
Chapter 2

Mechanisms of Formation of Some Forms
of Electrodeposited Pure Metals

2.1 Electrodeposition on Native Substrate

2.1.1 Macroelectrodes and Microelectrodes

As already given in Chap. 1, the most frequently used form of the cathodic

polarization curve equation for flat or large spherical electrode of massive metal

is given by:

i ¼ i0 f c � f að Þ
1þ i0f c

iL

ð1:13Þ

where i, i0, and iL are the current density, exchange current density, and limiting

diffusion current density, respectively, and

f c ¼ 10
η
bc and f a ¼ 10�

η
ba ð1:37Þ

where bc and ba are the cathodic and anodic Tafel slopes and η is the overpotential.
Equation (1.13) is modified for use in electrodeposition of metals by taking

cathodic current density and overpotential as positive. Derivation of the

Eq. (1.13) is performed under assumption that the concentration dependence of i0
can be neglected [1–4].

The electrochemical processes on microelectrodes in bulk solution can be under

activation control at overpotentials which correspond to the limiting diffusion

current density plateau of the macroelectrode. The cathodic limiting diffusion

current density for steady-state spherical diffusion, iL,spher, is given by:

iL,spher ¼ nFDC0

rel
ð1:11Þ
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and for steady-state linear diffusion, iL, by:

iL ¼ nFDC0

δ
ð1:14Þ

It follows from Eqs. (1.11) and (1.14) that

iL,spher
iL

¼ δ

rel
ð2:1Þ

An electrode around which the hydrodynamic diffusion layer can be established,

being considerably lower than dimensions of it, could be considered as a

macroelectrode. An electrode, mainly spherical, whose diffusion layer is equal to

the radius of it, satisfying

δ >> rel ð2:2Þ

can be considered as a microelectrode [5].

According to the Eq. (1.13) for f c >> f a and

i0 f c
iL

>> 1 ð2:3Þ

the cathodic process on the macroelectrode enters full diffusion control, i.e.,

i ¼ iL ð1:35Þ

Simultaneously, the cathodic current density on the spherical microelectrode, ispher,
is given by1:

ispher ¼ i0 f c � f að Þ
1þ i0f c

iL,spher

ð1:12Þ

or, because of the Eq. (2.1):

ispher ¼ i0 f c � f að Þ
1þ i0

iL
� relδ � f c

ð2:4Þ

and if a condition of the Eq. (2.3) is also valid, but

1 The reversible potential of a surface with radius of curvature rcur would depart from that of a

planar surface by the quantity ΔEr ¼ 2γV= nFrcurð Þ, where γ is the interfacial energy between

metal and solution and V molar volume of metal [5]. It is valid at extremely low rcur, being of the

order of few millivolts, and it can be neglected except in some special cases, like the stability of the

shape of the tips of dendrites [5].
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rel
δ
! 0 ð2:5Þ

the Eq. (2.4) can be rewritten in the form

i ¼ i0 f c ð2:6Þ

This means that the process on the microelectrode in the bulk solution can be under

complete activation control at the same overpotential at which the same process on

the macroelectrode is simultaneously under full diffusion control.

The different behavior of macroelectrodes and microelectrodes under the same

conditions of electrodeposition causes the disperse deposit formation.

2.1.2 Active Microelectrodes Placed Inside Diffusion Layer
of the Active Macroelectrode

2.1.2.1 Mathematical Model

Naturally, the microelectrodes can be placed on the macroelectrodes inside their

diffusion layers. Let us consider the model of surface irregularities shown in

Fig. 2.1. The electrode surface irregularities are buried deep in the diffusion

layer, which is characterized by a steady linear diffusion to the flat portion of the

surface [1, 6, 7], and the limiting diffusion current density is given by Eq. (1.14).

Fig. 2.1 Model of a paraboloidal surface protrusion; hp is the height of the protrusion relative to

the flat portion of the surface, hs is the corresponding local side elongation, r is the radius of the
protrusion tip, Rb is the radius of the protrusion base, and δ is the thickness of the diffusion layer

and δ >> hp (Reprinted from Refs. [1, 8] with kind permission from Springer and Ref. [6] with

permission from Elsevier)
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At the side of an irregularity, the limiting diffusion current density, iL,s, is
given as:

iL,s ¼ nFDC0

δ� hs
¼ iL

δ

δ� hs
ð2:7Þ

Obviously, this is valid if the protrusion height does not affect the outer limit of the

diffusion layer, and if a possible lateral diffusion flux supplying the reacting ions

can be neglected. At the tip of an irregularity, the lateral flux cannot be neglected

and the situation can be approximated by assuming a spherical diffusion current

density, iL,tip, given by the Eq. (2.8) [7]:

iL, tip ¼ nFDC*

r
ð2:8Þ

where C* is the concentration of the diffusing species at a distance r from the tip,

assuming that around the tip a spherical diffusion layer having a thickness equal to

the radius of the protrusion tip is formed [5]. Obviously, if r> δ, the spherical

diffusion layer around the tip of protrusion cannot be formed and the Eq. (2.9) is

valid:

iL, tip ¼ nFDC0

δ� hp
ð2:9Þ

If deposition to the macroelectrode is under full diffusion control, the distribution of

the concentration C inside the linear diffusion layer is given by the Eq. (2.10) [3]:

C ¼ C0

hdifl
δ

ð2:10Þ

where 0� hdifl� δ. Hence,

C* ¼ C0

hp þ r

δ
ð2:11Þ

and

iL, tip ¼ iL 1þ hp
r

� �
ð2:12Þ

because of Eqs. (1.14), (2.8), and (2.11).

The tip radius of the paraboloidal protrusion is given by the Eq. (2.13) [3, 5, 9]:

r ¼ Rb
2

2hp
ð2:13Þ
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and substitution of r from the Eq. (2.13) in the Eq. (2.12) gives

iL, tip ¼ iL 1þ 2hp
2

Rb
2

� �
ð2:14Þ

or

iL, tip ¼ iL 1þ 2kp
2

� � ð2:15Þ

where

kp ¼ hp
Rb

ð2:16Þ

If hp ¼ Rb, kp ¼ 1, hence for a hemispherical protrusion is

iL, tip ¼ 3iL ð2:17Þ

If hp << Rb, kp ! 0, and

iL, tip ! iL ð2:18Þ

and if Rb << hp, kp ! 1 and

iL, tip ! 1 ð2:19Þ

Substitution of iL,tip from Eq. (2.15) instead of iL in Eq. (1.13) and further

rearranging give Eq. (2.20):

itip ¼ i0 f c � f að Þ
1þ i0

iL
� 1
1þ2k2p

f c
ð2:20Þ

The current density on the tip of a protrusion, itip, is determined by kp, hence by
the shape of the protrusion. If kp! 0, itip! i (see the Eq. (1.13)) and if kp!1,

itip! i0 ( fc – fa)>> i. The electrochemical process on the tip of a sharp needle-like

protrusion can be under pure activation control outside the diffusion layer of the

macroelectrode. Inside it, the process on the tip of a protrusion is under mixed

control, regardless it is under complete diffusion control on the flat part of the

electrode for kp! 0 (see section “Model of the spherical diffusion around the tip of

a surface protrusion–deposition to the point”). If kp¼ 1, hence for hemispherical

protrusion, itip will be somewhat larger than i, but the kind of control will not be

changed. It is important to note that the current density to the tip of hemispherical

protrusion does not depend on the size of it if kp¼ 1. This makes a substantial

difference between spherical microelectrodes in bulk solution and microelectrodes

inside diffusion layer of the macroelectrode [3, 9, 10]. In the first case, the limiting

diffusion current density depends strongly on the radius of the microelectrode.
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Electrode Surface Coarseness

Any solid metal surface that represents a substrate for metal deposition possesses a

certain roughness. In addition, it may appear coarse or smooth, and this is not

necessarily related to the roughness. Figure 2.2 shows cases of surfaces with (a) the

same roughness and profoundly different coarseness and (b) vice versa.

It is the level of coarseness which determines the appearance of metal deposits,

while even with considerable roughness, if below the visual level, the surface may

appear smooth.

It is convenient to define the surface coarseness as the difference in thickness of

the metal at the highest and lowest points above an arbitrary reference plane facing

the solution.

Non-dendritic Amplification of Surface Coarseness

The current densities, is and itip to different points at the electrode surface, can be

obtained by substitution of iL in the Eq. (1.13) by appropriate values from

the Eqs. (2.7) and (2.12) for the side and the tip of the protrusion, around which

the spherical diffusion layer is formed, respectively. Hence:

is ¼ i0 f c � f að Þ
1þ i0 f c

iL

� �
δ�hs
δ

� � ð2:21Þ

and if the spherical diffusion layer around the tip of a protrusion can be formed

(r < δ), it will be valid as in Eq. (2.22):

itip ¼ i0ðf c � f aÞ
1þ i0f c

iL

� �
r

rþhp

� � ð2:22Þ

Fig. 2.2 Models of

surfaces with (a) the same

surface roughness and

different coarseness and

(b) vice versa (Reprinted
from Ref. [11] with kind

permission from Springer)
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However, if the spherical diffusion layer around the tip of a protrusion cannot be

formed (r > δ), it will be valid:

itip ¼ i0ðf c � f aÞ
1þ i0f c

iL

� �
δ�hp
δ

� � ð2:23Þ

The effective rate of growth of the side elevation is equal to the rate of motion of the

side elevation relative to the rate of motion of the flat surface [11]. Hence:

dhs
dt

¼ V

nF
is � ið Þ ð2:24Þ

and substitution of is from the Eq. (2.21) and i from the Eq. (1.13) in the Eq. (2.24)

and further rearrangement give the Eq. (2.25) [12]:

dhs
dt

¼ i2Vhs
iLnFδ

ð2:25Þ

if δ >> hs and fc >> fa, or in the integral form:

hs ¼ h0, sexp
i

iL

Q

Q0,D

� �
ð2:26Þ

where h0,s is the initial height of the local side elevation (see also Eqs. (2.32), (2.33),
and (2.34)) and Q is given by the Eq. (2.27):

Q ¼ i�t ð2:27Þ

and

Q0,D ¼ nFδ

V
ð2:28Þ

Hence, an increase in the surface coarseness can be expected with increasing

quantity of deposited metal for the same deposition current density, as well as with

increasing current density for the same quantity of electrodeposited metal.

In the same way, the propagation rate of the protrusion tip can be obtained by

substituting itip from the Eq. (2.22) and i from the Eq. (1.13) into the Eq. (2.24),

where is and hs are substituted by itip and hp, on further rearrangement the following

expression is obtained:

dhp
dt

¼ Viitiphp

nFiL r þ hp
� � ð2:29Þ
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It should be noted that the Eq. (2.29) is only valid if the radius of the protrusion tip

is sufficiently large to make the surface energy term negligible [5].

It is obvious from Eqs. (2.25) and (2.29) that

dhp
dt

>
dhs
dt

ð2:30Þ

because itip> i and hp/(rþ hp)> hs/δ, which means that the tip propagation protru-

sion will be larger under spherical diffusion control.

2.1.2.2 Physical Model

To test the validity of the above equations, Popov et al. [7, 11, 13, 14] carried out

experiments on diffusion-controlled metal electrodeposition on a well-defined,

triangularly shaped surface profile, through a diffusion layer of well-defined thick-

ness δ >> hp. A phonograph disk negative was used as the substrate upon which a

layer of an agar-containing copper sulfate–sulfuric acid solution was placed and left

to solidify, as illustrated in Fig. 2.3a.

As current was passed and the layer was depleted of copper ions, an increase in

the height of the triangular ridges was observed. Metallographic samples were

made in wax, and the cross sections of the deposit were photographed under a

microscope (Fig. 2.3b) [14]. The three parts of the surface can be noticed in

Fig. 2.3b: the flat part of the electrode surface and the sides and the tips of

irregularities, providing an excellent physical illustration of the mathematical

model.

Fig. 2.3 (a) The model of an electrode for diffusion-controlled electrodeposition of metals and (b)
cross section of Cu deposit obtained from 0.50 M CuSO4 in 0.50 M H2SO4 in a system from (a).
The thickness of the agar diffusion layer was 1.0 mm. Deposition overpotential: 300 mV;

deposition time: 120 min. The substrate is a piece of a phonograph disk negative (Reprinted

from Refs. [7, 11, 13] with kind permission from Springer)
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2.1.2.3 Real Systems

The Effect of the Deposition Current Density on the Electrode Surface

Coarseness

The effect of deposition current density on the increase in surface coarseness for a

fixed quantity of electrodeposited metal is illustrated by Fig. 2.4. As expected, the

surface coarseness increases strongly with the increasing current density in the

region of mixed activation–diffusion control where obtained deposits are polycrys-

talline (Fig. 2.4b, c) [15, 16]. It should be noted that the theories describing the

increase of electrode surface coarseness are valid for hp� δ, i.e., for the short

deposition times. For qualitative investigations, the effect of current density on the

increase of surface coarseness and large quantities of metal were used, as it was

assumed that the qualitative picture of the phenomenon would not be changed. In

quantitative investigations, the deposition times in which the approximation δ� hp
is valid [17] must be determined and taken into account. In the region of the

activation-controlled electrodeposition, at the same initial surface, the situation is

quite different as can be seen from Fig. 2.4a.

The Deposits with a Minimal Coarseness

Activation-controlled deposition of copper produces large grains with relatively

well-defined crystal shapes. This can be explained by the fact that the values of the

Fig. 2.4 Copper deposits obtained from 0.10 M CuSO4 in 0.50 M H2SO4. Quantity of electricity,

Q: 20 mA h cm�2: (a) activation-controlled electrodeposition: η¼ 90 mV, initial current density:

3.3 mA cm�2, (b) mixed activation–diffusion-controlled electrodeposition: η¼ 140 mV, initial

current density: 4.2 mA cm�2, and (c) dominant diffusion-controlled electrodeposition:

η¼ 210 mV, initial current density: 6.5 mA cm�2 (Reprinted from Refs. [7, 8, 13] with kind

permission from Springer and Ref. [16] with permission from Elsevier)
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exchange current densities on different crystal planes are quite different, whereas

the reversible potential is approximately the same for all planes [13, 18]. This can

lead to preferential growth of some crystal planes, because the rate of deposition

depends only on the orientation, which leads to the formation of a large-grained

rough deposit. However, even at low degrees of diffusion control, the formation of

large, well-defined grains is not to be expected, because of irregular growth caused

by mass-transport limitations. Hence, the current density which corresponds to the

very beginning of the mixed control (a little larger than this at the end of the Tafel

linearity) will be the optimum one for compact metal deposition [13, 16].

