MODERN ASPECTS OF
ELECTROCHEMISTRY, No. 48:

ELECTRODEPOSITION

THEORY AND PRACTICE

For other titles published in this series, go to
Wwww.springer.com/series/6251



Modern Aspects of
Electrochemistry

Series Editors:

Ralph E. White

Department of Chemical Engineering
University of South Carolina
Columbia, SC 29208

Constantinos G. Vayenas
Department of Chemical Engineering
University of Patras

Patras 265 00

Greece

Managing Editor:

Maria E. Gamboa-Aldeco
1107 Raymer Lane
Superior, CO 80027



MODERN ASPECTS OF
ELECTROCHEMISTRY, No. 48:

ELECTRODEPOSITION

THEORY AND PRACTICE

Edited by

Stojan S. Djokic

Elchem Consulting Ltd., Canada

@ Springer



Editor

Dr. Stojan S. Djokic¢
Elchem Consulting Ltd.
15511-103 Street NW.
Edmonton AB T5X 6B3
Canada

sdjokic @telus.net

Series Editors

Ralph E. White Constantinos G. Vayenas
Department of Chemical Department of Chemical
Engineering Engineering
University of South Carolina University of Patras
Columbia, SC 29208 Patras 265 00

Greece

Managing Editor

Maria E. Gamboa-Aldeco
1107 Raymer Lane
Superior, CO 80027

ISBN 978-1-4419-5588-3 e-ISBN 978-1-4419-5589-0
DOI 10.1007/978-1-4419-5589-0
Springer New York Dordrecht Heidelberg London

Library of Congress Control Number: 2010925320

(© Springer Science+Business Media, LLC 2010

All rights reserved. This work may not be translated or copied in whole or in part
without the written permission of the publisher (Springer Science+Business Media,
LLC, 233 Spring Street, New York, NY 10013, USA), except for brief excerpts in
connection with reviews or scholarly analysis. Use in connection with any form of
information storage and retrieval, electronic adaptation, computer software, or by
similar or dissimilar methodology now known or hereafter developed is forbidden.
The use in this publication of trade names, trademarks, service marks, and similar
terms, even if they are not identified as such, is not to be taken as an expression of
opinion as to whether or not they are subject to proprietary rights.

Printed on acid-free paper

Springer is part of Springer Science+Business Media (www.springer.com)



Preface

In the past few decades, research in the electrochemical and
chemical deposition of metals, alloys, and compounds has brought
about significant achievements that are important for the practical
applications. The research in this area was related and/or supported
with the developments in electronics, aerospace, automotive, energy
conversion, and biomedical industries.

The aim of this issue of Modern Aspects of Electrochem-
istry is to review the latest developments in the science of electro-
chemical and chemical deposition of various metals, alloys, and/or
compounds.

Competent scientists/researchers in their respective fields from
all around the world were invited to write this volume and [ am very
thankful to them to make this volume a reality.

Nikoli¢ and Popov in Chapter 1 discuss the effects of code-
position of hydrogen on the structure of electrodeposited copper.
The simultaneous hydrogen evolution and codeposition is more
extensively studied in the cases of electrodeposition of chromium
or iron group of metals and/or alloys. An increased hydrogen evo-
lution during the electrodeposition of metals leads to noticeable
changes in mass and heat transfer, limiting current density, and
Ohmic resistance. Consequently, the simultaneous hydrogen evolu-
tion significantly influences the surface morphology of the deposited
copper, thus leading to the formation of open porous structure with
extremely high surface area. The honeycomb-like or other different
features of the surface morphology as well as various shapes of
electrochemically prepared powders are correlated to the amount
of simultaneously evolved hydrogen during the electrodeposition
process. From a practical point of view, due to extremely high sur-
face area, materials prepared in this way can be technologically very
useful for the applications as electrodes in fuel cells, batteries, or
Sensors. y

Chapter 2, by Strbac and Wieckowski, gives an impressive
overview of a new class of electrode materials that deserve an ad-
vanced focus in the future. This chapter is related to the electrochem-
ical or spontaneous deposition of Ru and Os on Au(111) and Pt(111)
single crystal surfaces. The contribution of this chapter is particu-
larly important for the understanding of the principles of reactivity
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vi Preface

at single crystal electrodes modified by metal nanoislands in the
heterogeneous catalysis research. On the applied side, the authors
correlate the surface structure and its catalytic activity with the re-
actions relevant for the fuel cells.

