 

atomic hydrogen during cathodic charging, and the same effect 

was also observed on copper[21][22]. And also, for nickel 

plating, the addition of Pb^* works as a surface improver. It 

is believed that Pb^^ obstructs the discharge Ni because the 

discharge of H(add) decreases due to the low exchange current 

density of hydrogen evolution on Pb. 

In this case, group-V elements are likely to work as 

polarizer against hydrogen evolution because the exchange 

current densities of hydrogen evolution on group-V (the order 

of 10"^^ A/cm^) are extremely low compared to that on copper 

(10"^ A/cm^) . They worked as depolarizers except the result in 

As-containing electrolyte. 

4.1.1.2 The effect of impurities on basic electrochemical 
parameters. 

Linear potential sweep curves obtaining from various 

electrolytes were shown in Fig.4-7. From the result of the LPS 

study, Tafel slopes and exchange current densities were 

calculated using Eq.-<4-2>. 
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Table 4-2. The potential of the beginning of hydrogen 
evolution at scan rate of 10 mV/sec. 

Electrolyte Eh ( mV ) 

Impurity-free 654 

As-containing 564 

Sb-containing 610 

Bi-containing 632 
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Fig. 4-7. Linear sweep voltammetric curves of copper 
deposition from various electrolytes under 
a stationary condition. 
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T7 = (2.3RT/naF)log(i/i,) <4-2> 

Tafel slopes and exchange current densities are sximmarized in 

Table 4-3. Tafel slope for copper reduction was 103 mV/decade. 

Tafel slopes of copper reduction from impurity-containing 

electrolytes are somewhat less than that from impurity-free 

electrolyte, which means group-V elements worked as 

depolarizers in copper deposition. Hospadaruk and Winkler [23] 

reported that antimony acts as a polarizer in copper 

electrolytes. However, our result showed a different tendency. 

From the result of Girgis's study [18], arsenic was observed 

to work as a depolarizer which is in agreement with the 

results of this study. 

Generally speaking, anion additives work as a polarizer 

in metal electrodeposition. It is believed that anion 

(commonly organic compounds, particularly -N,-S groups) become 

absorbed onto the active sites on the growing cathode and 

block these spots to prevent metal ions from reacting. 

However, the role of cations is not surely confirmed in 

electrodeposition, even though there are many examples of 

alloy depositions. 

In this study, exchange current densities obtaining from 

group-V containing electrolytes are larger than that obtaining 

from the impurity-free electrolyte. Exchange current density 

indicates the activity of electrode. Therefore group-V 
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Table.4-3 Tafel slopes and exchange current 
densities in copper depositions. 

Electrolyte 
Tafel slope 

b 
(mV/decade) 

Exchange current 
density. i„ xlO^ 
( K/cV ) '  

Impurity-free 

As-containing 

Sb-containing 

Bi-containing 

103 

98 

94 

97 

4.50 

6.96 

6.35 

6.64 
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elements functioned like "catalyst" toward the copper 

electrode. As i^ increases due to impurities, ion transfer 

processes are accelerated by impurities. 

4.1.2 Electrochemical studies of copper deposition using 
non-stationary method. 

4.1.2.1 Copper deposition from pure system. 

The effect of impurities was mainly studied using cyclic 

voltammetry (CV). At first, the mechanism of copper deposition 

was investigated in the pure system. A cyclic voltammogram (10 

mV/sec, potential range -700 mV to +500 mV) for copper 

deposition in the pure system is shown in Fig.4-8. The 

dependence of the cathodic peak potential "Ep*^" and peak 

current density "i " on scan rate is depicted in Figs.4-9 to 

4-13. It is readily apparent from these curves that "Ep'^" 

shifts to more cathodic values and that "ip" increases with 

increasing scan rate. These findings are summarized in 

Table.4-4 and Figs.4-14 to Fig.4-16. The value of a is given 

in Table.4-5. The most important feature in Fig.4-8 is the 

total absence of a reverse peak corresponded to the anodic 

oxidation of copper. Therefore, copper deposition does not 

belong to a reversible or a quasi-reversible system but is an 

irreversible system. From the results of the diagnostic test 

shown in Table 4-6, copper reduction is exactly subject to 
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Fig. 4-8. Cyclic voltammogram of copper deposition in 
" impurity - free electrolyte. 
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Fig.4-9. Cyclic voltammograms of copper deposition 
in impurity- free electrolyte 
(The effect of scan rate). 



Table 4-4. Analysis of reduction wave in Fig.4-9 

scan 
rate 
vV2 

(V/sec) 

peak 
potential 

S ( V ) 

peak current 
density ip/v^^^ 

(A/cm^) (A/cm^) / (V/sec) 

0.100 -0.157 0.087 0.870 

0.173 -0.170 0.144 0.832 

0.224 -0.206 0.184 0.821 

0.265 -0.224 0.209 0.789 

0.316 -0.262 0.242 0.766 

= f(v) = 0.7193 + 0.0181 (r=0.998) 

Ep = f(v) = -0.4937 
-0.1003 log V 

- 0.0974 (r=0.974) 
- 0.3437 (r=0.924) 

yvi/2 = f(v) = -0.4776 - 0.9184 (r=0.991) 

Table 4-5. The values of n*a 
E„ -E„,, and E-shift P P/2 p 

from 
in Fig.4-9. 

scan 
rate 

vi/2 
^P -Ep/2 

t * n'o!^ E-shift n • a,** 
P 2 

(V/sec) ( V ) (-) ( V ) (-) 

0.100 0.152 0.32 

0.173 0.166 0.29 

0.224 0.181 0.27 0.100 0.33 

0.265 0.192 0.25 

0.316 0.203 0.24 

* Ep - Ep/2 = 48/on' 

** Ep -shift = 33.3/an' 
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Table 4-6. Diagnostic tests for copper deposition. 

Reversible system 

theory experimental results evaluation 

# - Ep'= = 59/n totally absence of Ep* X 

# Ep - Ep/2 = 59/n 123 ~ 300 X 

# ip « i oc 
p 0 

# ipVip«: = 1 no ip* X 

# Ep ^ f(v) Ep = f(v) X 

Quasi-reversible system 

theory experimental results evaluation 

# ipt 
not i„ « 

# ipVip'= = l 

i oc 
P 

no ip* 

X 

X 

# Ep'^ - Ep'^ > 59/n totally absence of Ep* X 

# V t ^ 
( Ep'^ - E •=) t 

#  V  E p U  

totally absence of Ep* 

V t Ep 1 

X 

0 

Irreversible system 

theory experimental results evaluation 

# no reverse peak no reverse peak 0 

# ip « i oc 
p 0 

# Ep shift 
30/n*a-decade 

# Ep -E 
= 48/n'a 

n'a = 0.11 ~ 0.29 

n'a = 0.16 ~ 0.39 
( 0 < a < 1) 

0 

0 
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an irreversible system. Since the reaction belongs to an 

irreversible system, we can write expressions for and 

"ip" as follows: 

Ep'^ = K - 2.3 RT/{2an'F) log v <4-3> 

ip = 0.495 nF(an«F/RT) <4-4> 

where 

R : gas constant (J/mol*K) 
T : temperature (K) 
a : transfer coefficient (-) 
n* : the number of electron transferred (-) 
F : Faraday's constant (coulomb/mol) 
V ; scan rate (V/sec) 
n : valences 
Cjj ; concentration of chemical species "o" (mol/cm^' 
Dji ; diffusion coefficient of 

chemical species "o" (cm^/sec) 
K : constant 

At a temperature of 63 °C, Ep*^ shift is 33.3/Q;n •-decade 

from Eq-<4-l>. From the Table 4-5, Ep'^ = 105 mV and an'= 0.33. 