All the above facts are illustrated in Fig. 2.4 [13, 16].

Cauliflower-Like Forms

It can be seen from Fig. 2.4c that the surface protrusions are globular and

cauliflower-like ones. If the initial electrode surface protrusions are of ellipsoidal

shape, they can be characterized by the base radius R0 and the height hp as shown in
Fig. 2.5a [13, 19].

The tip radius is then given by:

r ¼ R2
0

hp
ð2:31Þ

The initial electrode surface protrusion is characterized by hp! 0 and r!1 if

R0 6¼ 0. In this situation, a spherical diffusion layer cannot be formed around the tip

of the protrusion if r> δ, and if the linear diffusion control occurs, leading to an

increase in the height of the protrusion relative to the flat surface.

The rate of growth of the tip of a protrusion for r> δ is equal to the rate of motion

of the tip relative to the rate of motion of the flat surface. Hence, in the diffusion-

controlled electrodeposition:

dhp
dt

¼ V

nF
iL, tip � iL
� � ð2:32Þ

Substitution of iL,tip from the Eq. (2.9) and iL from the Eq. (1.14) in the Eq. (2.32)

and further rearranging gives

dhp
dt

¼ i2Vhp
iL nFδ

ð2:33Þ

or

hp ¼ hp,0exp
i

iL

Q

Q0,D

� �
ð2:34Þ

where Q and Q0,D are given by Eqs. (2.27) and (2.28).
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If the surface protrusions are sufficiently far one from other, then the spherical

diffusion control can be operative around the whole surface of protrusion when hp
increases and r decreases, as illustrated by Fig. 2.5b. In this situation, second-

generation protrusions can grow inside the diffusion layer of first-generation pro-

trusions in the same way as first-generation protrusions grow inside the diffusion

layer of the macroelectrode, and so on.

A cauliflower-like deposit is formed under such conditions, as is shown in

Fig. 2.6a, b. It can be seen from Fig. 2.6a that the distance between the

cauliflower-like grains is sufficiently large to permit the formation of spherical

diffusion zones around each of them. Simultaneously, second-generation

Fig. 2.5 Schematic representations of (a) the initial electrode surface protrusion, (b) the estab-

lishment of spherical diffusion layers around independently growing protrusions (1. r< (δ – hp)
and r< 1/4lr spherical diffusion zones are formed; 2. r< (δ – hp) and r> 1/4lr spherical diffusion
zones overlap); 3. r> (δ – hp), spherical diffusion zones are not formed, and (c) spherical diffusion
layers and their overlap around growing protrusions (Reprinted from Refs. [7, 8, 13] with kind

permission from Springer and Ref. [19] with permission from the Serbian Chemical Society)
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Fig. 2.6 Copper deposits obtained from 0.30 M CuSO4 in 0.50 M H2SO4 by electrodeposition

under mixed activation–diffusion control. Deposition overpotential: 220 mV. Quantity of elec-

tricity: (a) 40 mA h cm�2, (b) the same as in (a), (c) 10 mA h cm�2, (d) 10 mA h cm�2, (e)
20 mA h cm�2, and (f) the root of the carrot from (e) (Reprinted from Refs. [7, 8, 13] with kind

permission from Springer and Ref. [20] with permission from the Serbian Chemical Society)
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protrusions grow in all directions, as shown in Fig. 2.6b. This confirms the assump-

tion that the deposition takes place in a spherically symmetric fashion.

To a first approximation, the rate of propagation can be taken to be practically

the same in all directions, meaning that the cauliflower-type deposit formed by

spherically symmetric growth inside the diffusion layer of the macroelectrode will

be hemispherical, as is illustrated in Fig. 2.6a, b.

This type of protrusion is much larger than that formed by linearly symmetric

growth inside the diffusion layer of the macroelectrode (Fig. 2.6a, b).

This is because a spherical diffusion layer cannot be formed around closely

packed protrusions, their diffusion fields overlap, and they grow in the diffusion

layer of the macroelectrode.

Carrot-Like Forms

If spherical diffusion layer can be established around the tip of a protrusion, the

limiting diffusion current to the tip is given by Eq. (2.12) or by:

iL, tip ¼ iL
hp
r

ð2:35Þ

for

hp
r
>> 1 ð2:36Þ

It can also be seen from Fig. 2.6c–f that the growth of such protrusions produces

carrot-like forms, another typical form obtained in copper deposition under mixed

activation–diffusion control. This happens under the condition kp<< 1, when

activation control takes place only around the tip of the protrusion, as is illustrated

in Fig. 2.6c, d. In this case, Eq. (2.20) can be rewritten in the form:

itip ¼ i0, tipðf c � f aÞ ð2:37Þ

meaning that deposition on the protrusion tip can also be under activation control at

overpotentials lower than the critical one for the initiation of dendritic growth (see

section “Model of the spherical diffusion around the tip of a surface protrusion–

deposition to the point”).

This happens if the nuclei have a shape like that in Fig. 2.6c, d. The assumption

that the protrusion tip grows under activation control is confirmed by the regular

crystallographic shape of the tip [20] just as in the case of grains growing on the

macroelectrode under activation control (see Fig. 2.4a).

The maximum growth rate at a given overpotential corresponds to activation-

controlled deposition. As a result, the propagation rate at the tip will be many times

larger than that in other directions, resulting in protrusions like that in Fig. 2.6e.
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The final form of the carrot-like protrusion is shown in Fig. 2.6e. It can be

concluded from the parabolic shape that such protrusions grow as moving

paraboloids in accordance with the Barton–Bockris theory [5], the tip radius

remaining constant because of the surface energy effect. It can be concluded from

Fig. 2.6f that thickening of such a protrusion is under mixed activation–diffusion

control because the deposit is seen to be of the same quality as that on the

surrounding macroelectrode surface. It can be seen from the Fig. 2.6d that activa-

tion control takes place only at the very tip of the protrusion.

The Position of New Nuclei

It is seen from Fig. 2.6c, d that new nuclei are mainly formed at the bottom of the

already growing protrusions or between them. If the diffusion zones of two or more

hemispherical protrusions partially overlap, as illustrated by Fig. 2.5c, the current

densities i at each point outside the overlapping field will be those required by

Eq. (2.38):

η ¼ bclog
i

i0

� �
þ bclog

1

1� i
iL

 !
ð2:38Þ

for fc >> fa and where iL is the limiting diffusion current density (linear or

spherical).

In the overlapping field, the current density i0 at the points where the maximum

possible current density is i in the absence of overlapping field will be lower than i.
In this way, the substrate becomes partially inert, and the formation of new nuclei is

enhanced at these points if the entire electrode surface is at same potential because

η ¼ bclog
i0

i0

� �
þ bclog

1

1� i0
iL

 !
þ Δη ð2:39Þ

where Δη is the nucleation overpotential [7, 19].

Some of the new nuclei are the precursors of carrot-like protrusions, depending

on their crystal orientation. In this case, they are in the form of small hexagonal

pyramids, as shown in Fig. 2.6c, d. Based on their morphology and because copper

has a face-centered cubic crystal structure, it is reasonable to assume that they are

truncated by a high-Miller index plane. According to Pangarov and Vitkova

[21, 22], the orientation of nuclei is related to the overvoltage used. It is reasonable

to expect that the appearance of precursors of carrot-like protrusions has its own

overvoltage range.

38 2 Mechanisms of Formation of Some Forms of Electrodeposited Pure Metals



Different Possible Forms

The tips of growing carrot-like protrusions can change the direction of protrusions.

This is mainly observed in a later stage of protrusion growth. Thus, the smaller the

protrusion height, the lower is the probability of a change in the growth direction.

The reason for this behavior is not yet clear. However, it is probably caused by local

perturbations on the growth front on the protrusion tip. This effect and the further

nucleation on already growing protrusions cause the growth of different forms.

The growth of surface protrusions in galvanostatic deposition has been consid-

ered only for deposition in the limiting diffusion current density range [23, 24].

In summary, deposition under mixed activation–diffusion control causes the

formation of a number of growth forms and the increase of surface coarseness,

this increase being more pronounced at higher current densities. It should be noted

that electrodeposition at a periodically changing rate can change considerably the

morphology of the deposits [13, 25].

2.1.3 Dendritic Deposits

2.1.3.1 Basic Facts

Two phenomena seem to distinguish dendritic from carrot-like growth [7, 11, 13]:

1. A certain well-defined critical overpotential value appears to exist below which

dendrites do not grow.

2. Dendrites exhibit a highly ordered structure and grow and branch in well-defined

directions. According to Wranglen [26], a dendrite is a skeleton of a monocrystal

and consists of a stalk and branches, thereby resembling a tree.

It is known that dendritic growth occurs selectively at three types of growth

sites [11]:

(a) Dendritic growth occurs at screw dislocations. Swordlike dendrites with

pyramidal tips are formed by this process [3, 11].

(b) Many investigations of the crystallographic properties of dendrites have

reported the existence of twin structures [27–30]. In the twinning process, a

so-called indestructible reentrant groove is formed.Repeated one-dimensional

nucleation in the groove is sufficient to provide for growth extending in the

direction defined by the bisector of the angle between the twin planes [11].

(c) It is a particular feature of a hexagonal close-packed lattice that growth

along a high-index axis does not lead to the formation of low-index planes.

Grooves containing planes are perpetuated, and so is the chance for

extended growth by the one-dimensional nucleation mechanism [31].

In all the above cases, the adatoms are incorporated into the lattice by repeated

one-dimensional nucleation. On the other hand, deposition to the tip of screw
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dislocations can be theoretically considered as deposition to a point; in the other two

cases, the deposition is to a line. Hence, in the case under (a), the conditions of

spherical diffusion are fulfilled, while the conditions of the cylindrical diffusion are

fulfilled in the case under (b).

From the electrochemical point of view, a dendrite can be defined as an

electrode surface protrusion that grows under activation or mixed control, while

deposition to the flat part of the electrode surface is under complete diffusion

control [3, 7, 9, 11, 13].

2.1.3.2 Dendrite Precursors: Schematic Presentation

The monoatomic high-step edges, the microsteps, are required for continuous metal

electrocrystallization. Possible sources of microsteps on a surface are shown in

Figs. 2.7, 2.8a, and 2.9a, i.e., the low-index planes, two-dimensional nuclei, emer-

gent screw dislocations, and indestructible reentrant grooves [11, 32].

Fig. 2.7 Models of different sources of microsteps on a surface: (a) a two-dimensional nucleus,

(b) an emergent screw dislocation, (c) misorientation of the surface with respect to the ideal

low-index plane (Reprinted from Refs. [13, 32] with kind permission from Springer)
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It is obvious from Fig. 2.7a, c that after the formation of a low-index plane,

two-dimensional nucleation is necessary for the growth to be continued.

In the case of a reentrant groove (Fig. 2.8a), the growth of new layers can be

started by one-dimensional nucleation. The growth rates in the cases of

one-dimensional and two-dimensional nucleation as rate-determining steps can be

compared to each other by considering the growth of two-dimensional flat cadmium

dendrites from Fig. 2.8b–d.

Fig. 2.8 (a) Schematic representation of the formation of an “indestructible reentrant groove” and

the cadmium deposits obtained by deposition from 0.10 M CdSO4 in 0.50 M H2SO4 onto a

cadmium electrode. Deposition overpotential: 50 mV. Deposition times: (b) 2 min, (c) 2 min,

and (d) 10 min (Reprinted from Refs. [7, 11, 13] with kind permission from Springer and Ref. [33]

with permission from Elsevier)

Fig. 2.9 (a) Schematic representation of the growth at screw dislocation and (b) the initial stage of
Pb electrodeposition from 0.40 M Pb(NO3)2 in 2.0 M NaNO3 at an overpotential of 100 mV with a

time of 0.5625 s (According to [3] and reprinted from Ref. [34] with permission from Elsevier)
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The tip of the twined cadmium dendrite precursor from Fig. 2.8b represents the

physical equivalent of the scheme of the growth site from Fig. 2.8a. As shown in

Fig. 2.8a, a layer of atoms advance in the direction determined by twining laws, an

edge is constantly renewed, in which the new layers can be started by

one-dimensional nucleation. Further growth and branching of precursor like that

from Fig. 2.8b produces the dendrites shown in Fig. 2.8c, d. The deposition on the

lateral flat dendrite surfaces takes place by repeated two-dimensional nucleation, as

in deposition on dislocation free surface [33]. This makes the deposition rate in the

direction of tip motion many times larger, which results in dendrite shape like that

from Fig. 2.8d.

In the case of a screw dislocation (Fig. 2.9a), the step provokes the growth by

retaking itself with one end fixed at the point where the screw dislocation emerges.

The initial stage of growth at the screw dislocation is shown in Fig. 2.9b. The

needle-like dendrites as those shown in Fig. 1.8b, c are formed by this type of

growth [34].

Aside from dendrites of the different shapes [34, 35], during electrodeposition

of Pb in the diffusion control, crystals of irregular shapes were also formed

(Fig. 2.10). These irregular crystals do not follow the classical Wranglen definition

of a dendrite [26], but they behave as dendrites with regard to their electrochemical

characteristics. For this reason, these crystals formed under diffusion control are

denoted as precursors of dendrites [34].

Fig. 2.10 Lead crystals formed by electrodeposition from 0.40 M Pb(NO3)2 in 2.0 M NaNO3 at

overpotentials of (a) 50 mV and (b) 75 mV with quantity of the electricity of 0.95 mA h cm�2

(Reprinted from Ref. [36] with permission from the Serbian Chemical Society)
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2.1.3.3 Mathematical Model Considering the Conditions

of Spherical and Cylindrical Diffusion

Model of the Spherical Diffusion Around the Tip of a Surface

Protrusion–Deposition to the Point

Considering the model of surface irregularities shown in Fig. 2.1, the surface

irregularities are buried deep in the diffusion layer, which is characterized by a

steady linear diffusion to the flat portion of completely active surface and by the

spherical diffusion field formed around the tip of a surface protrusion. The condi-

tions of spherical diffusion are fulfilled around the tips of both needle-like protru-

sion (Fig. 2.9b) and irregular crystals (Fig. 2.10b).

If the protrusion does not affect the outer limit of the diffusion layer, i.e., if
δ � hp, the limiting diffusion current density to the tip of the protrusion from

Fig. 2.1, iL,tip, is given by:

iL, tip ¼ iL 1þ hp
r

� �
ð2:12Þ

Substitution of iL,tip from Eq. (2.12) into Eq. (1.13) produces for hp/r >> 1:

itip ¼ i0, tip f c � f að Þ ð2:37Þ

where i0,tip is the exchange current density at the tip of a protrusion.