In Chapter 3, by Shaigan, electrodeposition for electrochemical
conversion and storage devices is presented. This chapter discusses
the latest developments on metal, metal oxide, and conductive
polymer electrodeposition processes developed and studied for the
applications in the fields of fuel cells, batteries, and capacitors.
The importance of electrodeposited materials, which are used or
may have the future potential applications in the energy conversion
or storage, is clearly shown.

In Chapter 4 by Popov et al., the aspects of the newest devel-
opments of the effect of surface morphology of activated electrodes
on their electrochemical properties are discussed. These electrodes,
consisting of conducting, inert support which is coated with a thin
layer of electrocatalyst, have applications in numerous electrochem-
ical processes such as fuel cells, industrial electrolysis, etc. The inert
electrodes are activated with electrodeposited metals of different sur-
face morphologies, for example, dendritic, spongy-like, honeycomb-
like, pyramid-like, cauliflower-like, etc. Importantly, the authors
correlate further the quantity of a catalyst and its electrochemical
behavior with the size and density of hemispherical active grain.

Brevnov and Mardilovich present in Chapter 5 the electrochem-
ical micromachining and surface microstructuring based on porous-
type anodization of patterned films. Anodic dissolution of aluminum
in unprotected areas results in the formation of the porous Al,O3
features, whose trapezoidal shape is dictated by the ratio of the ver-
tical and lateral dissolution rates. On the other hand, in the areas
protected by the anodization mask, the Al phase is preserved. As a
result, the obtained microstructure represents a combination of re-
gions of Al and Al,O3. Micro- and nanostructured Al and Al,O3
substrates can be used as templates in soft lithography. This aspect of
surface treatment is very important for applications in the microelec-
tronics and solar cell industries as well in the fabrication of passive
electrical components. The review further focuses on the technolog-
ical merits of these microfabrication methods and their application
for fabrication of 3D metallic and ceramic microstructures.

Djoki¢ and Cavallotti in Chapter 6 discuss the latest de-
velopments in the field of electroless deposition. This review is
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complementary to Djoki¢’s chapter published in Modern Aspects
of Electrochemistry, vol. 35. The electroless deposition itself is
quite suitable for the production of different structures and mate-
rials discussed in the previous chapters of this volume. If properly
carried out, this simple process produces very uniform and contin-
uous coatings on complex shapes, which are difficult to obtain by
other competitive technologies. The electroless deposition is used in
many areas of production of modern materials and devices. Recent
advances in electronics, energy conversion, biomedical fields, etc.
are presented. For the successful operation of electroless deposition
on the industrial scale, the basic mechanistic aspects should further
be investigated.

This new volume of Modern Aspects of Electrochemistry brings
to the scientists, engineers, and students new concepts and summa-
rized results in the field of science of electrochemical and chemical
deposition, which may have significant influence for future practical
applications.

Stojan S. Djoki¢
Edmonton, AB
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Hydrogen Co-deposition Effects
on the Structure of Electrodeposited Copper

Nebojsa D. Nikoli¢! and Konstantin I. Popov!-2

VICTM-Institute of Electrochemistry, University of Belgrade, Njegoseva 12,
Belgrade, Serbia
2Faculty of Technology and Metallurgy, University of Belgrade, Karnegijeva 4,
Belgrade, Serbia