Since a is around 0.5, it seems the value of n* is not 

2 but 1, which indicates that copper reduction occurs by a one 

electron transfer mechanism. According to Abe [4], copper 

reduction is a two electron transfer mechanism using cyclic 

voltammetry. On the other hand Girgis et. al.[18] indicated 

that copper reduction is one electron transfer mechanism using 

cyclic voltammetry. A two step mechanism is well known for 

copper deposition. 
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+ 

Cu* + 

e 

e 

Cu* 

Cu 

<4-5> 

<4-6> 

It is also well known that the first step (i.e.,Eq.-<4-5>) is 

the rate determining process in copper reduction. The Cu^* ion 

would be more difficult to discharge than Cu* because of the 

greater heat of hydration of Cu^*. 

Probably, the peak current density indicated the reaction 

(Eq.-<4-5>). 

In Eq.-<4-3>, the value of K is given by following 

equation. 

K = E° - RT/an'(0.78 - 0.5 In ((an'FD)/(k^RT))) <4-7> 

K is found by a plot of Ep -log v. The rate constant can then 

be calculated from the constant values. Assuming n'= 1 , The 

rate constant k is equal to 1.31 x 10"^ cm/sec. 

According to diagonistic study, the range of 0.3 to 2.0 

X 10"^ for k means that electrochemical reaction is quasi-

reversible system. From the value of k, this reaction is not 

subject to quasi-reversible reaction. From the results of 

"ip" vs "ip" is proportional to which also 

indicates copper reduction is not a quasi-reversible system. 

Experimental values showed ip = 0.721 + 0.018 that means 

ip/v^^^ decreases with increasing According to Adams [24], 
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if the system follows a chemical reaction, a plot of vs 

is not a horizontal line (Table.4-4 and "open circle" in 

1st peak in Fig.4-16). 

According to the diagnostic tests of CE mechanism, an 

electrochemical reaction follows a chemical reaction, if the 

following electrochemical reaction is irreversible, 

voltammogram in CE mechanism is similar to an irreversible 

process. Nicholson et al.[25] also pointed out that ip / 

decreases with increasing in CE mechanism. This is 

precisely the case with the results shown in Table 4-7 and 

Fig.4-16. Bockris and Enyo [26] investigated the mechanism of 

electrodeposition of copper using electrodes prepared by 

melting in helium (A-type) or by electrodeposition (B-type), 

and they concluded A-type electrodes are initially covered 

with a thin oxide film (probably CUjO) from the result of the 

overpotential at high current densities on A-type electrodes 

are lower than those on B-type electrodes. 

In this system, several electrochemical and chemical 

reactions are considered. Probable electrochemical and 

chemical reactions are given by the followings; 

CUjO + 2e -• 2Cu + O^" (0.470 V) <4-8a> 

CU2O+ 2e +2H^ 2Cu + HjO <4-8b> 

Cu^"' + O^" -» CuO <4-9> 

CUO + HjSO^ -> CUSO^ + HgO <4-10> 
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Probably, the chemical reaction preceding copper 

reduction is Eg.-<4-9> and/or Eq.-<4-10>. 

Total electrochemical reaction is Eq.-<4-8a> or 

Eq.-<4-8b> +Eq.-<4-9>, 

CUjO +Cu2* +2e -» 2Cu + CuO (0.237 V) <4-ll> 

If CUgO exists on copper cathode surface, Eq.<4-8> can 

undergo, which means the following two reactions occur on 

cathode surfaces. 

Cu^^ + 2e -» Cu (0.337 V) <4-12> 

CUjO +Cu2'' +2e -» 2Cu + CuO (0.237 V) <4-ll> 

4.1.2.2 The effect on group-V elements on copper 
deposition. 

(1) Effects of arsenic on copper deposition. 

Cyclic voltammogram (10 mV/sec, potential range from -700 mV 

to +500 mV) for copper deposition in As-containing electrolyte 

is shown in Fig.4-10. There are two reduction peaks and no 

reverse peaks, which indicates both reactions are 

irreversible. 

Cyclic voltammogram are shown in Figs.4-11,4-12 and 4-13 

for copper deposition in the presence of arsenic, antimony and 
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bismuth, respectively. The analysis of peak potential and peak 

current density data is depicted Figs.4-14 to 4-16. The 

results of this analysis are summarized in Tables 4-7 to 4-10. 

Basically, copper deposition from As-containing 

electrolyte is similar to the copper deposition from impurity-

free electrolyte: 1) there are no reverse peaks in the cyclic 

voltammograms , 2) ip is proportional to , 3) the plot of 

ip/v^''^ vs decreases with increasing The important 

thing is that the Ep'^-shift difference between pure electrolyte 

and impure electrolytes: the Ep-shift in impurity-containing 

electrolyte is two times larger than that in the impurity-free 

electrolyte. The value of Ep'^-shift can yield the transfer 

coefficient by l/(n*a). Therefore, a is a very small value 

(q!=0.15) . However, the value of a obtained from the difference 

between peak potential and half peak potential is 0.35. 

In As-containing electrolyte, a second reduction peak 

appears in cyclic voltammogram. If the second peak is due to 

the simple reduction of arsenic from trivalent cations 

according to the following reactions: 

As'^ + 3e = As (0.300 V) <4-14> 

HAsOj + 3H'^ + 3e = As + 2H2O (0.248 V) <4-15> 

Ep-shift is given by the equation Ep-shift = 3 0/Bna from 

the diagnostic test [27] of an irreversible electrochemical 
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reaction followed by a chemical reaction (i.e., EC mechanism). 

From the results of this study, one could obtain a value for 

B = 0.1 ( at n' = 3, a = 0.5). Typical values for 6 are in the 

range of 0.3 to 0.7. 

On the other hand , the values of Ep - indicated a= 

0.4 at n'=3. Therefore, if a is 0.5, B will be 0.8. These 

results indicated that B obtaining from Ep-shift yields 

smaller values than the theoretical value and B obtaining from 

Ep -Ep^2 larger than the theoretical value. Results of RDE 

study were used to confirm a value of n'= 3. The value of n' 

can take three probable values : 1,2 and 3. From the Eq.-<4-

4>, the diffusion coefficient is a function of , n, n' 

and a. Reasonable values are n=3 and n'=2 or 3. 