Obviously, deposition to the tip of such protrusion inside the diffusion layer is

activation-controlled relative to the surrounding electrolyte, but it is under mixed

activation–diffusion control relative to the bulk solution.

If deposition to the flat part of electrode is diffusion-controlled process and

assuming a linear concentration distribution inside diffusion layer (see Eq. (2.10)),

the concentration Ctip at the tip of a protrusion can be given:

Ctip ¼ C0

hp
δ

ð2:40Þ

According to Newman [37], the exchange current density at the tip of a protru-

sion, i0,tip, is given by:

i0, tip ¼ i0
Ctip

C0

� �ξ
ð2:41Þ

where

ξ ¼ d log i0
d log C0

ð1:17Þ
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or

i0, tip ¼ i0
hp
δ

� �ξ

ð2:42Þ

because of Eq. (2.40).

Taking into account the Eq. (2.37), the current density to the tip of a protrusion is

then given by:

itip ¼ i0
hp
δ

� �ξ

f c � f að Þ ð2:43Þ

being under mixed control due to the (hp/δ)
ξ term, which takes into account the

concentration dependence of i0,tip, expressing in this way a mixed controlled

electrodeposition process.

Outside the diffusion layer hp� δ, and the Eq. (2.43) becomes:

itip ¼ i0 f c � f að Þ ð2:44Þ

indicating pure activation control, as the (hp/δ)
ξ term is absent.

For the dendrite growth, the current density to the tip of a protrusion formed on

the flat part of the electrode surface growing inside the diffusion layer should be

larger than the corresponding limiting diffusion current density [38]. Hence, if

iL < itip ð2:45Þ

the protrusion grows as a dendrite.

In accordance with the Eq. (2.45), instantaneous dendrite growth is possible

after reach of steady-state conditions at overpotentials larger than some critical

value, ηc, which can be derived from the Eq. (2.43) as shown in Refs [7, 13, 38]:

ηc ¼
bc
2:3

ln
iL
i0

δ

hp

� �ξ

ð2:46Þ

and minimum overpotential at which dendritic growth is still possible, for hp¼ δ, ηi
is given by:

ηi ¼
bc
2:3

ln
iL
i0

ð2:47Þ

for fc >> fa. For very fast processes, when i0/iL >> 1, and if fc� fa but fc> fa,
the Eq. (2.46) becomes:

ηc ¼
RT

nF

iL
i0

δ

hp

� �ξ

ð2:48Þ
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and the Eq. (2.47):

ηi ¼
RT

nF

iL
i0

ð2:49Þ

meaning that in the case of ohmic-controlled reactions, dendritic growth can be

expected at very low overpotentials, or better to say, if i0!1, instantaneous

dendritic growth is possible at all overpotentials if only mass transfer limitations

are taken into consideration.

It should be noted that all the above derivations are valid, if the protrusion tip

radius is sufficiently large to make the effect of the surface energy term

negligible [5].

It follows from Eq. (2.49) that for systems with i0!1, dendritic growth is

possible at all overpotentials. Experimentally, some critical overpotential of den-

dritic growth initiation exists in all cases, being of the order of a few millivolts

[5, 39, 40]. Assuming that under complete diffusion and surface energy control

(i0!1) the current density to the macroelectrode is given by [5]:

i ¼ η
nFð Þ2DC0

δRT
ð2:50Þ

and assuming that Eq. (2.40) is valid, the current density on the tip of a dendrite

growing inside the diffusion layer of a macroelectrode, id, is given by:

id ¼ η2
ðnFÞ3DC0

8γVRT

hp
δ

ð2:51Þ

then, it is possible to derive the relationships:

ηc ¼
8γV

nFhp
ð2:52Þ

using the same procedure as in derivation of Eqs. (2.46) and (2.47), where γ is the
interfacial energy between metal and solution and V is the molar volume of the

metal, and minimum overpotential at which dendritic growth is still possible, ηi is
given by:

ηi ¼
8γV

nFδ
ð2:53Þ

Hence, a critical overpotential for initiation dendritic growth is also expected in

such cases, being of the order of few millivolts [7, 13, 38].
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Model of the Cylindrical Diffusion Around the Top Edge of a Surface

Protrusion–Deposition to the Line

Unlike the conditions of spherical diffusion fulfilled around the tips of surface

protrusions, the conditions of cylindrical diffusion are fulfilled around the top edges

of the protrusions or crystals shown in Figs. 2.8b and 2.10a.

The stationary diffusion current, I, between two electrodes in a cylindrical

diffusion field (see Fig. 2.11a) is given by the Eq. (2.54) [41]:

I ¼ 2π n lcyl FDC0

ln
Rcyl

rcyl

ð2:54Þ

where lcyl is a length of a cylindrical electrode and n, F,D, and C0 have their already

mentioned meanings. For the geometry consisted of two cylindrical electrodes

lcyl

lcyl

Rcyl

rcyl

k

δ δ

hp hp

r c

Metal electrode

Bulk solution

a

b

Fig. 2.11 The cylindrical diffusion: (a) geometry of the electrode and (b) schematic presentation

of a protrusion growing inside the diffusion layer of the macroelectrode under the conditions for

this type of diffusion (Reprinted from Ref. [34] with permission from Elsevier)
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shown in Fig. 2.11a, the current density to the electrode characterized by a radius

rcyl will be:

i ¼ n FDC0

rcyl ln
Rcyl

rcyl

ð2:55Þ

where the concentration at the surface of an electrode characterized by a radius rcyl
is close to zero, while a concentration around a surface of electrode characterized

by radius Rcyl is C0.

The limiting diffusion current density to a cylindrical electrode, iL,c, in the bulk

solution is given by Eq. (2.56) [33, 41]:

iL,c ¼ n FDC0

rcylln
rcylþdcyl

rcyl

ð2:56Þ

where dcyl¼ (πDt)0.5 and t is the time.

In order to simplify, the top edges of the protrusions can be approximated by a

cylindrical protrusion growing inside the diffusion layer of the macroelectrode

shown in Fig. 2.11b, where rc is the radius of the top edge of a surface protrusion,

lcyl >> rc, δ >> hp and δ >> rc. The closest case of this approximation is crystal

shown in Fig. 2.10a. Model of formation of iso-concentric lines around the top

edges of growing protrusions was similar to the one proposed by Scharifker and

Hills [42] for iso-concentric lines formed around the spherical nuclei. It was

assumed that a cylindrical diffusion control of electrodeposition process is initiated

by the last line deformed by a top edge of the growing protrusion and that the

distribution of the concentration inside the diffusion layer of the macroelectrode

does not vary with time. Hence, k¼m�rc, where m is a number of deformed lines

around a top edge of the protrusion. Approximately, if Eq. (2.40) is still valid, the

concentration at the outer limit of the cylindrical diffusion layer inside the diffusion

layer of the macroelectrode will be:

C** ¼ C0

hp þ mrc
δ

ð2:57Þ

or

C** ¼ C0

mrc
δ

ð2:58Þ

if the following condition is satisfied:

mrc >> hp ð2:59Þ
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then, Eq. (2.60) will be valid for the limiting diffusion current density under the

conditions of cylindrical diffusion:

iL,c
** ¼ nFDC**

rc ln
rcþmrc

rc

ð2:60Þ

Using the Eq. (2.58), the Eq. (2.60) can be rewritten in the form:

iL,c
** ¼ nFDC0

m rc
δ

rc ln
rcþm rc

rc

ð2:61Þ

or

iL,c
** ¼ miL

ln m
ð2:62Þ

for m >> 1.

Substitution of iL,c
**from Eq. (2.62) into Eq. (1.13), after rearranging, gives the

Eq. (2.37) as in the case of spherical diffusion control, and the further derivation

remains the same. Hence, the dendritic growth can be initiated at the same depo-

sition overpotential under conditions of both spherical and cylindrical diffusion.

Comparison of the Rates of Growth Under Conditions of Spherical

and Cylindrical Diffusion

The rate of growth of the protrusions under the conditions of spherical and cylin-

drical diffusion can be compared as follows. As shown earlier, the limiting diffu-

sion current density at the tips of protrusions growing under the conditions of

spherical diffusion (the needle-like dendrite or dendrite precursor), iL,tip, inside
the diffusion layer of the macroelectrode is given by:

iL, tip ¼ iL 1þ hp
r

� �
� iL

hp
r

ð2:63Þ

where r<< hp, and the limiting diffusion current density under the conditions of

cylindrical diffusion is given by Eq. (2.62).

The current density under a mixed activation–diffusion-controlled electrodepo-

sition is given by Eq. (1.13), and substitution of the corresponding limiting diffu-

sion current density from Eqs. (2.62) and (2.63) into the Eq. (1.13) produces after

rearrangement:

itip ¼ i0ðf c � f aÞ
1þ i0f c

iL
r
hp

ð2:64Þ
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and

itip, c ¼ i0ðf c � f aÞ
1þ i0f c

iL
lnm
m

ð2:65Þ

where itip and itip,c are the current densities to the tips of dendrites growing under

conditions of the spherical and cylindrical diffusion control, respectively.

The radius at the tip of protrusion growing in the conditions of spherical

diffusion, r is extremely small [5], and, hence, the following is valid:

r

hp
<

lnm

m
ð2:66Þ

Thus,

itip > itip, c ð2:67Þ

or

i0 f c � f að Þ
1þ i0 f c

iL
r
hp

>
i0 f c � f að Þ
1þ i0 f c

iL
lnm
m

ð2:68Þ

Hence, during electrodeposition at a selected overpotential belonging to diffu-

sion control, faster growth occurs under the conditions of spherical control of the

electrodeposition than under those of cylindrical control.

2.1.3.4 Physical Model of Dendritic Growth

The cross sections of the copper deposits obtained in a model system described

earlier (Fig. 2.3a) are shown in Fig. 2.12.

Deposits obtained at 300 mV are compact, while those obtained at 600 mV are

dendritic ones. Since both overpotentials correspond to the plateau of the limiting

diffusion current density [14], it is clear that dendrites are formed at overpotentials

larger than certain critical value, as required by the Eq. (2.47). It is seen that the

current density to the tips of dendrites depends on the hp/δ ratio (see the Eq. (2.43)),
so that larger dendrites are produced at more elevated points of the electrode

surface. This is because the effective height of the dendrite precursor in the

modeled diffusion layer is equal to the sum of the height of the precursor and

the height of the point at which nucleation took places relative to the flat part of the

electrode surface. In the same way, for nuclei formed on the tip of a protrusion

(Fig. 2.12b), ηc (see Eq. (2.46)) is lower than that formed on the flat surface, and a

dendrite is formed at the tip of the protrusion while dendrites are not formed on the

flat part of the electrode at the same overpotential.
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2.1.3.5 Dendritic Growth Inside Diffusion Layer of the Active

Macroelectrode and Ohmic Diffusion

and Activation–Diffusion-Controlled Deposition

and Determination of ηi and ηc

In these cases, the dendritic growth starts at overpotentials larger than the one

which corresponds to the beginning of the limiting diffusion current density

plateau [7, 13].

There is an induction period before the initiation of dendritic growth [5]. During

this induction period, dendrite precursors are formed and become sufficiently high to

satisfy the Eq. (2.46) at a given overpotential, as illustrated in Fig. 2.13. The cross-like

grains seen in Fig. 2.13a, b further develop into dendrite precursors (Fig. 2.13a, c).

The propagation of this structure by branching (Fig. 2.13d) produces dendrites as

shown in Fig. 2.13e.

The initiation of dendritic growth is followed by a change in the slope of the

current density–time curves [7, 11, 13], indicating a change in the growth mecha-

nism of the deposit.

The slopes of these dependencies are similar to each other and independent of

the deposition overpotential during the non-dendritic amplification of the surface

coarsening according to the Eq. (2.34).

The change of the slope of the current-time dependencies due to the dendritic

growth initiation will be treated here in somewhat simplified way.

The limiting diffusion current density to the elevated points of a surface protru-

sion, iL,e, is given by:

iL,e ¼ nFDC0

δ� he
ð2:69Þ

where he is the height of the elevated point relative to the flat surface.

Fig. 2.12 Cross sections of copper deposits obtained in the same manner as those in Fig. 2.3b

from 0.10 M CuSO4 in 0.50 M Na2SO4. The thickness of the agar–agar diffusion layer was

1.0 mm. Deposition time: 30 min; deposition overpotential: (a) 300 mV and (b) 600 mV

(Reprinted from Refs. [7, 13] with kind permission from Springer)
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Fig. 2.13 SEM micrographs of copper deposits obtained by electrodeposition from 0.30 M

CuSO4 in 0.50MH2SO4 onto a copper wire electrode. Deposition overpotential: 550 mV. Quantity

of electricity: (a) 2 mA h cm�2, (b) 2 mA h cm�2, (c) 5 mA h cm�2, (d) 10 mA h cm�2, and

(e) 10 mA h cm�2 (Reprinted from Ref. [19] with permission from the Serbian Chemical Society

and Refs. [7, 8, 13] with kind permission from Springer)
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Then, the limiting diffusion current density will be given by:

iL ¼ θ
nFDC0

δ
þ 1� θ

N

Xi¼N

i¼1

nFDC0

δ� hi, e
ð2:70Þ

where θ is the part of the electrode surface uncovered by dendrites, and N is the

number of elevated points on the electrode surface, and hi,e changes with time

according to Eq. (2.71):

hi, e ¼ hi, 0, e exp
VDC0

δ2
t

� �
ð2:71Þ

which is somewhat modified the Eq. (2.34) for i¼ iL.

It is obvious that diL
dt does not depend on overpotential. After initiation of

dendritic growth, the slopes become dependent on the overpotential. The

overpotential η and current density itip on the tip of a dendrite are related by:

itip ¼ i0
hp
δ

f c ð2:72Þ

for fc � fa and the Eq. (2.70) can be rewritten in the form:

i ¼ iLθ þ 1� θð Þi0 f c
N

Xi¼N

i¼1

hp, i
δ

ð2:73Þ

and di
dt in this case depends on overpotential.

Hence, the maximum overpotential at which the slope of the apparent current

density–time dependence remains constant and equal to that in non-dendritic

amplification of the surface roughness corresponds to ηi. The minimum

overpotential at which this slope cannot be recorded corresponds to ηc.
In this way, ηi and ηc can be estimated. It is known that the i-t dependence is

different from case to case owing to different mechanisms of dendritic growth

initiation and dendritic growth [13]. As a result of this, the analytical approach to

the determination of ηi and ηc must be specific for each system under consideration;

the procedure for one particular case is as follows.