I. INTRODUCTION

The creation of open porous structures with an extremely high
surface area is of great technological significance because such
structures are ideally suited for electrodes in many electrochemi-
cal devices, such as fuel cells, batteries, and chemical sensors.! The
open porous structure enables the fast transport of gases and liquids,
while the extremely high surface area is desirable for the evalua-
tion of electrochemical reactions. The electrodeposition technique
is very suitable for the preparation of such structures because it is
possible to control the number, distribution, and pore size in these
structures by the choice of appropriate electrolysis parameters.
These metal structures can be formed in both potentiostatic and
galvanostatic regimes of electrolysis and their formation are always
accompanied by strong hydrogen co-deposition. Hydrogen evolution
is the second reaction which occurs at the cathode during electrode-
position processes from aqueous solutions; in some cases it can be

S.S. Djokic (ed.), Electrodeposition: Theory and Practice,
Modern Aspects of Electrochemistry 48, DOI 10.1007/978-1-4419-5589-0_1,
© Springer Science+Business Media, LLC 2010
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2 N.D. Nikoli¢ and K.I. Popov

ignored while in other cases it cannot.? Co-deposition of hydrogen
during chromium electroplating is the best documented system,>*
because the cathode current efficiency for chromium electrodeposi-
tion is 10-25%. Generally, the effect of hydrogen co-deposition dur-
ing metal electrodeposition processes can be manifested through:?

1. Hydrogen absorption which occurs in the substrate metal as H
atoms, not Hy molecules, but may gather as molecule bubbles
in voids or vacancies, thus leading to hydrogen embrittlement.

2. Hydrogen bubbles which cling to the surface in an adsorbed
state; this leads to the growth of pores as the deposition con-
tinues around the bubbles before they are released.

3. Hydrogen bubble evolution can provide a stirring effect and
lead to a substantial bubble raft at the free surface of the
solution.

The most often employed electrolytes for the electrodeposition
of copper are those based on aqueous solutions of sulfuric acid
(H2S04) and cupric sulfate (CuSO4).> The main species present in
aqueous sulfuric acid solutions containing Cu(II) are: bisulfate ions
(HSO47), cupric ions (Cu?h), aqueous cupric sulfate (CuSO4(ag)),
hydrogen ions (H'), and sulfate ions (SO427).%® In an aqueous
solution of sulfuric acid and cupric sulfate, two weak electrolytes,
HSO4~ and CuSOy(aq), are formed according to the following
reactions:

H* + S042~ = HSO4~ (1)
Cu?™ 4 S04*~ = CuSOuag) )

Pitzer’s model’ was used to calculate the ionic equilib-
rium in the CuSO4—H;SO4—H>O system over a wide range
of concentrations and temperatures.® Using Pitzer’s model, the rela-
tive concentrations of hydrogen ions (H™) as a function of the total
copper concentration and solution acidity were calculated, and this
dependence is presented in Fig. 1. From Fig. 1 it can be clearly seen
that increasing the copper concentration produces a sharp decrease
in the hydrogen ion concentration, while increasing the concen-
tration of sulfuric acid produces an increase in the hydrogen ion
concentration.

According to (1) and (2), the addition of sulfuric acid to the so-
lution decreases the concentration of free sulfate ions due to the
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Figure 1. Relative concentration of hydrogen ions as function of sulfuric acid
and total copper concentrations, at 25°C (Cry4 = [HT1/[HT]). (Reprinted

from Ref. 8 with permission from Elsevier).

formation of bisulfate ions. The addition of cupric sulfate to the
solution increases the concentration of bisulfate ions and decreases
the concentration of hydrogen ions.

In the case of copper electrodeposition,'? as opposed to other
metals such as nickel and cobalt,!!-12 there are well-defined ranges
of current densities and overpotentials without and with hydrogen
co-deposition. The beginning of the hydrogen evolution reaction,
as the second reaction, corresponds to some overpotential belong-
ing to the plateau of the limiting diffusion current density, being
higher than the critical overpotential for the initiation of dendritic
growth and lower than that for instantaneous dendritic growth.!3 In-
creasing the overpotential intensifies the hydrogen evolution reaction
and at some overpotential outside the plateau of the limiting diffu-
sion current density, hydrogen evolution becomes vigorous enough
to change the hydrodynamic conditions in the near-electrode layer.
This offers the possibility of detailed investigations and comparison
of the morphologies of copper, and consequently, of any other met-
als, obtained without and with hydrogen co-deposition.