It seemed that copper concentration influences on the Ep 

- shift of the second peak, when these results are compared 

with those at low copper concentrr.ition[ 18]. 

(2) Effects of antimony and bismuth on copper deposition. 

Cyclic voltammograms are depicted in Fig.4-12 and 

Fig. 4-13. for Sb and Bi containing electrolytes, 

respectively .The dependence of Ep , ip and ip/v on scan rate is 

shown in Fig.4-14 ~ Fig.4-16. Analysis of the reduction wave 

in Fig.4-12 is shown in Table 4-11 and Table 4-12. Analysis of 

reduction wave for bismuth shown in Fig.4-13 are provided in 

Table 4-13 and Table 4-14. 
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Table 4-7. Analysis of reduction wave in Fig.4-14. 
( 1st peak ) 

scan peak 
rate potential 

vV2 

(V/sec) ^ ) 

peak current 
density 
i 

(A/cm^) (A/cm^) / (V/sec) 

0.100 -0.173 0.100 1.000 

0.173 -0.215 0.151 0.873 

0.224 -0.308 0.168 0.750 

0.265 -0.334 0.180 0.679 

0.316 -0.400 0.198 0.627 

ip = f(v) 0.4390 + 0.0648 (r=O.S 

Ep = f(v) = -1.0835 
= -0.2249 

_ 0.0524 (r=0. 
log V - 0.5998 (r=0. 

yvVH = f(v) = -1.8004 + 1.1740 (r=0. 

Table 4 -8. The values of n'a from 
E -E .p and E-shift in Fig.4-14. 
( 1st peak ) 

scan 
rate 

vV2 

(V/sec) 

Ep -Ep/2 

( V ) 

• * n'a^ 

(-) 

E-shift n'a,** P 2 

( V ) (-) 

0.100 0.137 0.35 

0.173 0.192 0.25 

0.224 0.218 0.22 0.225 0.15 

0.265 0.222 0.19 

0.316 0.253 0.18 

* E P 
** E • 

P 

48/an' 
33.3/an' 



Table 4-9. Analysis of reduction wave in Fig.4-14. 
( 2nd peak ) 

scan 
rate 
vi/2 

(V/sec) 

peak 
potential 
E 
( ̂  ) 

peak current 
density 

(A/chi^) 

ip/vl/2 

(A/cm^) / (V/sec) 

0.100 -0.330 0.037 0.370 

0.173 -0.354 0.054 0.314 

0.224 -0.442 0.063 0.281 

0.265 -0.484 0.066 0.248 

0. 316 -0.546 0.077 0.244 

= f(v) = 0.1775 + 0.0211 (r=0.989) 

= f(v) = -1.0520 
0.2151 log V 

- 0.2044 (r=0.976) 
- 0.7314 (r=0.931) 

= f(v) = -0.6136 + 0.4237 (r=0.948) 

Table 4 -10. The values of n'a 
-E„,, and E-shift 

C 2n'^' peak ") 

from 
in Fig.4-14. 

scan 
rate 
vV2 

(V/sec) 

\ -Ep/2 
( V ) 

• * n'a^ 

(-) 

E-shift' n'a,^* P 2 

( V ) (-) 

0.100 0.040 1.20 

0.173 0.042 1.14 

0.224 0.042 1.14 0.215 0.15 

0.265 0.054 0.88 

0.316 0.056 0.86 

* Ep - Ep/2 = 48/an' 

** E P 
-shift : 33.3/an' 



Table 4-11. Analysis of reduction wave in Fig.4-14 

scan 
rate 
vV2 

peak 
potential 

Ep 

peak current 
density 
ip 

ip/v1/2 

(V/sec) ( V ) (A/cm^) (A/cm^) / (V/sec) 

0.100 -0.124 0.105 1.050 

0.173 -0.179 0.157 0.908 

0.224 -0.218 0.186 0.830 

0.265 -0.234 0.217 0.819 

0.316 -0.330 0.238 0.753 

ip = f(v) = 0.6248 +0.0459 (r=0.996) 

= f(v) = -0.8845 
-0.1816 log V 

- 0.0218 (r=0.969) 
- 0.8627 (r=0.931) 

yvi/2 = f(v) = -1.3335 + 1.1595 (r=0.977) 

Table 4-12. The 
Ep -

values of n'a from 
Ep^2 Ep-shift in Fig.4-15. 

scan 
rate 
vV2 

(V/sec) 

Ep -Ep,z 

( V ) 

• * n'a^ 

(-) 

E-shift n'a,** P 2 

( V ) (-) 

0.100 0.123 0.39 

0.173 0.171 0.28 

0.224 0.209 0.23 0.182 0.18 

0.265 0.218 0.22 

0.316 0.240 0.20 

* Ep Ep/2 = 48/an' 

** Ep -shift = 33.3/on* 



Table 4-13. Analysis of reduction wave in Fig.4-16. 

scan 
rate 

vV2 

peak 
potential 

Ep 

peak current 
density 

^p 

yvi/2 

(V/sec) ( V ) (A/cm^) (A /cm^) / (V /sec)  

0.100 -0.153 0.110 1.100 

0.173 -0.244 0.159 0.919 

0.224 -0.280 0.171 0.763 

0.265 -0.305 0.185 0.698 

0.316 -0.430 0.213 0.674 

^P 
= f(v) = 0.4491 + 0.0708 (r=0.985) 

^P 
= f(v) = -1.1707 

-0.2424 log V 

- 0.0300 (r=0.969) 
- 0.6207 (r=0.937) 

i p /v1 /2  = f(v) = -2.0796 + 1.2792 (r=0.972) 

Table 4-14. The 
Ep -

values of n*a from 
Ep/2 Ep-shift in Fig.4-16. 

scan 
rate 

v i /2  

(V/sec) 

^P -Ep/2  

(  V  )  

n' a^* 

(-) 

E-shift n'a** 
P 2  

(  V  )  ( - )  

0.100 0.130 0.37 

0.173 0.185 0.26 

0.224 0.200 0.24 0.242 0.14 

0.265 0.218 0.22 

0.316 0.300 0.16 

* Ep - Ep/2 = 48/a:n' 

** E -shift = 33.3/an' p ' 



74 

Peaks corresponding to antimony and bismuth reduction 

were not obtained from these bath compositions. The mechanism 

of copper deposition is the same as that from impurity-free 

electrolyte except for Ep-shift : 1) there are no reverse 

peaks in the cyclic voltammograms , 2) ip is proportional to 

v''^^ , 3) the plot of ip/v^''^ vs decreases with increasing 

The important thing is that the observed Ep^-shift 

difference between pure electrolyte and impure electrolytes. 

At n*=l, the value of a is 0.18 in Sb-containing electrolyte 

and 0.14 in Bi-containing electrolyte. On the other hand, the 

value of a calculated from the value of Ep -Ep^j " =0.39 

(Sb-containing electrolyte) and a=0.37 (Bi-containing 

electrolyte). 