Typical log (current)–time dependencies obtained for Cu electrodeposition from

0.20 M CuSO4 in 0.50 M H2SO4 at overpotentials belonging to the limiting

diffusion current plateau are shown in Fig. 2.14a. According to the above discus-

sion, it is clear that the intersection points of the two linear dependencies determine

the induction time of dendritic growth initiation [38].

The induction times for dendritic growth initiation extracted from the graphs in

Fig. 2.14a can be presented as a function of overpotential, and the critical

overpotential for instantaneous dendritic growth can be obtained by extrapolation

to zero induction time [43].
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The critical overpotential of dendritic growth initiation can be determined by

plotting the logarithm of the slopes of the straight lines from Fig. 2.14a as a function

of overpotential, and the intersection point of the two straight lines determines ηi.
The same procedure was followed for the deposition of cadmium from 0.10 M

CdSO4 in 0.50 M H2SO4 (Fig. 2.14b) [43].

The ηi and ηc of 260 and 660 mV for copper deposition (lower i0 value) and

27 and 110 mV for cadmium deposition (larger i0 value) are successfully deter-

mined using the above given procedure, being in perfect agreement with experi-

mental findings as can be seen from Fig. 2.15 [13, 38, 43].

The cross sections of the copper and cadmium deposits obtained at η< ηi,
ηi< η< ηc, and η> ηc are shown in Fig. 2.15a, b, respectively. It can be seen that

there is no dendrite formation when η< ηi, both compact and dendritic deposits are

formed when ηi< η< ηc and only dendritic metal is deposited when η> ηc. This is
in perfect agreement with findings of Calusaru [44] for the morphology of deposits

of the same metals deposited at overpotentials corresponding to full diffusion

control.

The shapes of the polarization curves presented in Fig. 2.15a, b are in accordance

with values of the exchange current density to the limiting diffusion current density

ratios.

It is known [45] that, apart from decreasing the concentration of the depositing

ion, the formation of a dendritic deposit can also be enhanced by increasing

the concentration of the supporting electrolyte, increasing the viscosity of the

solution, decreasing the temperature, and decreasing the velocity of motion of

Fig. 2.14 log I as a function of time for (a) copper and (b) cadmium deposition (Reprinted from

Refs. [13, 38, 43] with kind permission from Springer)
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the solution. Practically, all the above facts can be explained by the Eqs. (2.47)

and (2.49), assuming that a decrease in ηi means enhanced dendrite formation

because of the lower electrical work required to produce the dendrites. The

possibility of obtaining dendrites of Pb [39] and Sn [40] from aqueous solutions

at lower overpotentials than required for the formation of dendrites of Ag from

aqueous solutions can also be explained by Eq. (2.53) owing to the much lower

melting points of these metals, i.e., their lower surface energy at room tempera-

ture. Dendrites of silver can be obtained from molten salts at overpotentials of a

few millivolts [5], as in the case of Pb and Sn deposition from aqueous solutions

[39, 40], because the difference between the melting point of silver and the

working temperature for deposition from molten salts is not very different from

the difference between the melting point of lead or tin and room temperature. On

the other hand, dendrites grow from screw dislocation and nuclei of higher indices

or twinned ones only [7, 11, 13]. The probability of formation of such nuclei

increases with increasing overpotential [21, 46] and ηi, can also be defined as the

overpotential at which they are formed. Regardless of this, Eqs. (2.47), (2.49), and

(2.53) illustrate well the effect of different parameters on the initiation of dendritic

growth. It is obvious that the electrochemical conditions, as well as the crystallo-

graphic ones, under which dendritic deposits are formed can be precisely

determined.
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Fig. 2.15 Polarization curves for the potentiostatic deposition of (a) copper from 0.20 M CuSO4

in 0.50 M H2SO4 and the cross sections of Cu deposits obtained on Cu wire electrodes previously

plated with Ni: (a) overpotential: 200 mV, deposition time: 6 h; (b) overpotential: 300 mV,

deposition time: 5 h, and (c) overpotential: 700 mV, deposition time: 2 min, and (b) cadmium

from 0.10 M CdSO4 in 0.50 M H2SO4 and the cross sections of Cd deposits obtained on Cu wire

electrode: (a) overpotential: 20 mV, deposition time: 8 h; (b) overpotential: 40 mV, deposition

time: 2 h, and (c) overpotential: 120 mV, deposition time: 9 min (Reprinted from Refs. [13, 38, 43]

with kind permission from Springer)
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2.2 Electrodeposition on the Inert Substrate

2.2.1 Cementation and Prevention of it by Deposition
from the Complex Salt Solutions

If zinc is immersed in a copper sulfate solution, the reaction

Cu2þ þ Zn ! Zn2þ þ Cu ð2:74Þ

occurs, whereby copper ions are converted to the metal, while the zinc dissolves.

Such deposits are spongy and dendritic in a number of cases, and non-adherent as

well. Hence, a good copper deposit on a zinc substrate cannot be formed in this

manner. The basic characteristics of plating baths which produce good deposits are

use of inert substrates and simple or complex salt solutions from which the metal is

deposited at a sufficiently negative cathode potential [13].

In a cyanide-containing bath, the copper potential is sufficiently negative so

cementation does not occur and copper can be successfully deposited onto zinc.

This is due to the fact that the cyanide complexes of copper are very strong so the

potential of copper in such a solution is much more negative than in simple salt

solutions. On the other hand, the zinc cyanide complex is relatively weak and the

potentials of two metals become comparable so an external power supply is

required to deposit copper on the zinc from cyanide.

Analogously, from a copper sulfate solution, cementation of copper on

immersed iron occurs according to the reaction

Cu2þ þ Fe ! Fe2þ þ Cu ð2:75Þ
but from a cyanide solution, copper can be successfully deposited using an external

power supply. In this case the complexes of both copper and iron are very strong

and cementation is theoretically possible if only the reversible potentials only are

taken into consideration. The fact that copper can be successfully deposited onto

steal from cyanide-containing solutions is explained by the fact that the reaction

between iron and cyanide ions is very slow, and so the reversible potential is never

reached.

2.2.2 Surface Film Formation

2.2.2.1 Crystallization Overpotential

The formation of the first crystals during galvanostatic metal electrodeposition on

an inert substrate is sometimes accompanied by a pronounced increase in

overpotential [47, 48]. The dependence of the overpotential on time in such

situations is shown in Fig. 2.16.
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The overpotential ηt changes with deposition time from point b to point

c according to the Eq. (2.76) [47]:

ηt ¼
RT

nF
ln

Ct, a

C0, a
ð2:76Þ

where Ct,a is the concentration of adatoms at time t and C0,a is the concentration of

adatoms at t ¼ 0.

On the other hand, the surface concentration of adatoms changes according to:

Ct, a ¼ C0, a þ i t

nF
ð2:77Þ

Substitution of the Eq. (2.77) into the Eq. (2.76) produces

ηt ¼
RT

nF
ln 1þ i t

nFC0,a

� �
ð2:78Þ

which becomes

ηn ¼
RT

nF
ln

Ccr, a

C0,a

� �
ð2:79Þ

at the moment of nucleation.

Fig. 2.16 The dependence of the overpotential on time during cadmium electrodeposition on a

spiral platinum cathode (electrode surface area: 1.5 cm2) from 0.50 M CdSO4. The deposition

current was 65 μA, ηn is the nucleation, ηcr is the crystallization, and ηd is the deposition

overpotential (Reprinted from Ref. [47] with permission from Bulgarian Chemical Communica-

tions and Ref. [13] with kind permission from Springer)
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The Eq. (2.78) describes the dependence of the overpotential on the deposition

time from point b to point c. The overpotential changes due to the change of the

surface concentration of adatoms from C0,a at the equilibrium potential to some

critical value Ccr,a at the critical overpotential, ηn, at which the new phase is formed.

Hence, the concentration of adatoms increases above the equilibrium concentration

during the cathode reaction, meaning that at potentials from point b to point c there
is some supersaturation. The concentration of adatoms increases to the extent to

which the boundary of the equilibrium existence of adatoms and crystals has been

assumed to enable the formation of crystal nuclei. On the other hand, the polariza-

tion curve can be expressed by the equation of the charge transfer reaction, modified

in relation to the crystallization process, if diffusion and the reaction overpotential

are negligible, as given by Klapka [48]:

i ¼ i0
Ca

C0,a
exp

αnFη

RT

� �
� exp

α� 1ð ÞnFη
RT

� 	
 �
ð2:80Þ

because the partial anode current density depends on the concentration of adatoms,

which for i/i0¼ 0 becomes equal to the Eq. (2.79).

Obviously, the Eq. (2.80) becomes valid at the moment of the formation of the

new phase, and it can be used for estimating the overpotential, ηn, at which

the nucleation takes place. In order to calculate this overpotential, the supersatura-

tion must be known. According to Pangarov et al. [22, 49, 50], the work of

formation of differently oriented particles can be estimated using supersaturations

of four to seven. Considering the nucleation overpotential (for different supersat-

urations), Klapka [48] assumed ten as the upper limit of supersaturation. The lower

limit is obviously one and the Eq. (2.80) in this case becomes identical to the

equation of the charge transfer reaction.

The difference in overpotential between the curves for a given supersaturation

(nucleation on an inert substrate) and the curve for a supersaturation equal to unity

(deposition on a native substrate) gives the value of the crystallization

overpotential, ηcr [48]. It is equal to the difference in the overpotential at point

c and at point e in Fig. 2.16. If the current is switched off at point e, the electrode
potential will approach to the reversible potential of the deposited metal (point g);
after switching on the current again at point g, the overpotential returns to the same

value as at point e, i.e., the deposition overpotential, ηd, meaning that a new phase is

formed. On the contrary, if current is switched off before point c, the electrode

potential will approach the initial stationary potential of the inert electrode, mean-

ing that new phase has not been formed [47].

Using temperature of 25 	C, α¼ 0.5, n¼ 1 or 2, and the Eq. (2.80), Klapka [48]

calculated the dependencies of the nucleation overpotential on the i/i0 ratio for

Ccr,a/C0,a¼ 1, 2, 5, and 10. The calculated curves are shown in Fig. 2.17a. From

these curves, the dependencies of the crystallization overpotentials on the i/i0 ratio,
shown in Fig. 2.17b, can be derived.
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The crystallization overpotential strongly decreases with increasing i/i0 ratio.

As a result of this, it can be measured only in the case of a metal deposition which is

characterized by very high values of the exchange current density [48].

2.2.2.2 The Nucleation Exclusion Zones

Metal electrodeposition on inert electrodes begins with the formation of separate

growth centers until a continuous or disperse deposit is produced. Once a nucleus of

the depositing metal has been formed, the current flowing causes a local deforma-

tion of the electric field in the vicinity of the growing center. As a result, an ohmic

potential drop occurs along the nucleus–anode direction. Considering the high

dependence of the nucleation rate on the overpotential, new nuclei would be

expected to form only outside the spatial region around the initial nucleus. In that

region, the potential difference between the cathode and the electrolyte surpasses

some critical value ηcrit. Using simple mathematics, one obtains for the radius of the

screening zone, rsz, in an ohmic-controlled deposition:

rsz ¼ f
UΩ

UΩ � ηcrit
rN ð2:81Þ

where ηcrit is the critical overpotential for nucleation to occur, UΩ is the ohmic drop

between the anode and cathode, f is a numerical factor, and rN is the radius of the

nucleus. The radius of the screening zone depends on the value of both UΩ and ηcrit.

Fig. 2.17 (a) Dependence of the i/i0 ratio on the overall overpotential for different Ccr,a/C0,a

ratios, indicated on the curves (upper scale for n¼ 1, lower scale for n¼ 2) and (b) dependence of
the crystallization overpotential, ηcr (in mV), for the cathodic reaction on i/i0 for different Ccr,a/C0,a

ratios, indicated on the curves (left-hand scale for n¼ 1, right-hand scale for n¼ 2) (Reprinted

from Ref. [48] with permission from the Collection of Czechoslovak Chemical Communications

and Ref. [13] with kind permission from Springer)
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At a constant ηcrit, an increase in UΩ leads to a decrease in the radius of the

screening zone, the same is true if ηcrit decreases at constant UΩ [51].

The radius of a nucleation exclusion zone can be calculated on the basis of the

following discussion, taking into account the charge transfer overpotential also. If

there is a half-spherical nucleus on a flat electrode, the extent of the deviation in the

shape of the equipotential surfaces which occurs around it depends on the crystal-

lization overpotential, current density, a resistivity of the solution and on the radius

of the nucleus, rN. If the distance from the flat part of the substrate surface to the

equipotential surface which corresponds to the critical nucleation overpotential, ηn,
is lN, then this changes around defect to the extent k�rN, where k is a number, as is

presented in Fig. 2.18.

Therefore, in this region, the current lines deviate from straight lines toward the

defect, thus causing an increase in the deposition rate, while in the surrounding

region nucleation does not occur, i.e., a nucleation exclusion zone is formed. The

voltage drop between the point from which the deviation occurs and the nucleus

surface consists of the ohmic drop between these points and the charge transfer

overpotential at the nucleus solution interface. The nucleation overpotential

includes both the crystallization and charge transfer (deposition) overpotential:

ηn ¼ ηcr þ ηd ð2:82Þ

Hence, at the moment when k�rN become equal to lN

k rNiρ ¼ ηcr ð2:83Þ

where i is the current density along the current lines and ρ is the specific ohmic

resistivity of the solution. Hence, when the ohmic drop between the deviation point

and nucleus surface becomes equal to the crystallization overpotential, a new

nucleation becomes possible on inert substrate assuming in both cases the same

Fig. 2.18 A schematic representation of the deformation of the current field around a defect or a

grain grown on a foreign substrate. For an explanation of the symbols, see Ref. [52] (Reprinted

from Ref. [52] with permission from the Serbian Chemical Society and Ref. [13] with kind

permission from Springer)
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charge transfer overpotential, and the same value of the current density between the

two symmetrical points on the anode and inert cathode surface and between the

same point on the anode and the point at the surface of the earlier formed nucleus.