In the case of copper, electrodeposition at low overpotentials
produces large grains with relatively well-defined crystal shapes.
Further increasing the overpotential leads to the formation of
cauliflower-like and carrot-like protrusions, and finally, dendritic de-
posits are formed in the absence of strong hydrogen co-deposition. '3
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Strong hydrogen co-deposition leads to a mixing of the solution and
changes the mass transfer limitations at an electrode surface. At the
same time, the evolved hydrogen bubbles exert substantial effects
on mass and heat transfer, limiting current density and ohmic re-
sistance, 41 as well as on the morphology of the deposit, leading
to the formation of open porous structures with an extremely high
surface area, !> 10:17-19

Electrodeposition of copper under conditions of a vigorous hy-
drogen co-deposition is of high technological significance, because
open porous structures of copper with an extremely high surface area
are suitable for the construction of nanocomposite anodes (consist-
ing of Cu and CeO,) for solid oxide fuel cells.! Also, copper shows
a high activity for nitrate ion reduction,?” as well as for a reaction in
which nitrate is reduced to ammonia in high yield in aqueous acidic
perchlorate and sulfate media.?!

Bearing in mind the great practical significance of copper de-
posits obtained under the conditions of hydrogen co-deposition, as
well as the fact that detailed investigations at high current densities
and overpotentials have been performed only from the point of view
of the formation of metal powders,'3->2>72> a better understanding of
the effect of hydrogen evolution on the electrodeposition of copper
at high overpotentials is necessary.

The morphology of electrodeposited copper in the presence of
vigorous hydrogen evolution was described recently,! and the mech-
anism of the formation of this type of morphology was established
by Nikoli¢ et al.!?

The aim of this chapter was to give comprehensive treatment of
the morphology of copper electrode posited at high overpotentials,
especially in the presence of hydrogen co-deposition, obtained in the
potentiostatic conditions from different electrolytes and at different
temperatures.

II. THE CONCEPT OF “THE EFFECTIVE
OVERPOTENTIAL?

1. The Definition of the Concept and Mathematical Model

The polarization curve for copper electrodeposition from 0.15M
CuSOy4 in 0.50 M H,SOy4 is shown in Fig. 2. The average current ef-
ficiencies for hydrogen evolution reaction, 1,y (H>), in potentiostatic
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Figure 2. Polarization curve for the cathodic process of copper deposition from
0.15M CuSOy4 in 0.50 M HySOy4. Temperature: 18.0 + 1.0°C. (Reprinted from

Ref. 10 with permission from Elsevier).

deposition are derived from the dependences of the current of copper
electrodeposition on time and the dependences of the volume of the
evolved hydrogen on time'? using procedure described in Ref. 26

The average current efficiency for hydrogen evolution reaction
at an overpotential of 700 mV was very small (near 2.0%),'° and at
lower overpotentials it even cannot be observed. The average current
efficiency for the hydrogen evolution at an overpotential of 800 mV
was 10.8%, while at an overpotential of 1,000 mV was 30.0%.10 The
critical overpotential for the beginning of the hydrogen evolution can
be estimated to be about 680 mV. !0

The morphologies of copper electrodeposits obtained potentio-
statically, onto vertical stationary copper wire electrodes previously
covered by copper thin films'® from a copper solution containing
0.15M CuS0O4in 0.50 M H»SOq4, at a temperature of 18.0 £ 1.0°Cin
different hydrogen co-deposition conditions are shown in Figs. 3—10.

The deposits obtained at an overpotential of 550mV with
different quantities of electricity are shown in Figs.3-6. At this
overpotential, there is no hydrogen co-deposition at all. The deposit
obtained with a quantity of electricity of 2.5mAhcm™2 is shown
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Figure 3. Copper deposit obtained at
an overpotential of 550 mV. Quantity of
electricity: 2.5mAh em™2. (Reprinted
from Ref 10 with permission from
Elsevier).