4.1.3 Transfer coefficient "a" 

The transfer coefficient a will be discussed in terms of 

the two methods used to obtain it namely Ep-shift data and 

E„ -E„,, data. p P/2 

4.1.3.1 Definition of transfer coefficient. 

Bockris [28] defines a according to the following 

equation: 

a  =(n- t ) / v  + r6 (reduction reaction) <4-16> 
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where 
T: the preceding step number up to rate determining 

step. 
v: stoichiometric nvunber. 
r: the number of electron transferred in rate 

determining step. 
6; symmetry factor. 
n: total step number. 

The value of a is given for copper reduction by the following 

relationship; 

a = 1 - B <4-17> 

A change of a means a change of 6. The definition of R is 

given by following expression: 

R = (Distance along reaction coordinate between initial and 
activated state)/(Distance along reaction coordinate 
between initial and final state) 

If the value of a decreases in the presence of impurity 

elements, which means the impurity atom lengthens the distance 

along reaction coordinate between initial and activated state 

or shortens the distance along reaction coordinate between 

activated state and final state. 

4.1.3.2 The difference betw6en a from E -shift and a from 

V^P/a-

Ep-shift data is usually used to determine a. In general, 

the most important factor affecting a is the cathode surface. 

Examining the dependence of Ep on scan rate was performed 

using the same electrode but not the same surface. 
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It is likely that the cathode surface will be less active due 

to surface oxidation and that the reduction wave will shift to 

higher cathodic potentials at high scan rate. 

Interestingly, these results show that a value obtained 

from Ep-Ep^2 ^ function of scan rate and that a 

decreases with increasing scan rate. Decreasing a means a 

change in the activation energy profile. Therefore, impurities 

appear to shorten the distance along the reaction coordinate 

between activated and final state. It seems that cations 

adsorbed on the cathode surface. According to the data of 

ionic radius for copper and group-V elements, the ionic radius 

for group-V elements are smaller than that for copper. This 

indicates group-V elements are more likely to adsorb on the 

favorable site than the copper cation. 

Probably, the diffusion coefficient for the impurity is larger 

than that of copper because a decreases with scan rate. 

4.1.4 Electrochemical study of copper deposition using 
other non-steady state methods. 

Other non-steady state methods were used to analyze the 

As-containing system. As a blank test, copper 

electrodeposition was examined using chronoamperometry and 

chronopotentiometry. The duration for the passage of current 

was fixed at 100 sec for both cases. The results of 

chronoamperometry experiments are shown in Figs.4-17 and 4-18. 



77 

300 

CVl 

E 200 
-700mV 

E 100 

-330mV 
-150mV O 

i 1 
(sec)2 

Fig.4-17. The relationship between the current density and 
the square root of the time at constant potentials 
in impurity-free electrolyte. 



78 

300 
As 5 g/I Cu 45 g/I 

H2SO4 200 g/I 

200 

-700 mV 

100 
-330 mV 

-150 mV 

( sec 

Fig. 4-18. The relationship between the current density 
and the square root of the time at constant 
potentials. 



79 

The results of chronopotentiometry measurements are shown in 

Figs.4-19 and 4-20. 

For the chronoamperometry experiments, there is little 

much deference between the As-containing electrolyte and 

the impurity-free electrolyte. During early stages of 

deposition, current density for the impurity-free electrolyte 

is higher than that for the As-containing electrolyte at same 

potential. This indicates that As works a polarizer to initial 

copper deposition, which is in contract to other 

electrochemical data. However, there is not much deference 

between the As-containing electrolyte and the impurity-free 

electrolyte after 9 sec. 

The chronopotentiometry shown in Figs.4-19 and 4-20 

indicate that the transient time is extended by 

the presence of As, which means that arsenic probably co-

deposited with copper and delays the beginning of hydrogen 

evolution. However, the hydrogen overpotential decreased in 

the presence of As. These results correspond favorably with 

those of the CV and LPS experiments. In addition, there is no 

difference between the As-containing electrolyte and the 

impurity-free electrolyte for current densities less than 50 

mA/cm^ (500 A/m^) . 
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4.1.5 Electrochemical study of copper deposition 
from liberator cell conditions. 
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The reasons of using liberator cell conditions were that 

(i) elimination of surface passivation caused by the formation 

according to the following reaction. 

CuO + HjSO^ -+ CuSO^ + HjO <4-6> 

(ii) investigation of deposition potentials of antimony and 

bismuth higher concentration. 

Cyclic voltammograms are reported in Figs.4-21 to 4-24. 

The dependence of Ep , ip and ip/v^^^ on scan rate are shown in 

Figs.4-25 to Fig.4-30. and their analysis summarized in 

Tables 4-15 to Table 4-28. 

The important findings here are that the Ep-shift results 

for liberator cell conditions. The values of a for copper 

deposition ranged from 0.34 to 0.5 (n=l) from the Ep-shift 

data, these values are reasonably close to those reported for 

the CV study. 

It seems that the electrode surface in the high acid 

level electrolyte is more active than in the low acid level 

electrolyte. More importantly, there are three peaks in the 

cyclic voltammogram of the As-containing electrolyte, two 

peaks in the Sb-containing electrolyte, and only one peak in 
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Table 4-15. Analysis of reduction wave in Fig.4-21. 

scan 
rate 
vi/2 

peak 
potential 
E p 

peak current 
density 
ip 

ip/v1/2 

(V/sec) ( V ) (A/cm^) (A/cm^) / (V/sec) 

0.100 -0.019 0.027 0.269 

0.173 -0.038 0.038 0.222 

0.224 -0.078 0.046 0.212 

0.265 -0.096 0.058 0.219 

0.316 -0.102 0.064 0.202 

ip = f(v) = 0. 1780 + 0.0086 (r=0.995) 

Ep* = f(v) = -0, 
-0. 

4258 
0902 log V 

- 0.0252 (r=0.972) 
- 0.1925 (r=0.961) 

yvi/2 = f(v) = -0. 2763 + 0.2844 (r=0.890) 

Table 4-16. The 

^P -

values of n'a from 
Ep^2 Ep-shift in Fig.4-21. 

scan 
rate 
vi/2 

(V/sec) 

Ep -Ep/2 

( V ) 

• * n' Q!̂  

(-) 

E-shift n'a,** 
P 2 

( V ) (-) 

0.100 0.047 1.02 

0.173 0.060 0.80 

0.224 

0.265 

0. 083 

0. 079 

0.58 

0.61 

0.083 0.40 
(0.090) (0.37) 

0.316 0.098 0.49 

* Ep - V= 48/an' 

** Ep-shift = 30/an' 



Table 4-17. Analysis of reduction wave in Fig.4-22. 
( 1st peak ) 

scan 
rate 
vV2 

peak 
potential 

peak current 
density 
ip 

i^/vV2 

(V/sec) ( V ) (A/cm^) (A/cm^) / (V/sec) 

0.100 -0.088 0.024 0.242 

0.173 -0.122 0.035 0.205 

0.224 -0.152* 0.043 0.191 

0. 265 -0.127 0.050 0.190 

0. 316 -0.145 0.059 0.187 

ip = f(v) = 0. 1609 + 0.0077 (r=0.999) 

V 
= f(v) = -0. 