The radius of the nucleation exclusion zone, rsz, corresponds to the distance

between the edge of a nucleus and the first current line which not deviates (when

k�rN becomes equal to lN). Accordingly, nucleation will occur at distances from the

edge of a nucleus equal or larger than rsz, which can be calculated as:

rsz ¼ rN
ffiffiffiffiffiffiffiffiffiffiffiffiffi
2k þ 1

p � 1
� �

ð2:84Þ

If the Eq. (2.83) is taken into account, one obtains:

rsz ¼ rN

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2ηcr
rNρ i

þ 1

s
� 1

 !
ð2:85Þ

According to the Eq. (2.85), a new nucleation is possible in the vicinity of a

nucleus if ηcr ! 0 or i ! 1orρ ! 1
The analysis of the nucleation rate around a growing grain can also be treated in

a more rigorous way [53]. Regardless of this, the above model is sufficient to

explain the role of nucleation–exclusion zones in the first stage of electrocrystal-

lization. This is because the nuclei formed are extremely small, and the spherical

diffusion control around them can be established after relatively large induction

times [54]. During this induction time, the nucleation exclusion zones are due to the

ohmic drop in the vicinity of a growing center. Simultaneously, the nucleation

process is practically terminated, because it is very fast [55]. On the other hand, the

rigorous treatment of this problem is very complicated while the effect of

the kinetic parameters of the deposition process in the first stage of electrocrystal-

lization can be qualitatively explained in a simple way using the described model,

i.e., Klapka’s concept of crystallization overpotential and the classical nucleation

theory.

During the cathodic process at low i/i0, the crystallization overpotential is

considerably high; with increasing i/i0, however, it decreases rapidly [48]. Hence,

for i0! 0, it follows that rsz! 0.

2.2.2.3 Nucleation Rate and Deposition Overpotential

It has been established experimentally that the number of nuclei deposited electro-

lytically onto an inert electrode increases linearly with time after an induction

period. After a sufficient length of time, it reaches a saturated value that is

independent of time. The density of the saturation value increases with the increas-

ing applied overpotential and is strongly dependent on the concentration of the

electrolyte and the state of the electrode surface [55].
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Kaischew and Mutaftchiew [56] explained the phenomenon of saturation on the

basis of energetic inhomogeneity of the substrate surface. They assumed that the

active centers have different activity, or different critical overpotential with respect

to the formation of nuclei. Nuclei can be formed on those centers whose critical

overpotential is lower or equal to the overpotential externally applied to the

electrolytic cell. The higher the applied overpotential, the greater the number of

weaker active sites taking part in the nucleation process and, hence, the greater the

saturation nucleus density is. The formation and growth of nuclei is necessarily

followed by the formation and growth of nucleation exclusion zones. After some

time, the zones overlap to cover the substrate surface exposed for nucleation, thus

terminating the nucleation process [55]. This is well illustrated in Fig. 2.19. It can
be seen that the deposit obtained at low current densities consists of a small number

of nuclei, but with increasing overpotential or current density, the number of growth

sites increases and the grain size of the deposit decreases.

The simultaneous action of both active centers and nucleation exclusion zones

must be taken into consideration when discussing the dependence of the number of

nuclei on time. In the limiting case for active centers, when screening zones are not

formed, the saturation nucleus density is exactly equal to the integral number of

active centers. In the limiting case for nucleation exclusion zones, the saturation

nucleus density is directly proportional to the nucleation rate and inversely to the

zone growth rate [55]. It is obvious that the saturation nucleus density is larger in

the first than in the second case, because of the deactivation of active centers by

overlapping nucleation exclusion zones.

The classical expression for the steady-state nucleation rate, J, is given by

[47, 57, 58]:

J ¼ K1exp �K2

η2

� �
ð2:86Þ

where K1 and K2 are practically overpotential-independent constants. Equation

(2.86) is valid for a number of systems regardless of the value of the exchange

current density for the deposition process [47, 58]. At one and the same deposition

current density, i, decreasing i0 leads to an increasing nucleation rate and decreasing
nucleation exclusion zones radii. Hence, the limiting case for nucleation exclusion

zones can be expected when i/i0! 0, and the limiting case for active centers when

i/i0!1.

The saturation nucleus density and the exchange current density of the deposi-

tion process strongly affect the morphology of metal deposits. At high exchange

current densities, the radii of the screening zones are large and the saturation

nucleus density is low. This permits the formation of large, well-defined crystal

grains and granular growth of the deposit. At low exchange current densities, the

screening zones radii are low, or equal to zero, the nucleation rate is large, and a thin

surface film can be easily formed. The saturation nucleus density depends also on

the deposition overpotential.
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The nucleation law can be written as [59]:

N ¼ N0 1� exp �Atð Þ½ 
 ð2:87Þ

where

Fig. 2.19 Cadmium deposits obtained from 1.0 M CdSO4 in 0.50 MH2SO4 solution onto a copper

plane electrode: (a) deposition overpotential: 10 mV; deposition time: 24 min, (b) deposition
overpotential: 40 mV; deposition time: 4 min, (c) deposition overpotential: 60 mV; deposition

time: 2 min, and (d) deposition overpotential: 110 mV; deposition time: 80 s (Reprinted from Refs.

[13, 54] with kind permission from Springer)
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A ¼ K1i0 exp �K2

η2

� �
ð2:88Þ

and N0 is the saturation nucleus surface density (nuclei cm�2), being dependent on

the exchange current density of deposition process and the deposition overpotential.

The overpotential and the current density in activation-controlled deposition

inside the Tafel region are related by:

ηact ¼
bc
2:3

ln
i

i0
ð2:89Þ

Therefore, increasing bc and decreasing i0 leads to an increase in the deposition

overpotential. According to Eq. (2.88), the value of A increases with increasing

overpotential and decreases with decreasing the exchange current density. It fol-

lows from all available data that the former effect is more pronounced resulting in

deposits with a finer grain size with decreasing value of the exchange current

density.

Nucleation does not occur simultaneously over the entire cathode surface, but it

is a process extended in time so that crystals generated earlier may be considerably

larger than those generated later. This causes periodicity in the surface structure of

polycrystalline electrolytic deposits, as well as coarseness of the obtained thin

metal film even when they are formed on ideally smooth substrate. Hence, the

larger the nucleation rate, the more homogeneous the crystal grain size distribution

is obtained leading to formation of smoother deposit. Obviously, periodicity in

the surface structure is a more complicated problem, as shown by Kovarskii et al.
[60–62], but for the purpose of this analysis, the above conclusion is sufficient.

The confirmation of the above theories with accent on the analysis of the effect

of exchange current density on the thin metal film formation on inert substrates can

be obtained in the following way. In Chap. 1 (see Fig. 1.13 and Table 1.2) are given

the polarization curves, the exchange current density values, and iL/i0 ratios for

three different electrodeposition systems (Cd, Cu, and Ni) characterized by the

substantially different value exchange current densities [13, 63].

The deposits of Cd, Cu, and Ni obtained by the processes of electrochemical

deposition on the inert substrates are shown in Fig. 2.20. In Cd electrodeposition,

boulders or large grains are formed by the independent growth of formed nuclei

inside zones of zero nucleation (Fig. 2.20a). Due to the high value of i0 for Cd, the
deposition overpotential is low, the crystallization overpotential is relatively large,

and the screening zones are, according to Eq. (2.81), relatively large. On the other

hand, the nucleation rate is low.

In the case of Cu, due to the lower exchange current density value, a surface film

is practically formed by a smaller quantity of electricity (Fig. 2.20b). The value of

the deposition overpotential is larger than in the case of Cd, and the crystallization

overpotential is lower, resulting in a decrease of the zero nucleation zone radiuses.

In the case of Cu, it is clear that a considerably larger nucleation rate is observed.
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A further decrease in the exchange current density value, as in the case of Ni, leads

to the surface morphology shown in Fig. 2.20c. A surface film is formed, but it is

porous, probably due to hydrogen evolution.

Hence, a decrease in the value of the exchange current density of the deposition

process enhances thin surface metal film formation on inert substrates due to an

increase in the nucleation rate and a decrease in the radius of the zero nucleation

zones. As a result of this, a compact surface metal film is formed with a smaller

quantity of electrodeposited metal, and its coarseness and porosity decrease with a

decreasing exchange current density. On the other hand, at sufficiently negative

equilibrium potentials and low hydrogen overpotential for an inert substrate,

Fig. 2.20 (a) Cd deposit on Cu substrate obtained at a current density of 1 mA cm�2 from 0.070M

CdSO4 in 0.50 M H2SO4. Deposition overpotential: 15 mV. Deposition time: 1200 s, (b) Cu
deposit on Ag substrate obtained at a current density of 1 mA cm�2 from 0.070 M CuSO4 in

0.50 M H2SO4. Deposition overpotential: 60 mV. Deposition time: 300 s, and (c) Ni deposit on Cu
substrate obtained at a current density of 1 mA cm�2 from 0.070 M NiSO4 in 0.50 M

Na2SO4þ 30 g dm�3 H3BO3, pH¼ 4. Deposition overpotential: 715 mV. Deposition time: 120 s

(Reprinted from Ref. [63] with permission from the Serbian Chemical Society and Refs. [8, 13]

with kind permission from Springer)
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decreasing the exchange current density of the deposition process can produce a

porous deposit due to hydrogen evolution.

2.2.2.4 Compact Surface Film Formation

A surface metal film on an inert substrate is formed by the coalescence of growing

grains developed from corresponding nuclei, as is illustrated in Fig. 2.21, whereby

the surface properties of the inert substrate are changed to those of the

electrodeposited metal.

It is obvious that the larger nucleus density, the thinner is the thickness of the

metal film required to isolate the substrate from the solution. At the same time, a

thinner surface film will be less coarse than a thicker one. This means that a

smoother and thinner surface film will be obtained at larger deposition

overpotentials and nucleation rates, i.e., by electrodeposition processes character-

ized by high cathodic Tafel slopes and low exchange current densities.

The main ways of the decrease of the exchange current density and the increase

of the cathodic Tafel slope can be considered as follows.

2.2.2.5 Deposition from Complex Salt Solutions

The silver deposits obtained from nitrate electrolyte-containing 0.10 M AgNO3 in

0.20 M HNO3 (the basic electrolyte) at the overpotential corresponding to an initial

current density of 0.5iL and from the ammonium complex electrolyte (0.10 M

AgNO3 in 0.50 M (NH4)2SO4 solution to which ammonium hydroxide had been

added to dissolve the silver sulfate precipitate) at the overpotential corresponding to

an initial current density of 0.3iL are presented in Fig. 2.22 [64].

From Fig. 2.22a, it can be seen that the silver deposit obtained from the nitrate

electrolyte was constructed from a small number of nuclei. Irregular large grains

were formed even with an initial current density of 0.5iL, causing formation of a

non-compact deposit. On the other hand, the microcrystalline deposit was obtained

by electrodeposition from the ammonium electrolyte (Fig. 2.22b).

The poor microthrowing power of the Ag deposit obtained from the nitrate

electrolytes at the small current densities can be explained in the following way:

Fig. 2.21 Schematic representation of the formation of the surface film: (a) low nucleation rate

and (b) high nucleation rate (Reprinted from Ref. [13] with permission from Springer)
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For i0 >> iL, the deposition overpotential according to Eq. (1.33) is given

by [13, 64]:

η ¼ RT

nF
ln 1� i

iL

� �
ð2:90Þ

It follows from Eqs. (2.87) and (2.88) that for i<< iL, η! 0 and N! 0. Thus, at

low current densities, poor microthrowing power is expected.

On the other hand, for the ammonium complex solution, it is valid i0<< iL
[13]. For i0<< i and i<< iL, Eqs. (2.87), (2.88), and (1.29) are valid meaning that

N> 0. Hence, for deposition at low current densities, the decreasing i0 leads to the

increasing coverage of an inert substrate for a given quantity of deposited metal.

2.2.2.6 Deposition in the Presence of Adsorbed Additives

Inorganic Compounds

The effect of addition of inorganic compounds to the electroplating baths on

electrodeposition processes was illustrated by the analysis of Ag deposits obtained

from the nitrate electrolytes (0.50 M AgNO3 in 100 g dm�3 NaNO3) without

(Fig. 2.23a) and with the addition of 6 g dm�3 H3PO4 (Fig. 2.23b) [65–67].

Fig. 2.22 Silver deposits obtained from: (a) the nitrate solution at an overpotential of 18 mV

(corresponding to an initial current density of 0.5iL) (90 mA min cm�2) and (b) an ammonium

complex solution at an overpotential of 65 mV (corresponding to an initial current density of

0.3iL) (90 mA min cm�2) (Reprinted from Ref. [64] with permission from Elsevier and Ref. [13]

with kind permission from Springer)
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In the case of electrodeposition from the solution containing PO4
3�-ions, almost

complete surface coverage was achieved even with a charge quantity of 2 mA h cm
�2 at a current density of 30 mA cm�2 (i.e., under the optimal film deposition

conditions, as determined in Ref. [65]). This is probably due to the possibility of

further nucleation occurring immediately next to the already existing nuclei, as a

result of the smaller values of the radii of the nucleation exclusion zones caused by

the decrease of the exchange current density for the deposition process by the

addition of PO4
3�-ions. For comparison, in phosphate-free nitrate solution, a

compact Ag film had not been deposited even after 100 mA h cm�2 had been

passed through the cell, as can be seen from Fig. 2.23a [65].

Organic Compounds

The effect of organic compounds on morphology of electrodeposited metal has

been examined by the analysis of cadmium electrodeposition processes from

solution containing 0.25 M CdSO4 in 0.50 M H2SO4 to which was added 3.3 g dm
�3 poly(oxyethylene alkylphenol) (9.5 mol ethylene oxide) [68].

The overpotential-log (current density) plot is given in Fig. 2.24. A well-defined

Tafel line characterized by i0� 10�6 A cm�2 and bc¼ 160 mV dec�1 was observed

at higher potentials also. This phenomenon is explained by the formation of a film

of the organic additive which completely covers the cathode at sufficiently negative

potentials [69, 70]. Tafel linearity was also observed over a short overpotential

range at low overpotentials. The values of i0� 10�3 A cm�2 and bc¼ 60 mV dec�1

obtained in this case are close to the values expected for deposition from a pure

solution [71].

It has been shown [16] that the optimum plating overpotential and current

density are determined by the upper limit of the validity of the Tafel equation for

Fig. 2.23 Silver deposits electrodeposited from 0.50 M AgNO3 in 100 g dm
�3 NaNO3: (a) in the

potentiostatic regime of electrolysis onto Ag wire electrode without the addition of H3PO4.