Figure 4. Copper deposit obtained at
an overpotential of 550 mV. Quantity of
electricity: 5.0mAh cm™2, (Reprinted
from Ref. !0 with permission from
Elsevier).

in Fig. 3. The surface film is completed, the grains grown by elec-
trodeposition on the initially formed nuclei practically touch each
other and there is no new nucleation on already existing grains.
The difference in size between grains can also be observed. This
is due to the fact that the nucleation does not occur simultaneously
over the whole cathode surface, but it is a process extended in time,
so that crystals generated earlier may be considerably larger in the
size than ones generated later. These differences increase with an
increased quantity of electrodeposited metal, what can be seen from
Fig.4 presenting the copper deposit obtained with a quantity of
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Figure 5. Copper deposit obtained at an overpotential of 550 mV: (a) cauliflower-like
structure, and (b) the detail from Fig. 5a. Quantity of electricity: 10mAh cm™2.
(Reprinted from Ref. 10 with permission from Elsevier).

Figure 6. Copper deposit obtained at
an overpotential of 550 mV. Quantity of
electricity: 20mAh cm™2, (Reprinted
from Ref.!7 with permission from
Elsevier).

Figure 7. Copper deposit obtained at an overpotential of 700 mV: (a) cauliflower-like
structure, and (b) the detail from Fig. 7a. Quantity of electricity: 2.5mAh cm™2.
(Reprinted from Ref. 10 with permission from Elsevier).
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Figure 8. Copper deposit obtained at
an overpotential of 700 mV. Quantity of
electricity: 5.0mAh cm™2, (Reprinted
from Ref. 10 with permission from
Elsevier).

Figure 9. Copper deposit obtained at an overpotential of 800 mV. (a, b) quantity of
electricity: 5.0mAh em~2 and (¢) quantity of electricity: 10 mA h cm™2, (Reprinted
from Ref. 10 with permission from Elsevier).

electricity of 5.0mAhcm™2. These enlarged differences are also
the consequence of the fact that some smaller grains are consumed
by the larger ones,?’ as can be deduced from Figs.3 and 4. This
is also illustrated by Fig.5a. The increase of the quantity of the
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Figure 10. Copper deposits obtained with a quantity of the electricity of 20 mAh
cm ™2 and at overpotentials of: (a) 550 mV, (b) 700 mV, (¢) 450 mV, (d) 800 mV, and
(e) 1,000 mV. (Reprinted from Ref. 10 with permission from Elsevier).

electrodeposited metal led to the formation of a cauliflower-like
structure (Fig. Sa, b). Furthermore, from Fig. 5a it can be seen that
the spherical diffusion layers inside linear diffusion layer of the
macroelectrode are formed around these cauliflower-like particles.
Finally, further increase of the quantity of the electrodeposited metal
produces dendritic deposit (Fig. 6).
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On the other hand, it is well known that the induction time of
dendrite growth initiation strongly decreases with increasing overpo-
tential of electrodeposition.?® The situation on the electrode surface
after deposition with 2.5 mA hecm=2 at 700 mV (Fig. 7) is very simi-
lar to the situation after 10 mA hcm™2 at 550 mV (Fig. 5). The most
important difference is in the shape and size of growing grains, being
less globular and smaller in electrodeposition at 700 mV. Besides,
the interparticle distances are relatively equal which indicate that
these distances are not due to appearance of hydrogen co-deposition,
which is still very small at 700 mV. Dendrites appear at 700 mV after
deposition with 5.0 mA h cm~2 (Fig. 8).1°

The electrodeposition at 800 mV with the quantity of the elec-
tricity of 5.0 mA h cm™2 (Fig. 9) did not lead to the formation of cop-
per dendrites as at previously analyzed overpotential of 700 mV. The
agglomerates of small copper grains become dominant form of the
copper morphology electrodeposited at this overpotential (Fig. 9a)
being similar to that from Fig.7b. Also, there are large holes or
craters between the agglomerates of these grains, which is proba-
bly due to the hydrogen co-deposition (Fig. 9b). This copper deposit
is denoted as a honeycomb-like structure with craters as main char-
acteristic,'? as was shown earlier for copper and tin deposits in Ref. !
The honeycomb-like structure is formed at 800 mV and with twice
the quantity of electricity (Fig. 9¢), as well as at an overpotential of
1,000mV.'? (see also Sect. III).