-0. 
4218 
0557 log V 

- 0.0244 (r=0.926) 
- 0.2046 (r=0.867) 

yvV2 = f(v) = -0. 2500 v^/2 + 0.2569 (r=0.910) 

Table 4-18. The 

^P -

values of n'o: from 
Ep/2 Ep-shift in Fig.4-22. 

scan 
rate 
v1/2 

(V/sec) 

Ep -^P/2 

( V ) 

n'a^* 

(-) 

E-shift n'a,** p z 

( V ) (-) 

0.100 0. 080 0.60 

0.173 0.096 0.50 

0.224 

0.265 

0.098 

0.098 

0.49 

0.49 

0.067 0.50 
(0.059) (0.59) 

0.316 0.103 0.47 

* Ep - Ep/2= 48/an' 

** Ep-shift = 30/an' 



Table 4-19. Analysis of reduction wave in Fig.4-22. 
{ 2nd peak ) 

scan 
rate 
vV2 

peak 
potential 

^P 

peak current 
density yvV2 

(V/sec) ( V ) (A/cm^) (A/cm^) / (V/sec) 

0.100 -0.200 0.017 0. 174 

0.173 -0.232 0.021 0. 120 

0.224 -0.246 0.027 0. 119 

0.265 -0.217 0.032 0. 119 

0.316 -0.241 0.036 0. 115 

= f(v) = 0 .0914 + 0.0069 (r=0.986) 

Ep = f(v) = -•0 
•0 
.1433 
.0341 log V 

- 0.1963 
- 0.2748 

(r=0.636) 
(r=0.706) 

ip/v1/2 = f(v) = --0 .2450 + 0.1822 (r=0.816) 

Table 4-20. The values of n'a 
E„ -E„,, and E-shift 
(''2n<f'peak ) " 

from 
in Fig.4 -22. 

scan 
rate 
vV2 

(V/sec) 

Ep -Ep/2 

( V ) 

n'a^* 

(-) 

Ep-shift 

( V ) 

n • a^* 

(-) 

0.100 0.040 1.20 

0.173 0.022 2.18 

0.224 

0.265 

0.026 

0.017 

1.85 

2.82 

0.041 
(0.031) 

0.81 
(1.06) 

0.316 0.011 4.36 

* Ep - E 2 = 48/an' 
** Ep-shift = 30/an' 



Table 4-21. Analysis of reduction wave in Fig.4-22. 
( 3rd peak ) 

scan 
rate 
vi/2 

(V/sec) 

peak 
potential 

®P 
(V ) 

peak current 
density 

(jf/cm^) 

yvi/2 

(A/cin^)/(V/sec) 1/2 

0.100 -0.383 0.024 0.240 

0.173 -0.408 0.032 0.185 

0.224 -0.422 0.039 0.172 

0.265 -0.392 0.042 0.157 

0.316 -0.414 0.049 0.154 

ip = f(v) = 0. 1131 + 0.0126 (r=0.998) 

Ep = f(v) = -0. 
-0. 

0102 v^''2 
0237 log V 

- 0.3819 (r=0.529) 
- 0.4383 (r=0.600) 

ip/v1/2 = f(v) = -0. 3948 + 0.2667 (r=0.942) 

Table 4-22. The values of n'a from 
E -E ,2 and E-shift in Fig.4-22. 
( 3ra peak ) 

scan 
rate 
vV2 

(V/sec) 

Ep -^/2 

( V ) 

n'a^* 

(-) 

E-shift n'o,** 
P 2 

( V ) (-) 

0.100 0.096 0.50 

0.173 0.066 0.73 

0.224 

0.265 

0.085 

0.068 

0.56 

0.71 

0.031 1.07 
(0.024) (1.38) 

0.316 0.072 0.67 

* ®P 
** 

- E .2= 48/an' 
•shirt = 30/an' 



Table 4-23. Analysis of reduction wave in Fig.4-23. 
( 1st peak ) 

scan 
rate 
vV2 

peak 
potential 

^P 

peak current 
density 
ip 

ip/vV2 

(V/sec) 1/2 ( V ) (A/cm^) (A/cm^) / (V/sec) 

0.100 -0.067 0.030 0.300 

0.173 -0.110 0.040 0.232 

0.224 -0.114 0.051 0.227 

0.265 -0.146 0.064 0.240 

0.316 -0.167 0.073 0.231 

ip = f(v) = 0. 2063 + 0.0070 (r=0.991) 

Ep = f(v) = -0. 
-0. 

4503 
0952 log V 

- 0.0237 (r=0.983) 
- 0.2537 (r=0.970) 

yvV2 = f(v) = -0. 2740 + 0.3051 (r=0.747) 

Table 4-24. The 
Ep -

values of n'a from 
•E -2 and E-shift in Fig.4-23. 
( 1st peak ) 

scan 
rate 
vi/2 

(V/sec) 1/2 

®P -Ep/2 

( V ) 

• * n*Q!^ 

(-) 

E-shift n'o,** P 2 

( V ) (-) 

0.100 0.072 0.67 

0.173 0.081 0.59 

0.224 

0.265 

0.091 

0.107 

0.53 

0.45 

0.097 0.34 
(0.095) (0.35) 

0.316 0.099 0,48 

4r 
** 

Ep 
Ep 

- E 2 = 48/an' 
-shift = so/an' 



Table 4-25. Analysis of reduction wave in Fig.4-23 
( 2nd peak ) 

scan 
rate 
vV2 

(V/sec) 

peak 
potential 

( V ) 

peak current 
density 

(m/f/cm̂ ) 

yvV2 

(iriA/cm^) / (V/sec) 

0.100 -0.193 - -

0.173 -0.193 0.9 5.2 

0.224 -0.214 3.3 14.7 

0.265 -0.217 7.4 27.9 

0.316 -0.237 7.7 24.4 

ip = f(v) = 40.621 - 4.9000 (r=0.946) 

= f(v) = -1.1707 
-0.0416 log V 

- 0.0300 (r=0.937) 
- 0.2689 (r=0.937) 

yvV2 = f(v) = -0.1343 - 0.0145 (r=0.934) 

Table 4-26. The 
Ep -

values of n'a 
Ep^2 Ep-shift 

from 
: in Fig.4-23. 

scan 
rate 
vi/2 

(V/sec) 

Ep -^2 

( V ) 

a * n'a^ 

(-) 

E-shift n'a,** 
P 2 

( V ) (-) 

0.100 - -

0.173 - -

0.224 

0.265 

0.044 0.77 
(0.041) (0.81) 

0.316 — 

* Ep - E 2 = 48/an' 
** Ep-shift = 30/an' 



Table 4-27. Analysis of reduction wave in Fig.4-24. 
( 1st peak ) 

scan 
rate 

v V 2  

peak 
potential 

Ep 

peak current 
density 
i p  

ip/v1/2 

(V/sec) {  V  )  (A/cm^) (A/cm^) / (V/sec) 

0.100 -0.050 0.025 0.252 

0.173 -0.079 0.044 0.252 

0.224 -0.112 0.051 0.227 

0.265 -0.118 0.059 0.223 

0.316 -0.118 0.067 0.212 

i p  = f(v) = 0. 1911 - 0.0080 (r=0.993) 

Ep = f(v) = -0. 
-0. 