Quantity of electricity: 100 mA h cm�2. Deposition overpotential: 120 mV. The exchange current

density: 26 mA cm�2 and (b) in the galvanostatic regime of electrolysis onto Pt wire electrodes

with the addition of 6 g dm�3 H3PO4. Current: 30 mA. Time: 2 s. The exchange current density:

5 mA cm�2 (Reprinted from Refs. [13, 65, 66] with kind permission from Springer)
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the deposition process. In this case, as can be seen in Fig. 2.24, the optimum

deposition overpotentials are about 530 mV and 40 mV in the presence and in the

absence of adsorption of this additive, respectively. Cadmium deposits 3 μm thick

obtained at 40 mV and 530 mV are shown in Fig. 2.25. It can be seen that the

deposit obtained at 40 mV is constructed from large grains (Fig. 2.25a), whereas the

one obtained at 530 mV is fine grained due to the larger overpotential (Fig. 2.25b).

Apart from the nucleation density, the preferential orientation of the nuclei is

important in surface metal film formation. As the deposit becomes free of the

influence of the substrate structure on thickening, instead of the formation of a

randomly oriented grain structure, a preferred crystal orientation can develop,

which gives a definite texture to the cross section of the deposit [72]. Texture can

be expressed in terms of degree of orientation of the grains constituting the deposit.

It is to note that the theoretical approach to the problems of deposit orientation

was successfully developed by Pangarov et al. [21, 49, 50]. Using this theory, it was

possible to determine the preferred orientation as a function of overpotential from

silver single crystals [50] to nickel and iron thin films [21, 50].

Finally, it can be concluded that increasing the overpotential at one and the same

current density leads to less coarse deposits with prolonged deposition, because of

lower grains formed during the formation of the surface metal film. This conclusion

is valid if i0< iL. In the opposite case, a rough deposit is often not formed because

of disperse or granular deposit formation. Hence, the first condition that must be

satisfied in thick non-rough metal film deposition is that the exchange current

density must be considerably lower than the limiting diffusion current density in

the system under consideration. The second condition is that the deposition current

Fig. 2.24 Overpotential vs. log (current density) for cadmium deposition in the presence of

additive (Reprinted from Ref. [68] with permission from Elsevier and Ref. [13] with kind

permission from Springer)
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density must be a little larger than the one corresponding to the end of the Tafel

linearity. In this way, the formation of large and well-defined crystal grains due to

deposition under activation control will be prevented. Simultaneously, the increase

of the surface coarseness due to the deposition in mixed activation–diffusion

control will be minimum, and the formation of cauliflower-like and carrot-like

protrusions will be avoided.

On the other hand, smooth and bright deposits can be only obtained in the

presence of specific substances denoted as additives. They are the most often

organic compounds that either are incorporated into the deposits or undergo

electrochemical reaction. Also, they can be adsorbed on the flat part of the surfaces

permitting the electrodeposition at the steps [73, 74].

2.2.2.7 Smooth Surfaces

Basic Facts

It is well known [11] that in electrolytes containing specific substances as additives,

a phenomenon opposite to the ones described so far can occur, i.e., a more rapid

metal deposition at recessed points of the surface than at elevated points. This

causes leveling of the surface irregularities as is illustrated in Fig. 2.26.

Fig. 2.25 Cadmium deposits formed in the middle of Cu electrodes at overpotentials of (a)
40 mV; in the absence of adsorption of the additive and (b) 530 mV; in the presence of adsorption

of the additive. The deposit thickness is 3 μm (Reprinted from Ref. [68] with permission from

Elsevier and Ref. [13] with kind permission from Springer)
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The fact that this phenomenon is only observed at microprofiles not exceeding

100 μm in amplitude necessitated the introduction of the concept of “microthrowing

power” as a category different from ordinary throwing power [11]. The latter is

used in technical literature to describe the quality of electrolytes in plating on

macroprofiles, at which a similar effect is never observed. The difference between

a microprofile and a macroprofile can be seen from Fig. 2.27.

Detailed surveys of the literature on leveling are available in Refs [11, 73–75,

77, 78].

Model of Leveling

All the experimental evidence points to the conclusion that leveling takes place

under conditions when the supply of the substance causing inhibition of the

electrode process is under diffusion control. It was already clear to early investi-

gators that the explanation should be sought in the local variations in the supply of

the leveling agent over the surface profile. Peaks at the surface receive larger

amounts of an additive than the recesses. This results in an increase in inhibition

Fig. 2.26 Illustration of

leveling action of an

additive during metal

electrodeposition

Fig. 2.27 Serrated surface

profile with diffusion layer,

showing the difference

between (a) microprofile

(a0 << δ) and (b)
macroprofile (a0 >> δ)
(Reprinted from Refs.

[13, 76] with kind

permission from Springer)

70 2 Mechanisms of Formation of Some Forms of Electrodeposited Pure Metals



and a decrease in the local current density of deposition at the protrusion relative to

less-exposed parts of the surface. Thus, leveling is directly related to differences in

the surface concentration of the additive which leads to differences in the local

current density of deposition [11].

The deposition current density of metal ions must be close to the end of the Tafel

linearity, i.e., it can be treated as the current density in activation-controlled

deposition, being independent on the geometry of the system. Hence, the current

density at the tip of a protrusion will be equal to the current density on the flat

surface in the absence of additive. It should be noted that under such condition

“geometric leveling” occurs, but true leveling requires the presence of an additive.

If the additive is consumed at the electrode by the reaction

Additive þ n�e� ! Product ð2:91Þ

the limiting diffusion current density of the additive, i�L, tip, to the tip of the

protrusion from Fig. 2.1, if the spherical diffusion can be neglected, is given by:

i�L, tip ¼
n�FD�C�

0

δ� hp
ð2:92Þ

and that to the flat part of the electrode, i•L,f, by:

i�L, f ¼
n�FD�C�

0

δ
ð2:93Þ

where n� is the number of electrons in Eq. (2.91), D� and C0 are the diffusion

coefficient and concentration of the additive, respectively.

Assuming that the overall current density, i, at each point of the electrode surface
is equal, the effective current density, ieff, of metal deposition at the tip of a

protrusion is given by:

ieff, 1 ¼ i� n�FD�C�
0

δ� hp
ð2:94Þ

and on the flat part of the surface by:

ieff, 2 ¼ i� n�FD�C�
0

δ
ð2:95Þ

and following the same procedure as in the treatment of the increase of coarseness

(see section “Non-dendritic amplification of surface coarseness”), one can write:

dhp
dt

¼ V

nF
ieff, 1 � ieff, 2ð Þ ð2:96Þ
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or in the integral form:

hp ¼ hp,0 exp � t

τ1

� �
ð2:97Þ

where

τ1 ¼ nδ2

n�VD�C�
0

ð2:98Þ

where V (molar volume of metal) and n correspond to the electrodeposited metal.

This is the simplest mathematical model of the leveling process [79]. Despite this, it

elucidates the physical essence of the phenomenon under consideration well.

Obviously, for this model to be operative, two conditions must be satisfied:

(a) the additive must be consumed in some manner at the electrode, so that it must

be continuously supplied in order to maintain a certain surface concentration, and

(b) the diffusion layer must not follow the microprofile but must have a smoother

outer boundary, so that variations in its thickness arise, which cause variations of

the diffusion flux of the additive [11].

The first condition is fulfilled with all good leveling agents. Most of them

undergo sufficiently strong adsorption to remain long enough at the metal surface

to be surrounded by depositing atoms and be incorporated into the deposit. It is the

balance between the rate of incorporation and that of diffusion of the substance

from bulk of solution which maintains a given surface concentration of the additive.

The larger the diffusion flux, the higher is the steady-state surface concentration of

the additive. Conversely, higher rates of metal deposition cause a lowering of the

latter [11].

There is an optimal range of additive concentration and current density of

deposition at which the differences in inhibition of deposition between the peaks

and recesses, and hence the effect of leveling, are maximum. At too low surface

concentrations of the additive, i.e., low bulk concentration and high current density

of deposition, the process is practically uninhibited and little difference in the local

current density of deposition can arise. This explains the decrease in the leveling

effect with increasing current density [11].

At somewhat higher bulk concentrations and lower current densities, linearity

exists between the bulk and the surface concentration. This is the range of maxi-

mum difference in inhibition [11].

However, at still higher concentrations, an adsorption/desorption equilibrium

tends to be approached leading to a Langmuir-type relationship. Eventually, in spite

of incorporation, saturation of the surface is reached and the surface concentration

is no longer sensitive to local changes in the diffusion flux of the additives. Hence,

differences in inhibition vanish and leveling is lost [11].

One should appreciate that some time is needed for the diffusion layer to develop

to the extent that it separates from the surface microprofile and provides for local
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differences in the diffusion flux of the additives. Hence, an induction time should be

expected before the leveling effect appears. This is demonstrated by the observed

sensitivity of the process to current interruptions [77].

Quantitative Treatment

An attempt at a comprehensive quantitative consideration of the problem was made

by Krichmar [80]. He proposed that additives adsorbed to the surface of an

electrode are incorporated into the deposit at a rate proportional to the surface

coverage and current density.

For a sinusoidal profile of the electrode surface, Krichmar [80] obtained an

exponential decrease of the amplitude, H0(t) with time:

H0 tð Þ ¼ H0 exp � t

τ2

� �
ð2:99Þ

where τ2 is a time constant given by:

τ2 ¼ a1

A1 B1 C�
0=δ

� �� i
 � coth 2πδ

a1

� �
ð2:100Þ

where

A1 ¼ 2πV

nF
ð2:101Þ

and

B1 ¼
KlevαlevFnD

�C�
0, a

RT δV
ð2:102Þ

Klev and αlev in the above equations are constants.

An exponential decrease of the amplitude of the surface profile was found

experimentally by Krichmar and Pronskaya [81].

Regardless, a model of the current distribution and numerical procedure for the

calculation of the change in shape of an electrode, for electrodeposition followed by

diffusion-controlled reduction or incorporation of a leveling agent, has been devel-

oped [78, 82–84]; the approach of Krichmar [80] seems to be the most important

one for understanding the leveling process.

2.2 Electrodeposition on the Inert Substrate 73



2.2.2.8 Bright Surfaces

Basic Facts

In order for metal coatings to be used for decorative purposes, it is necessary that

their surfaces must be smooth and bright. In everyday experience, the optical

properties of the metals are associated with high reflectivity and low transmission.

For this reason, the terms “mirror bright,” “semi bright,” and “high bright” are often

used when considering electrodeposited metal coatings.

However, there are no precise definitions of these terms. Brightness of a metal

surface is usually defined as its reflecting power, measured by the amount of light

specularly reflected off the surface, i.e., at an angle equal and opposite to that of the
incidence light with respect to the normal to the geometrical surface. A more

precise definition, not involving the actual reflectivity of the surface, would be

the ratio between specularly and diffusely reflected light [32, 85–87]. The ratio of

specular to total reflectivity can also be used for an estimation of the brightness of a

surface [88].

The development of the techniques of scanning tunneling microscopy (STM)

and atomic force microscopy (AFM) enabled the determination and systematization

of structural characteristics which metal surfaces should fulfill in order for light

frommetal surfaces to be to a high degree specularly reflected [89, 90]. The value of

these techniques lies in their ability to provide local information concerning the

metal deposit, which is unsurpassed by any other technique owing to the resolution.

These techniques enable a precise analysis of the topography of a metal surface, i.e.,
examination of the submicrostructures of metal surfaces to be made. Also, the

digital images obtained by these techniques can easily be analyzed by powerful

software packages.

The (total) reflected light from an ideally flat (geometrical) surface is exclusively

mirror-reflected light, i.e., the light is reflected at an angle equal and opposite to that
of the incident light with respect to the normal to the geometrical surface. On the

other hand, any (every) real surface possesses surface irregularities, which lead to

scattering of the light. Then, reflected light from a metal surface includes diffusely

reflected, not only specularly reflected light.

According to Bockris and Razumney [32], if the brightness of a surface is

defined as the ability to reflect light only in a direction making an angle with the

normal equal to that of the incident beam (i.e., approach to an “ideal mirror”), then

the surface will be increasingly bright as the scattering introduced in the reflected

light by surface irregularities decreases, that is, as deviations of the actual surface

from the ideal, geometrical boundaries are eliminated.

The system which is the nearest approximation to an ideally flat surface, from

which reflection of light is exclusively mirror reflection, is the surface of a silver

mirror or of mercury. For that reason, reflection and structural characteristics of a

silver mirror surface can be taken as the reference standard for bright surfaces

[87, 91, 92].
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Silver Mirror

The reflection of light from a silver mirror surface is mostly mirror reflection and the

degree of diffuse reflection is very small (up to 2 %). The degree of mirror reflection

from this surface is also very close to the ideal reflectance of silver [87, 91, 92]. The

silver mirror surface consists of parts parallel to the base and flat on the atomic level

with low-step heights between them, as is shown in Fig. 2.28. It is clear that bright

metal surfaces must be similar to the surface of the mirror.

Electropolished Surfaces

The phenomenon of decreasing the surface coarseness of a metal upon anodic

dissolution under certain conditions is defined as electropolishing. In cases when

polishing occurs, the current–voltage curve was found to exhibit a plateau charac-

teristic for diffusion control of the dissolution process. Some facts point to the

complex nature of the phenomenon of electropolishing.

It was also found that systems undergoing electropolishing exhibit a significant

photoelectrochemical effect. This corresponds to the region of limiting diffusion

current densities and also to the maximum polishing effect.

This suggests to the existence of a photosensitive semiconducting film at the

surface and to a possible role of this film in the electropolishing process. Subse-

quent measurements of the capacitance and resistance of the double layer as

functions of potential have shown that this film must be a very thin and a well-

conducting one.

In spite of all this, considerable evidence has accumulated justifying the

treatment of the electropolishing process as an essentially transport-controlled

phenomenon; this film could be related to the effect of brightening [11].

A quantitative model was suggested by Edwards [93] and elaborated by

Wagner [94]. According to this model, the metal ions produced are complexed by
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Fig. 2.28 Typical surface profiles of a silver mirror: (a) the vertical distance between the markers

represents 1.246 nm, and (b) line section analysis of the flat part of the surface shown in

Fig. 2.28a (Reprinted from Ref. [92] with permission from the Serbian Chemical Society and

from Refs. [13, 87] with kind permission from Springer)
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a component of the electropolishing solution (e.g., phosphate ions or water mole-

cules). Hence, for the reaction to be completed, not only must ions be formed, but

also acceptor species have to diffuse to the surface from the bulk of the solution in

order to form a complex reaction product. Diffusion of the acceptor from the bulk of

the solution to the surface determines the overall rate of reaction.