It is known that the hydrogen evolution effects onto the hydro-
dynamic conditions inside electrochemical cell.?*3! The increase
in hydrogen evolution rate leads to the decrease of the diffusion
layer thickness and, hence, to the increase of limiting diffusion cur-
rent density of electrode processes. It was shown?? that if the rate
of gas evolution at the electrode is larger than 100 cm3/cm? min
(>5A/cm?), the diffusion layer becomes only a few micrometers
thick. It is also shown?’ that a coverage of an electrode surface with
gas bubbles can be about 30%. If the thickness of the diffusion layer
in conditions of natural convection is ~5 x 10~% cm and in strongly
stirred electrolyte ~5 x 1073 ¢cm,3? it is clear that gas evolution is the
most effective way to decrease mass transport limitations for electro-
chemical processes in mixed activation — diffusion control.

The overpotential  and the current density i are related by

be i
=Xl
=530 s

be 1

T ©
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where io, i1, and b are the exchange current density, the limiting
diffusion current density and cathodic Tafel slope for electrochemi-
cal process in mixed activation — diffusion control.!3 The first term
in (3) corresponds to the activation part of deposition overpotential
and the second one is due to the mass transfer limitations. If one
and the same process takes place under two different hydrodynamic
conditions, characterized by two different values of the limiting
diffusion current densities i1,; and ir 2, (3) can be rewritten in the

forms: be 5 :

’“22311 2C31m @
and

AN L W 5)

23 iy 23 1—(i2/iLy)

where 11 and 7> and i; and i> are the corresponding values of
overpotentials and current densities. The same degree of diffusion
control is obtained if

i i2

—_—= (6)
L1 1L,2
or,
L2
ir = 11— @)
iL,1

and substitution of i> from (7) in (5) and further rearranging gives

b bc 1 bc L2
= —1In n—m7M8mM— 4+ % p == 8
=t T Ty T, @
and
if (4) is taken into account:
be | iL2
= —In ==, 9
mn = m+23nlL1 ©)
Hence, if

iL2 > L1 (10)

in order to obtain the same degree of diffusion control in two hydro-
dynamic conditions, (9) must be satisfied, meaning that

mn > n. (11)
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The results presented here can be then explained as follows. In
the absence of strong hydrogen evolution, the diffusion layer is due
to the natural convection and does not depend on the overpotential
of electrodeposition. As excepted, for deposition times lower than
the induction time for dendritic growth initiation, the same type of
deposit at larger overpotential (Fig. 7) is obtained as at lower overpo-
tential (Fig. 5), being somewhat different in grain sizes and particle
shapes.

The vigorous hydrogen evolution changes the hydrodynamic
conditions and decreases the degree of diffusion control. Hence, (9)
should be rewritten in the form:

where 11 becomes the effective overpotential, n; = nefr, related
to conditions of natural convection at which there is the same de-
gree of diffusion control as at overpotential n, with the hydrogen
co-deposition. Hence, the dendritic growth can be delayed or com-
pletely avoided, as can be seen from Fig. 9c, meaning that there
is a really lower degree of diffusion control at an overpotential of
800 mV with the hydrogen co-deposition than at an overpotential of
700 mV where the hydrogen co-deposition is very small.

Hence, on the basis of presented results, we can propose a con-
cept of “effective overpotential” for a metal electrodeposition. This
concept is proposed — thanks to morphologies of copper deposits ob-
tained at high deposition overpotentials (300 mV and more)'? where
the hydrogen evolution occurs. These copper deposits are probably
the consequence of the stirring of electrolyte in the near-electrode
layer by evolving hydrogen. This process leads to a decrease of the
thickness of diffusion layer, and consequently, up to an increase of
the limiting current density. According to (12), the increase of the
limiting current density leads to a metal deposition at an overpo-
tential, which is effectively lower than the specified one. Then, the
obtained morphologies of copper deposits become similar to the
ones obtained at some lower overpotential at which the hydrogen
co-deposition does not exist.