3411 
0752 log V 

- 0.0219 (r=0.944) 
- 0.2003 (r=0.971) 

ip/ v 1/2 = f(v) = -0. 2038 + 0.2771 (r=0.942) 

Table 4-28. The 
Ep -

values of n'a from 
Ep/2 and Ep-shift in Fig.4-24. 

scan 
rate 
vi/2 

(V/sec) 

Ep -Ep/2 

( V ) 

t  *  n'a^ 

(-) 

E -shift n'a/* P 2 

( V ) (-) 

0.100 0.066 0.73 

0.173 0.088 0.54 

0.224 

0.265 

0.070 

0.110 

0.69 

0.44 

0.068 0.49 
(0.075) (0.44) 

0. 316 0.129 0.37 

* Ep - Ep/2= 48/an' 

** Ep-shift = 3 0/an' 
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the Bi-containing electrolyte. The Ep of the second peak in 

the As-containing electrolyte was at -200 mV for a scan rate 

of 10 mV/sec, the Ep of the second peak in Sb-containing 

electrolyte was at -193 mV. The reduction potential of group-V 

elements in acid solution are given by the following 

reactions. 

Bio"" + to
 + + 3e = Bi + H2O (0.320 V) A
 

to
 1 V
 

HAsOj + 3H'' + 3e = As + 2H2O (0.248 V) <2-5> 

SbO"" + 2H* + 3e = Sb + HjO (0.210 V) A
 

to
 1 V
 

or 
SbjOj + 6H* + 6e = 2Sb + 3H2O (0.152 V) <4-18> 

The reduction potential of bismuth is close to that of copper 

in the acid solution. If bismuth deposits electrochemically, 

there is the probability that the peak for bismuth reduction 

is hidden by that of copper reduction. 

In As-containing electrolyte, a third peak for As 

reduction was obtained. From standard potential, it seemed 

that the third peak were dependent on following reaction: 

3C\x^* + HAsOj + SH"" + 9e = CUjAs + 2H2O (0.450 V) <4-19> 

Finally, hydrogen overpotentials for liberator cell 

condition are not much different values for the low acid bath 

composition. 
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4.1.6 Auger electron spectroscope study. 

The results of this investigation for A-type electrolyte 

and B-type electrolyte indicated reduction peaks for arsenic. 

The relationship for each peak and the associated 

electrochemical reactions were discussed in the previous 

section. These peaks were analyzed using Auger electron 

spectroscopy. The samples were obtained using 

chronoamperometry after the transient time was confirmed. 

Arsenic transient times are more than 3 0 sec in both A-type 

and B-type electrolyte. A deposition time of 30 sec was 

selected for the As containing electrolyte. 

The results for the main peak analysis are summarized in 

Table 4-29 and the Auger electron spectra are given in Figs. 

4-31 to 4-39. 

The Auger electron spectra indicate peaks due to As 

(at 1224 eV and 1263 eV) for the A-type As-containing 

electrolyte. After sputtering (Fig.4-32), C and O peaks 

decrease; however, the peak for As doesn't change. This 

indicates that As deposit electrochemically. These results 

confirm those obtained by the CV-study. Namely, the following 

reaction proceeds at -0.330 V in As-containing electrolyte (A-

type). 

HAsOg + 3H^ + 3e = As + 2H2O (0.248 V) <2-4> 



102 

Table 4-29. A result of Auger Electron Spectroscopy 

Electrolyte Identification Peak potential Contents of 
(g/1) of peak (mV) element (at. %) 

As-containing* 2nd -0.330 As 4.4 

Cu 96.8 

As-containing* 

2nd -0.200 As 23.5 
Cu 76.4 

3rd -0.383 
Cu 58.6 
As 3.0 
O 38.2 

Sb-containing 2nd -0.193 Sb 3.1 
Cu 96.8 

Bi-containing 1st -0.050 no Bi 

* commercial tank house condition. 
** de-impurity tank house condition. 
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Fig.4-31. Auger electron spectra of electrodeposit at the 
second peak in the As-containing electrolyte 
<A-type electrolyte> (before sputtering). 
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Fig.4-32. Auger electron spectra of electrodeposit at the 
second peak in the As-containing electrolyte 
<A-type electrolyte> (after sputtering). 
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Fig.4-33. Auger electron spectra of electrodeposit at the 
second peak in the As-containing electrolyte 
<C-type electrolyte> (before sputtering). 
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Fig.4-34. Auger electron spectra of electrodeposit at the 
second peak in the As-containing electrolyte 
<C-type electrolyte> (after sputtering). 
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Fig.4-35. Auger electron spectra of electrodeposit at the 
third peak in the As-containing electrolyte 
<C-type electrolyte > (before sputtering). 
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Fig.4-36. Auger electron spectra of electrodeposit at the 
third peak in the As-containing electrolyte 
<C-type electrolyte> (after sputtering). 
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Kinetic energy (eV) 

Fig.4-37. Auger electron spectra of electrodeposit at the 
second peak In the Sb-contalning electrolyte 
<C-type electrolyte> (before sputtering). 
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Fig.4-38. Auger electron spectra of electrodeposit at the 
second peak in the Sb-containing electrolyte 
<C-type electrolyte> (after sputtering). 
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Fig.4-39. Auger electron spectra of electrodeposit at the 
first peak in the Bi-containing electrolyte 
<C-type electrolyte> (after sputtering). 
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For the C-type electrolyte containing As and at the 
I 

second peak, several large peaks appear in the Auger electron 

spectra shown in Fig.4-33 for As (at 1030 eV, 1127 eV, 1227 

eV, and 1260 eV). After sputtering, the arsenic peaks remain 

while the peaks for C and O peak noticeably. This suggests 

that Eq.-<4-15> occurs at -0.200 V. The sample 

obtained for As-containing electrolyte at -0.383 V showed a 

large amount of oxygen. There are no peaks due to As in Auger 

Electron Spectra. However, peaks due to As appeared after 

sputtering. In spite of sputtering, the O peak is still very 

large. From the surface observation, electrode surface was 

extremely rough and was very porous. At this potential, it is 

assumed that the following reaction occurs: 

3Cu2'' + HAsOj + 3H'' + 9e = CUjAs + 2H2O (0.24 0 V) <4-19> 

Probably, the reason of large oxygen peaks is due to surface 

oxidation after electrodeposition. It is known that black 

porous deposition on cathode at liberator tank house is 

copper arsenide. However, it is still not clear whether Cu,As„ X y 

was formed or not. And also, the ratio of x / y is still not 

clear at this point. In the sample produced at -0.193 V in 

the Sb-containing electrolyte, there are several peaks due to 

Sb deposition observed after sputtering. Probably, the 2nd 

peak was due to a following simple Sb reduction reaction 
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SbO* + 2H* + 2e = Sb + HgO (0.210 V) <2-6> 

Unfortunately, there are no peak due to Bi in the Auger 

electron spectra. However, electrochemical reduction is likely 

to occur in this system since the standard potential for Bi 

reduction is very close to that of copper reduction . As an 

area for future work, it is necessary to confirm the existence 

of Bi at the first peak (-0.050 V). 
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4.2 Morphological studies 

The effect of group-V impurities on copper deposit 

morphology was examined using 4 x 4 in. cathodes. Deposit 

morphology was characterized using SEM and visual inspection, 

and X-ray diffraction (XRD) analysis. Impurity element, and 

current density were varied during this phase of the 

investigation and cathodes were sampled at the various 

described in chapter 3. 