Hence, differences in acceptor fluxes of different points at the surface arise. The

slower diffusion of the acceptor to the recessed parts could cause an increased

concentration of free metal ions. This would have many possible consequences

such as increasing the cathodic partial current which reduces the net dissolution

current, producing changes in the reaction layer such as the formation of an oxide

film by hydrolysis, making room for an additional phenomenon observed in

electropolishing–brightening. This could be related to the dissolution of facets

and other crystallites. Brightening seems to occur when the surface becomes

covered by a protective film, which controls the rate of dissolution and makes it a

random process, the energetic advantages of atoms at facets and dislocations being

lost. Thus, it could be concluded that the Edwards–Wagner model seems to provide

a reasonable basis for development of a comprehensive theory of the

electropolishing process [11].

The reaction between a metal ion and a ligand is usually sufficiently fast, but it is

the insufficient supply of the latter, which could cause the inhibition of this step and

make it the rate-determining step.

The anodic partial current is independent of the presence of the ligand. However,

if the ligand becomes scarce, the concentration of the free metal ions increases, and,

as a result, the cathodic partial current is increased as well. In an ideal case, when

diffusion of free metal ions away from the electrode is negligible, the difference

between the two partial currents, i.e., the net dissolution current, must be propor-

tional to the flux of the ligand. This case was considered in detail by Wagner [94]

who assumed a molecular diffusion mechanism of supply through a fixed hydro-

dynamic boundary layer of thickness, δ, much larger than wavelength and ampli-

tude of the surface profile.

For a sinusoidal profile of the electrode surface, Wagner [94] gives:

H0 tð Þ ¼ H0 exp � t

τ3

� �
ð2:103Þ

where H0 is the initial surface amplitude, and τ3 is given by:

τ3 ¼ ωδ

2πDVC0
ð2:104Þ

ω is the wavelength of the profile and C0 is the concentration of the acceptor.

Equation (2.104) shows that the electropolishing process is faster if the thickness

of the diffusion layer is smaller and if the bulk concentration of the ligand is larger.

Also, it is faster, the smaller the wavelength of the surface profile is. The latter

reflects the radius of curvature of the elevations and recesses, and the result
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indicates that “microroughness” will disappear more rapidly than

“macroroughness,” which is in accordance with experimental experience

(see also Fig. 2.29c–g). The exponential time dependence of the height of the

elevations given by Eq. (2.104) is in agreement with the findings of Krichmar and

Pronskaya [95]. The electropolished metal surfaces are characterized by a specular

reflection of light.

The 3D STM images of the Cu surface polished only mechanically and the

Cu surface polished both mechanically and electrochemically are shown in

Fig. 2.29a, b, respectively. In order to determine which structural features deter-

mine brightness, the flat parts of the profile, which were parallel to the base, were

examined under different magnifications. The line sections of parts of the flat

surfaces were investigated first at lower magnifications and then at increasingly

higher ones. Following this procedure, Fig. 2.29c–f were obtained.

In the case of the mechanically polished surface, the amplitude of roughness was

several atomic diameters of Cu (Fig. 2.29c, d), whereas the mechanically and

electrochemically polished surface exhibited smoothness on the atomic level

(Fig. 2.29e, f). The increase in the specular reflection of 20–25 % is due to this

fact. It is interesting to note (Fig. 2.29g) that the structure of the bright surface was

not oriented. This is in accordance with the assumption that the dissolution process

under polishing conditions is a random process.

Hence, it can be concluded that the condition for mirror brightness of a metal

surface is smoothness on the atomic level of a suitably oriented flat part of the metal

surface with low-step heights between, as in the case of a silver mirror.

Electrodeposited Surfaces

The STM images of the copper coating electrodeposited in the presence of the

brightening additives that exhibit high degree of mirror reflection which

approached very nearly the ideal reflectance of copper are shown in Fig. 2.30

[87, 91, 96].

The high degree of mirror reflection of this coating was determined by flat and

mutually parallel parts of the surface (Fig. 2.30a, b). The distances between

adjacent flat parts were several atomic diameters of copper (Fig. 2.30c) [87]. The

flat parts of the surfaces were smooth on the atomic scale (Fig. 2.30d). The mean

size of these atomically flat parts was estimated by STM software measurements,

using option of the determination of the autocovariance (ACVF) and power spectral

density (PSD) functions, and they were: (160� 170) nm2 – determined by ACVF

function and 198 nm – determined by PSD function [87].

The flat and mutually parts of the surface appear because the growth of the

deposit in the vertical direction is suppressed by the adsorption of the additive

[89]. This happens if the organic additive adsorbs strongly on the top of the copper

crystallites and inhibits the formation of new growth centers. Deposition then

occurs dominantly at the edges of the crystallite, resulting in lateral expansion of

the layers and the formation of smooth terraces on the atomic level. The growth of a
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Fig. 2.29 The 3D STM images of (a) only mechanically polished Cu surfaces, (b, g) both

mechanically and electrochemically polished, and the surface profiles of the flat parts from

(50� 50) nm2 samples areas: mechanically (c–d) and both, mechanically and electrochemically

(e–f) polished Cu surface. The vertical distances between the labels of the maximum and minimum

points are (c–d) Δl¼ 2.0 nm, (e–f) Δl¼ 0.51 nm (Reprinted from Ref. [87] with kind permission

from Springer, Ref. [91] with permission from Elsevier, and Ref. [96] with permission from the

Serbian Chemical Society)

78 2 Mechanisms of Formation of Some Forms of Electrodeposited Pure Metals



new layer starts from defect arising at the interface between two adjacent crystal-

lites, and surfaces like those in Fig. 2.30a are formed.

Mirror brightness of copper surfaces is not associated with their preferred

orientation. This copper coating showed (200) preferred orientation [87]. On the

other hand, the copper coating electrodeposited from the copper solution containing

thiourea as the brightening additive showed the (111) preferred orientation, while

the mirror bright copper surface polished both mechanically and electrochemically

was relatively disordered with an increased ratio of copper crystallites oriented in

(200), (220), and (311) planes [87, 91, 97].

The 3D STM image of the zinc coating having the high degree of mirror

reflection is shown in Fig. 2.31a. This zinc coating obtained with the addition of

dextrin/salicylaldehyde mixture as the brightening additives were relatively

smooth, but without large flat and mutually parallel parts of the surface, which

were characteristic of the previously observed copper surfaces [98]. Analysis of the

zinc coating at even higher magnification (Fig. 2.31b) showed that the zinc coating

was constructed from hexagonal zinc crystals. XRD (X-ray diffraction) analysis of
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Fig. 2.30 The STM images of 25 μm thick the copper coating electrodeposited from solution:

240 g dm�3 CuSO4
.5 H2Oþ 60 g dm�3 H2SO4þ 0.124 g dm�3 NaClþ 1.0 g dm�3 modified

polyglycol ether (Lutron HF 1)þ 1.0 g dm�3 poly(ethylene glycol) Mn¼ 6000 (PEG 6000)þ
1.5 mg dm�3 3 -mercapto propane sulfonate. Scan size: (a) (880� 880) nm2, and (b) (300� 300)

nm2, (c) the line section analysis from the portion of the STM surface of the copper coating shown

in Fig. 2.30a. The distance between markers is 1.177 nm, and (d) the line section analysis of the flat
part of surface of the copper coating shown in Fig. 2.30c (Reprinted from Ref. [91] with

permission from Elsevier and Ref. [87] with kind permission from Springer)
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the zinc coating showed that the zinc crystallites were oriented in the (110) plane

only. The (110) plane of the h.c.p. crystal lattice is the plane where the most densely

packed atom rows in the most densely packed lattice plane (basal plane) stand

upright to the cathode surface and when the crystallites of the deposits are oriented

so that the most densely populated atom plane is perpendicular to the substrate, then

the deposited metal adopts an outward type of growth [87].

The line section analysis of the zinc coating shown in Fig. 2.31a is given in

Fig. 2.31c, from which it can be observed that the top surfaces of the hexagonal zinc

crystals are relatively flat and mutually parallel. The distance between the top plane

of a hexagonal zinc crystal and the boundary with the adjacent zinc crystal was

several atomic diameters of zinc [87]. The roughness of the hexagonal zinc crystals

was less than the atomic diameter of zinc, i.e., these zinc crystals were smooth at the

atomic level (Fig. 2.31d). The mean size of these hexagonal zinc crystals (estimated

by the STM software data processing) was by approximately (18� 20) nm2 by the

ACVF and about 20 nm by the PSD functions.
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Fig. 2.31 The STM images of 25 μm thick the zinc coating electrodeposited from solution:

300 g dm�3 ZnSO4
. 7 H2Oþ 30 g dm�3 Al2(SO4)3

. 18 H2Oþ 15 g dm�3 NaClþ 30 g dm�3

H3BO3þ 3.0 g dm�3 dextrinþ 2.8 ml dm�3 salicylaldehyde. Scan size: (a) (880� 880) nm2, and

(b) (50� 50) nm2, (c) the line section analysis from the portion of the STM surface of the zinc

coating shown in Fig. 2.31a, and (d) the line section analysis of the hexagonal zinc crystal shown

in Fig. 2.31c (Reprinted from Ref. [98] with permission from the Serbian Chemical Society and

Refs. [87, 97] with kind permission from Springer)
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The similar reflection and structural characteristics also showed the zinc coat-

ings electrodeposited onto the zinc substrate [99], as well as those electrodeposited

from acid sulfate solution with the addition of dextrin/furfural mixture [100].

The similarity of reflection and structural characteristics of the copper surfaces

polished both mechanically and electrochemically, and the copper and zinc coat-

ings electrodeposited with the corresponding brightening additives with those of

silver mirror as the reference standard just enabled systematization of the condi-

tions which metal surfaces must fulfill to be mirror bright. These conditions are:

I. Reflection condition: high degree of mirror reflection which approaches to the

ideal reflectance of the corresponding metal

II. Structural conditions:

(a) Flat parts of the surface parallel to the base which are smooth on the atomic

level

(b) Distances between adjacent flat parts which are comparable with the

distances between the adjacent flat parts of a silver mirror

Mathematic model that treats brightness of metal surfaces from the point of view

of geometrical optics only is proposed [87, 91]. The proposed model is valid if the

following assumptions were fulfilled:

• Metal surfaces are divided into equal elementary parts for which the surface area

is ns.
• The flat parts are smooth.

• The light falls onto the surface at a determined angle and is reflected from the

surface only in the direction making an angle with the normal equal to the angle

of incidence.

• The upper flat parts of a surface area (ku�ns parts) reflect light completely.

• The parts of the lower flat parts of a surface area (kd�ns parts) do not reflect light
completely because they are screened by the height of the lateral parts of a
surface area (kl�n parts). The screened zones are made by both incident and

reflected lights.

In total, the brightness of a surface is determined by the ratio of flat parts to the

surface between adjacent flat parts. Increasing the distance between adjacent flat

parts leads to a decreasing brightness of the surface [91].

The parts of the surface which are not able to reflect light, ei, depend on the angle
of incidence and the height of the lateral part of the surface.

All metal surfaces can be represented by one equivalent surface which consists

of row elementary surface units. One such surface unit is represented in Fig. 2.32.

The part of the surface which is screened, ei, and so cannot reflect light is given,
for an angle of incidence, θi, by Eq. (2.105):

ei ¼ kl, i � ns � tg θi ð2:105Þ

where i¼ 0, 1, 2, 3.......
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Then, having in mind the fact that the screened zones are made by both incident

and reflected lights, the brightness of a surface, defined as the ratio of the geomet-

rical minus the screened surface and the geometrical surface, can be given by

Eq. (2.106):

brightness ¼

X1
1

ku, i � ns þ
X1
1

kd, i � ns � 2
X1
1

ei

 !

X1
1

ku, i � ns þ
X1
1

kd, i � ns

¼ ku � ns þ kd � ns � 2 � eð Þ
ku � ns þ kd � ns ¼

ku � ns þ kd � ns � 2 �
X1
1

kl, i � ns � tgθi
 !

ku � ns þ kd � ns
¼ ku þ kd � 2 � kl � tgθið Þ

ku þ kd
¼ 1� 2

kl
ku þ kd

tgθi

ð2:106Þ

where

ku ¼
X1
1

ku, i, kd ¼
X1
1

kd, i, kl ¼
X1
1

kl, i, e ¼
X1
1

ei

Hence, according to Eq. (2.106), the brightness of a surface is a function of the

incident angle, θi, and the ratio between the flat parts, (kuþ kd) and the lateral parts,
kl. Increasing the lateral parts of a surface, kl, leads to a decrease in the brightness of
the surface. Therefore, when kl! 0, then the brightness of the surface approaches

that of a mirror.

The boundary conditions of Eq. (2.106) depend on the expression in the bracket

[87]. The lower flat parts of a surface area will reflect light only if tangent of an

Fig. 2.32 Line section

simulation of one surface

unit a metal surface

(Reprinted from Ref. [91]

with permission from

Elsevier and Ref. [87] with

kind permission from

Springer)
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incident angle of light is smaller than the ratio (kd,i/2 kl,i). On the other hand, for

larger incident angles or an incident angle equal to this ratio, the lower flat parts of a
surface area will not be able to reflect light.

It is necessary to note that an increase of the lateral parts of a surface, kl, is
accompanied by an increase of the “degree of development of the surface.” The

later quantity, S0, defined as the ratio of the real (actual) to geometrical surface, is

given by Eq. (2.107):

S0 ¼ ku � ns þ kd � ns þ 2kl � ns
ku � ns þ kd � ns ¼ 1þ 2

kl
ku þ kd

ð2:107Þ

Then, according to Eqs. (2.106) and (2.107), the brightness of a surface can be

defined by Eq. (2.108):

brightness ¼ 1�Sstgθi ð2:108Þ

or, in %, by Eq. (2.108a):

brightness ðin%Þ ¼ 100�Ssðin%Þtgθi ð2:108aÞ

where Ss¼ (S0 – 1) – a quantity experimentally measurably by STM data processing

as the surface area diff.
The excellent agreement within the limits of the experimental error, between

experimentally obtained values of mirror-reflected light for incident angles of 5	

and 30	 and those of brightness obtained according to the proposed model using

experimentally determined values of the surface area diff (Eq. 2.108a), was

observed [87].

2.2.3 Active Microelectrodes Inside the Diffusion Layer
of the Inert Macroelectrode

2.2.3.1 Granular Growth

Granular deposits consisting of independently growing grains with a highly devel-

oped surface area are obtained by deposition of metals in processes characterized by

large values of the exchange current density [101–103]. In some cases, they consist

of grains growing independent of each other until a compact film [54, 104] or

spongy deposit on it is formed [54].