The better understanding of the concept “effective overpotential”
can be realized by taking into account the fact that the time of den-
dritic growth initiation depends on used deposition overpotentials.
Increasing deposition overpotentials lead to decreasing times for
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the beginning of dendritic growth.?® Observing deposits obtained
at overpotentials belonging to the limiting diffusion current den-
sity plateau (550 and 700 mV), one can notice that cauliflower-like
forms are obtained at an overpotential of 550 mV (Fig. 5a), and den-
dritic forms at an overpotential of 700 mV (Fig. 8). Meanwhile, the
electrodeposition with a quantity of the electricity of 20 mA h cm 2
leads to the formation of degenerate dendritic structure at 550 mV
(Figs.6 and 10a). Copper dendrites remain a main characteris-
tic of the electrodeposition at 700mV (Fig. 10b). On the other
hand, it can be shown that copper dendrites are not formed by the
electrodeposition at lower overpotential (for example, at 450 mV
where the hydrogen evolution was also zero) with a quantity of the
electricity of 20mA hcm™2 (Fig. 10c). The main forms of the cop-
per deposit obtained at this overpotential are copper globules. Also,
dendritic forms are not formed with a quantity of the electricity
of 20 mA h cm~2 and during electrodepositions at overpotentials of
800 and 1,000mV (Fig.10d, e). The agglomerates of copper par-
ticles remain the main characteristics of the structure of deposits
obtained at these overpotentials. The macromorphology of these
deposits will be discussed later.

Anyway, the structure of copper deposits obtained at over-
potentials of 800 and 1,000mV with a quantity of the electricity
of 20mAhcm~2 was similar to those obtained at lower overpo-
tentials before the beginning of dendritic growth. The absence of
copper dendrites at overpotentials of 800 and 1,000mV after the
electrodeposition with 20mAhcm™2, as well as the similarity of
the obtained morphologies of copper deposits with those obtained
at lower overpotentials before dendritic growth initiation clearly
indicates that there is really lower degree of diffusion control at
these overpotentials than at overpotentials of 550 and 700 mV,
respectively.

The concept of “effective overpotential” can be probably ap-
plied in other cases where there is a change of hydrodynamic
conditions in the near-electrode layer. The change of hydrody-
namic conditions, and consequently, of metal morphologies can be
caused by stirring of plating solutions in ultrasonic field,?? in an
imposed magnetic field (magnetohydrodynamic effect - MHD ef-
fect),343% as well as by stirring of solution by RDE (rotating disk
electrode). 0
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2. The Concept of “Effective Overpotential” Applied
for Metal Electrodeposition Under an Imposed
Magnetic Field

Nickel deposits obtained at a cathodic potential of —1,300 mV/SCE
without and with a parallel orientation of magnetic field of 500 Oe,
are shown in Fig. 11a, b, respectively. Figure 11a shows that the
nickel deposit obtained without an imposed magnetic field consisted
of bunch of nickel grains, while it can be seen from Fig. 11b that
the nickel deposit obtained under a magnetic field with a parallel
orientation to the electrode surface was a porous structure and with-
out bunch of nickel grains.

Figure 12 shows copper deposits obtained at a cathodic poten-
tial of —500 mV/SCE without and with a magnetic field of 500 Oe
applied to be parallel to the electrode surface. It can be seen from

Figure 11. Nickel deposits obtained at a cathodic potential of —1,300 mV/SCE:
(a) without and (b) with a magnetic field of parallel orientation of 500 Oe.
(Reprinted from Ref. 39 with permission from the Serbian Chemical Society).

a _ b

Figure 12. Copper deposits obtained at a cathodic potential of —500 mV/SCE:
(a) without and (b) with a magnetic field of parallel orientation of 500 Oe.
(Reprinted from Ref. 39 with permission from the Serbian Chemical Society).