4.2.1 The effect of current density. 

Electrodeposited copper obtained at different current 

densities showed quite different visual appearances. As shown 

in Figs.4-40 and 4-41, there is a noticeable difference in 

cathode color and texture between 250 A/m^ and 500 A/m^. In 

particular, cathodes from the impurity-free electrolyte and 

from the As-containing electrolyte exhibit a strong dependence 

on current density; The color of cathodes at high current 

density is much darker than those produced at low current 

density. In fact the cathode produced at 500 A/m^ in the 

impurity-free electrolyte appeared dark brown. It seemed that 

this difference depends on surface oxidation due to surface 

morphologies (probably a difference of specific area). 

From the visual appearances of the cathodes, many 



Impurity-free electrolyte 
(Cu 45 gjl, H2S04 200 gjl) 

Sb-containing electrolyte 
(Sb 0.5 gjl) 

As-containing electrolyte 
(As 5 gjl) 

Bi-containing electrolyte 
(Bi 0.15 g/1) 

Fig.4-40 Copper deposits from various electrolyte at 250 A/m 2
• 

(Position 11 8 11
) 
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Impurity-free electrolyte 
(Cu 45 gjl, H2S04 200 g/1) 
I 

Sb-containing electrolyte 
(Sb 0.5 g/1) 

As-containing electrolyte 
(As 5 g/1) 

Bi-containing electrolyte 
(Bi 0.15 g/1) 

Fig.4-41 Copper deposits from various electrolyte at 500 A/m2
• 

(Position 11 8 11
) 
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differences color and texture could be detected due to current 

density. Therefore, the deposit morphology for these samples 

was examined using SEM in order to obtain more detail. The 

morphology for various electrolytes at 250 A/m^ and 500 A/m^ 

is shown in Figs.4-42 to 4-45. In particular, a strong 

dependence of current density appeared in the impurity-free 

electrolyte. Namely, random crystal growth appeared to take 

place at low current density, however a tendency of dendritic 

growth appeared to take place at high current density. In the 

SEM observations, there was not much difference between low 

and high current density for the group-V element containing 

electrolytes. 

As shown by the results of the SEM study, copper 

crystallization depends strongly on current density in the 

impurity-free electrolyte. Therefore the crystallographic 

orientation of copper deposition was examined using X-ray 

diffractometry. X-ray diffraction patterns were obtained for 

25 different (current density, position and electrolyte) 

samples. X-ray diffraction orientation data are summarized in 

Table 4-3 0. The XRD examination started using a blank 

substrate. The result for the blank substrate indicated that 

the (111) orientation dominated the substrate. The XRD results 

indicated that high current density promoted the (220) 

orientation in the impurity-free. As-containing and Sb 

containing electrolyte. In general, the (220) face dominated 



Position "B" (Impurity-free) 
250 A/m2

, 72 hrs. 

Position "B" (As-containing) 
250 A/ m2

, 72 hrs. 

Fiq.4-42 Copper deposit at 250 A/m2
, position "B" in the impurity

free and As-containing electrolyte <A-type electrolyte>. 
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Position "B" (Sb-containing) 
250 A/ m2

, 72 hrs. 

Position "B" (Hi-containing) 
250 A/m2

, 72 hrs. 
Fig.4-43 Copper deposit at 250 A/ m2

, posrtion "8" in the Sb
containing and Bi-containing electrolyte 
<A-type electrolyte> . 

1) 9 



Position "B" (Impurity-free) 
500 A/m2

, 36 hrs. 

Position "B ' (As-containing) 
500 A/m2

, 36 hrs. 

Fig.4-44 Copper deposit at 500 A/m2
, position "B" in the impurity

free and As-containing electrolyte <A-type electrolyte>. 
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-

Position "B" (Sb·containing) 
250 Ajm1., 72 brs. 

Fig.4-46 A fault star in the copper deposit in the Sb-containing 
electrolyte <A-type electrolyte> . 
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Table 4-30. X-ray diffraction orientation data. 
( 40° < 20 < 80°) 

Current 
density Electrolyte Position 

Intensity ratio 

(A/m^) (111) (200) (220) 

A 100 46 27 
Impurity-free B 100 77 58 

C 54 26 100 
A 89 51 100 

As-containing B 87 82 100 
C 64 32 100 

250 A 25 39 100 
Sb-containing B 0 20 100 

C 16 19 100 
A 0 0 100 

Bi-containing B 0 0 100 
C 0 0 100 

A 100 41 27 
Impurity-free B 13 60 100 

C 37 30 100 
A 32 15 100 

As-containing B 13 6 100 
C 16 10 100 

500 A 0 0 100 
Sb-containing B 0 0 100 

C 0 0 100 
A 0 15 100 

Bi-containing B 0 15 100 
C 100 32 60 

Substrate (starting sheet) 100 46 43 
deposited-side 

B 

Identification of 
position in a 
cathode 

C 
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at both low and high current density for the Bi-containing 

electrolyte. 

4.2.2 The effect of impurities. 

The effect of impurities on copper deposit was 

investigated using various electrolytes. The visual appearance 

of the cathodes revealed that differences in color and texture 

could be detected due to the presence of group-V elements. For 

example, the copper deposit in the presence of As at 250 A/m^ 

has a brightest copper color compared to those obtained from 

other electrolytes at the same current density which appeared 

darker. In the presence of Sb or Bi, the color of copper 

deposits was noticeably darker than those obtained in the 

impurity-free and As-containing electrolyte. The texture for 

copper deposits was also quite different due to the addition 

of group-V elements. In particular, Sb and Bi promoted crystal 

growth more than nucleation and produced in extremely rough 

surface. 

From SEM observations, random crystal growth appeared to 

take place in the presence of As and was similar to the 

impurity-free electrolyte as depicted in Fig.4-42. The most 

significant feature is the difference between copper 

deposition impurity-free electrolyte and that from Sb-or/and 

Bi-containing electrolyte. Clearly, copper crystal became 
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faceted and truncated by the presence of Sb and Bi in the 

electrolyte as shown in Fig.4-43. In the As-containing 

electrolyte, this feature was not observed. Fault stars and 

twins were also observed as shown in Fig.4-46. These findings 

indicated the presence of considerable dislocations in 

electrodeposited copper. 

From the result of XRD study shown in Fig.4-30, copper 

crystallographic orientation depends strongly on impurities. 

In the impurity-free electrolyte, the (111) orientation was 

the predominant structure. On the other hand, the addition of 

Sb or Bi promoted (22 0) oriented deposits, particularly, the 

addition of Bi at 250 A/m^ and Sb at 500 A/m^ produced a 

deposit containing only the (220) crystallographic plane. In 

general, the orientation in the As-system was similar to that 

for the impurity-free electrolytes. However, the (220) 

orientation was predominant at 250 A/m^. These findings 

support the results of O'Keefe et al.[29]. They studied the 

relationship between Sb concentration and crystal orientation 

of copper on titanium plate for commercial tank house 

conditions. They concluded that the tendency toward (220) 

orientation increased with increasing Sb concentration. 

4.2.3 The effect of position 

Sampling position does not exhibit influence on the 
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visual appearances and SEM observations. Therefore, the effect 

of sampling position was mainly analyzed using XRD 

information. The effect of sampling position on the X-ray 

diffraction patter appeared to have the most pronounced effect 

in the impurity-free and the As-containing electrolyte. For 

the impurity-free electrolyte, the (111) orientation was 

predominant; however, the orientation was changed from (111) 

to (220) from bottom to top of the electrode. The same effect 

was obtained for the As-containing electrolyte. These results 

can be explained in term of natural convection theory, the 

current density is highest at the bottom of the electrode and 

decreases toward the top of the electrode. This interpretation 

is in complete agreement with those observed for the effect of 

current density reported above. 

4.2.3.4 Summary and key issues 

High current density promoted the (22 0) orientation. In 

general, high current density is equivalent to high 

overpotential. The (220) orientation was induced by the high 

overpotential, which also indicated Sb and Bi promoted the 

high overpotential since Sb and Bi promoted the (220) face. 

Namely, Sb and Bi work as polarizing agents. These results are 

different from those found from the Tafel slope. However, it 

should be pointed out that the electrochemical data analysis 
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represents only initial deposition while the three day 

electrodeposition experiments represent extend process 

conditions. Group V -impurities function as depolarizers 

during the initial deposition stage and as polarizing agents 

for long term electrodeposition. 

Position "C" (at 500 A/m^) in the Bi-containing 

electrolyte showed a different tendency, this data is 

questionable because the surface roughness is very large at 

this position and the value of X-ray counts/sec (i.e.. 

Intensity of X-ray diffraction) is very low. 

Although polycrystalline deposit are produced under the 

conditions of this investigation, important information can be 

gained from work with single crystals [30][31]. It has been 

shown [32] using copper single crystals that surface diffusion 

prefers the [110] direction. Therefore, the grain size 

increases and recrystallization occurs at (110) face. It is 

also known that i^^ for different crystal orientation follows 

the order [31]. 

0̂(111) ô(IOO)'̂  0̂(110) <4-20> 

The order suggest the disappearance of the (111) face and the 

formation and growth of new and more active crystal faces over 

the original substrate. Cusminsky [36] also showed deposit 

thickness is a function of the crystallographic orientation 
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for the base single crystal, which related to the atomic 

density and to the stability as revealed by the work function. 

Twinning in the fault star in SEM is probably the [111] 

direction according to Ogburn and Newton [33]. 

This study was not concerned with the analysis of high 

index faces. Probably, the intensity ratio of high index faces 

was changed by high current density and/or impurities. 
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CHAPTER-5 

CONCLUSIONS 

5.1 Electrochemistry of copper deposition from impurity-free 
and impurity-containing electrolytes. 

1. Copper deposition( at -0.150 V) is subject to an 

irreversible reaction with a preceding chemical reaction 

( i.e.,CE mechanism) because there is no reverse peak in 

cyclic voltammogram and because ip/v^''^ decreased with 

increasing In addition, experimental results 

supported a one electron transfer mechanism. 

2. Copper deposition from group-V containing electrolytes is 

also subject to an irreversible reaction with a preceding 

chemical reaction. However, the transfer coefficient is 

very small indicating that the impurity changes the energy 

profile on the cathode surface. 

3. From the Tafel slope, group-V elements functioned as a 

depolarizer towards copper deposition. In addition, group-V 

elements also worked as a depolarizer towards hydrogen 

evolution. 
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4. In the As-containing electrolyte, there are two reduction 

peaks. The first peak represents copper reduction and the 

second peak is associate with arsenic reduction. The 

arsenic reduction step is more complex because 

decreased with increasing From standard potentials, 

the second peak consists of two reactions: a chemical 

reaction followed by simple arsenic reduction. 

5. For liberator cell condition, the Ep-shift is very small 

in any condition: a high acid level electrolyte induce more 

active surface than a low acid level electrolyte. 

6. For liberator cell conditions, there are three peaks in 

the cyclic voltammogram for the As-containing electrolyte, 

two peaks for the Sb-containing electrolyte, only one peak 

in the Bi-containing electrolyte. The Ep of the second peak 

in the As-containing electrolyte was -2 00 mV at scanning 

rate 10 mV/sec, the Ep of the second peak in the Sb-

containing electrolyte was -193 mV. 

7. From the Auger electron spectra, there are as expected 

group-V element at each peak except the first peak of Bi-

containing electrolyte. 
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5.2 Morphological studies 

1. From SEM observations, Sb and Bi promote truncated 

copper crystals as compared to random crystals in the 

impurity-free electrolytes. In addition, fault star and 

twins occurred frequently in the presence of Sb and Bi. 

The probable direction for the twins is [ill], 

2. X-ray diffraction pattern analysis showed the addition 

of group-V promoted the (220) orientation compared to 

impurity-free condition. The predominate 

crystallographic orientation of the substrate was the 

(111) face. 

3. From previous study which used single crystal, the (110) 

face is more active either the (100) face or the (111) 

face: high current density and impurities induces an 

active crystallographic face. 

4. High overpotential appear to strongly influence crystal 

orientation since high current density, lower position 

on cathode and the presence of impurity produce higher 

overpotential. 
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FUTURE WORK 

A considerable amount of basic information was obtained 

regarding the role of Group-V elements in the electrorefining 

of copper. However, the experimented system was very simple 

compare to an actual tank house conditions which contain many 

operating valuable. Therefore, future work is still required 

to fully understand the copper electrorefining process. 

The followings are recommended. 

1. Examine the effect of group-V on copper deposition 

in the presence of other cation impurities (like a 

Ni, Fe and so on). 

2. Investigate the effect of group-V on copper deposition 

in the presence of additives (glue, thiourea and 

so on). 

3. Examine the effect of co-existence of group-V on copper 

deposition: the As-Sb-Bi system. 

4. Confirm the cause of contamination of cathode in 

commercial tank house (contamination mechanism). 

5. Confirm the cause of nodulation on cathode, in 

particular, examine the relationship between morphology 

and crystal orientation for various conditions. 
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