Granular Growth of Silver

It is shown in Fig. 2.33 that various crystallographic forms, some of them ideal, are

obtained during silver deposition at low overpotentials from pure silver nitrate
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solution, due to the independent grain growth inside the zones of zero nucleation,

probably if 2D nucleation is the rate-determining step [105]. Dendritic growth starts

at higher overpotentials. It can be seen from Fig. 2.33b, c that dendritic growth

initiation is mainly related to the appearance of twinned forms in which indestruc-

tible reentrant groove is formed, being the precursors of dendrite. Hence, a granular

deposit will be formed at overpotentials lower than those for the formation of

dendrite precursors and dendritic growth initiation.

Granular Growth of Lead

The typical Pb granules obtained in the potentiostatic regime of electrolysis are

shown in Fig. 2.34. Similar to silver granules, granules of various shapes were

produced by the electrodeposition processes. The granules, such as octahedrons and

hexagons, as well as many various types of twinned particles: single-twinned,

multiply-twinned (MTPs), lamellar-twinned (LTPs), and many other complicated

Fig. 2.33 Silver deposits obtained potentiostatically on platinum electrode from 0.10 M AgNO3

in 100 g dm�3 NaNO3 at the room temperature. Quantity of electricity: 2 mA h cm�2. Deposition

overpotential: (a) 60 mV, (b) 60 mV, (c) 70 mV, and (d) 70 mV (Reprinted from Refs. [13, 67]

with kind permission from Springer)
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shapes denoted as polyparticles, were synthesized through regulation of the param-

eters of electrolysis.

2.2.3.2 Mathematical Model and Polarization Curve Equation

for the Metal Deposition on Partially Covered Inert Electrode

The ensemble of microelectrodes consists of microelectrodes placed on the inert

surface at distances between their centers larger than their diameter. There are two

conditions under which the particles of active metal placed on the surface of a

macroelectrode can represent microelectrodes. The first condition is that the sub-

strate is conducting, but inert relative to the process under consideration. The

second one is that the grains are sufficiently small to permit activation control of

the electrochemical process on them, making, thus, mixed overall control, as in the

case of the tips of growing dendrites [3, 5, 20], or during the induction time of the

formation of spongy deposits [54].

Assuming homogeneously distributed, equal to each other, hemispherical grains

of the catalyst on an inert substrate, in a way similar to that used by Gileadi [10] to

Fig. 2.34 Lead granules obtained by potentiostatic regime of electrolysis at an overpotential of

5 mV from: (a–d) 0.020 M Pb(NO3)2 in 2.0 M NaNO3, and (e and f) 0.040 M Pb(NO3)2 in 2.0 M

NaNO3
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describe an ensemble of microelectrodes, the surface of the macroelectrode can be

presented by an idealized model, as in Fig. 2.35, and the number of grains per cm2 is

given by:

N ¼ 1

a2mic

ð2:109Þ

It is obvious from Fig. 2.35 that the edge size, amic, of a square of the surface of

the inert macroelectrode belonging to one such particle is equal to the distance

between the centers of the closest particles. If

amic ¼ x � 2rm ð2:110Þ

where rm is the radius of the microelectrode and x is the ratio of the distance

between the centers of the particles and the particle diameter, Eq. (2.109), can be

rewritten in the form:

N ¼ 1

4r2m � x2 ð2:111Þ

The surface of each hemispherical microelectrode, Sm, is:

Sm ¼ 2r2m � π ð2:112Þ

and the working surface of catalyst per square centimeter of macroelectrode, Sw, is
then:

Fig. 2.35 A schematic

presentation of the top view

of the surface of an inert

macroelectrode modified

with microelectrodes of

catalyst (Reprinted from

Ref. [6] with permission

from Elsevier and Ref. [1]

with kind permission from

Springer)
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Sw ¼ N � Sm ¼ π

2x2
ð2:113Þ

or

Sw ¼ 2r2mπ

a2mic

ð2:114Þ

if Eq. (2.110) is taken into account, being dependent on the ratio rm/amic.

A schematic presentation of the cross section of the diffusion layer of an inert

macroelectrode partially covered with small active hemispherical particles is shown

in Fig. 2.36, taking into account that δ >> rm.
A mathematical model can be derived under the assumption that the electro-

chemical process on the microelectrodes inside the diffusion layer of a partially

covered inert macroelectrode is under activation control, despite the overall rate

being controlled by the diffusion layer of the macroelectrode. The process on the

microelectrodes decreases the concentration of the electrochemically active ions on

the surfaces of the microelectrodes inside the diffusion layer of the macroelectrode,

and the zones of decreased concentration around them overlap, giving way to linear

mass transfer to an effectively planar surface [42]. Assuming that the surface

concentration is the same on the total area of the electrode surface, under steady-

state conditions, the current density on the whole electrode surface, i, is given by:

i ¼ nFD C0 � Csð Þ
δ

ð2:115Þ

Fig. 2.36 Schematic presentation of the cross section of the diffusion layer of a partially covered

inert electrode with hemispherical active particles, where rm is the radius of the microelectrodes, δ
is the diffusion layer thickness of the macroelectrode, C0 and Cs are the bulk and the surface

concentrations of reacting ions, respectively, x is the ratio of the distance between the centers of

neighboring particles and the particle diameter, and δ >> rm (Reprinted from Ref. [6] with

permission from Elsevier and Ref. [1] with kind permission from Springer)
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Obviously, the current density from Eq. (2.115) is due to the difference in the

bulk, C0, and surface concentration, Cs, of the reactive ions. Considering the

concentration dependence of the exchange current density [37] (see Eqs. (1.16)

and (1.17)), the current density on the macroelectrode can also be written as:

i ¼ Swi0
Cs

C0

� �ζ

f c � f að Þ ð2:116Þ

assuming a reversible activation-controlled electrode process on the hemispherical

active microelectrodes on an inert substrate, where Sw is the active surface per cm2

of the macroelectrode and i0 is the exchange current density on the massive active

electrode, standardized to the apparent electrode surface.

The current densities given by Eqs. (2.115) and (2.116) are mutually equal and

substitution of Cs/C0 from Eq. (1.18) into Eq. (2.116) produces

i ¼ Swi0 1� i

iL

� �ζ

f c � f að Þ ð2:117Þ

or, for ζ ¼ 1, after rearranging

i ¼ Swi0 f c � f að Þ
1þ Swi0 f c�f að Þ

iL

ð2:118Þ

where iL is the limiting diffusion current density on the macroelectrode standard-

ized to the apparent electrode surface.

It is obvious that

i0,eff ¼ Swi0 ð2:119Þ

where i0,eff is the effective value of the exchange current density relative to the total
surface of a partially covered electrode.

If Eq. (2.120)

Swi0ðf c � f aÞ
iL

>>1 and f c > f a ð2:120Þ

is valid even for small Sw and overpotentials, all the surface behaves as an active

one if i0/iL!1 meaning the ohmic control of electrodeposition.

Figure 2.37 shows the polarization curves for Ag electrodeposition from 0.50 M

AgNO3 in 0.20 M HNO3 recorded on both a graphite electrode and graphite

electrode previously plated with silver from the ammonium electrolyte (electrolyte

containing 0.10 M AgNO3þ 0.50 M (NH4)2SO4þNH4OH to dissolve the silver

sulfate precipitate that was used for this purpose) [1, 6].
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From Fig. 2.37, it can be noticed that the polarization curves for deposition on

the compact silver layer and on the uncovered graphite electrode are practically the

same (please note that there is small difference in initial parts of the polarization

curves due to the different nucleations on silver and graphite electrodes). In both

cases, the ohmic-controlled deposition can be noticed up to about 100 mV. In both

cases, an overpotential of 120 mV belongs to the region in which a slight decline in

the slope of the polarization curve indicates an increased degree of diffusion

control. At overpotentials larger than 140 mV, a strong increase in the current

density with increasing overpotential occurs because of the initiation of dendritic

growth [3, 5]. The polarization curves on platinum electrodes were very similar to

those obtained on graphite ones [6].

The surface of completely covered graphite electrode by deposition from ammo-

nium bath is shown in Fig. 2.38a, while the silver deposit obtained after polarization

measurement up to an overpotential of 120 mV on an uncovered graphite electrode

is shown in Fig. 2.38b. This electrode surface is partially covered because of the

overlapping of the nucleation exclusion zones, being the ideal physical model of a

partially covered inert electrode. The regular crystal form of the grains in Fig. 2.38b

confirms that the deposition on the microelectrodes is not under diffusion control

[16, 106], despite the overall deposition rate that is determined by diffusion to the

macroelectrode.

The current density on the electrode from Fig. 2.38b, with coverage of about

20 %, is practically the same as on a completely covered graphite electrode, as can

be seen from Fig. 2.37 at an overpotential of 120 mV. This is because the exchange

current density for the silver electrodeposition process from nitrate baths is large

[58, 107]. A similar situation appears in silver electrodeposition on platinum [6].

Fig. 2.37 Polarization curves for silver electrodeposition from the nitrate solution on (a) a

graphite electrode previously plated with silver from the ammonium solution and (b) an uncovered
graphite electrode (Reprinted from Ref. [1] with kind permission from Springer and Ref. [6] with

permission from Elsevier)
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2.2.4 Dendritic Growth Initiation Inside Diffusion Layer
of the Macroelectrode in the Case of Very Fast
Electrodeposition Processes

The initiation of dendritic growth in the case of very fast electrodeposition pro-

cesses also will be followed by an increase of the deposition current density, and the

overall current density will be larger than the limiting diffusion current on a flat

active electrode. Based on the above discussion, the polarization curve equation in

the mixed ohmic diffusion-controlled electrodeposition of metals can be deter-

mined as [108]:

i ¼ κη

Lc
for 0 � η < iL

Lc
κ
¼ ηi ð2:121Þ

i ¼ iL for ηi � η < ηc ð2:122Þ

i ¼ iLθ þ 1� θð Þi0 f c � f að Þ
N

Xi¼N

i¼1

hi, e
δ

� �ξ

for ηc � η ð2:123Þ

where N¼N(t) is the number of dendrites and θ¼ θ(t)� 1, where θ is the part of the
electrode surface uncovered by dendrites.

Fig. 2.38 The physical model of a partially covered inert electrode with active grains and a

completely covered inert electrode: (a) a graphite electrode completely covered by deposition

from the ammonium electrolyte; current density on the electrode completely covered with silver

was 62.5 mA cm�2 at an overpotential of 120 mV in the nitrate electrolyte and (b) the silver

deposit on the graphite electrode after the polarization measurements ended at an overpotential of

120 mV in the nitrate electrolyte; current density on such electrode was 59.4 mA cm�2 at the same

overpotential in the nitrate electrolyte (Reprinted from Ref. [1] with kind permission from

Springer and Ref. [6] with permission from Elsevier)
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Equation (2.121) describes the linear part of the polarization curves for tin [109],

silver [1, 6], and lead [34, 35, 110, 111] deposition, and Eq. (2.122) foresees the

inflection point in the cases when ηc is low and the resistance of electrolyte is large.

Finally, Eq. (2.123) describes the part of the polarization curve after the inflection

point characterized by the fast increase of current density with increasing the

overpotential (see Chap. 1; Sect. 1.3.1.1).

In the case of the fast electrochemical processes, the diffusion control follows

after the linear dependence of the current density on the overpotential, i.e., after the
ohmic part at the polarization curve. The overpotential which initiates dendritic

growth is denoted as the critical overpotential for dendritic growth initiation, ηi, and
it is overpotential at which the system enters diffusion control of the electrodepo-

sition. The critical overpotential for instantaneous dendritic growth, ηc, is

overpotential at which diffusion control becomes complete, and this overpotential

corresponds to the inflection point at the polarization curve [111]. After the

inflection point, the electrodeposition systems remain diffusion controlled ones,

and the rapid increase of the current density after the inflection point is result of the

fast growth of dendrites and strong increase of the surface area. Then, using the

electrochemical definition of a dendrite, it follows that this sudden and rapid

increase of the current density can be mainly ascribed to the activation-controlled

electrodeposition at the tips of the formed dendrites. Hence, for this part of the

polarization curve, it can be concluded that there is elimination of mass transfer

limitations due to instantaneous dendritic growth and the activation control at the

tips of growing dendrites.

The polarization curve for Ag electrodeposition from 0.50 M AgNO3 in 0.20 M

HNO3, onto a graphite electrode, is shown in Fig. 2.39. The polarization curve in

Fig. 2.39 means that mass transfer limitations were decreased or even eliminated.

The SEM photomicrographs of the deposit corresponding to the points from

Fig. 2.39 are shown in Fig. 2.40.

Fig. 2.39 The polarization

curve for silver

electrodeposition from

nitrate solution on a

graphite electrode

(Reprinted from Ref. [108]

with permission from

Elsevier and Ref. [1] with

kind permission from

Springer)
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It can be seen from Figs. 2.39 and 2.40a that only grains are obtained at an

overpotential of 100 mV indicating that electrodeposition process was not under

diffusion control [108]. From Figs. 2.39 and 2.40b, it follows that electrodeposition

at 125 mV is still out of the diffusion control. At 150 mV, the current density is

somewhat lower than that which could be expected from the linear dependence of

Fig. 2.40 The SEM photomicrographs of the silver deposit obtained on a graphite electrode

obtained after the recording of the current at different overpotentials in polarization measure-

ments: (a) 100 mV, (b) 125 mV, (c) 150 mV, (d) 175 mV, (e) 200 mV, and (f) 225 mV (Reprinted

from Ref. [108] with permission from Elsevier and Ref. [1] with kind permission from Springer)
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the current on the overpotential. This indicates on the initiation of diffusion control

of the deposition process, but also to the initiation of dendrite growth, which

compensates the mass transfer limitations (Figs. 2.39 and 2.40c). The point

corresponding to an overpotential of 150 mV can be considered as the inflection

point at the polarization curve in Fig. 2.39. At overpotentials larger than 175 mV,

the current density is considerably larger than the one expected from the linear

dependence of current on overpotential. The formation of dendritic deposits

(Fig. 2.40d–f) confirms that the electrodeposition process was dominantly under

activation control at the tips of dendrites. It is necessary to note that the silver

deposits shown in Fig. 2.40d–f are not similar to ideal silver dendrites [26], but they

behave as dendritic ones in regard to their electrochemical properties. Hence, they

can be considered as degenerate dendritic deposits. Occasionally, the needle-like

dendrites can also be formed.

For metals characterized by i0< iL (electrodeposition under mixed activation–

diffusion control; e.g., Cu), both ηi and ηc increase with increasing concentration of
the depositing ions, indicating a decrease of the i0/iL ratios with the increasing

concentration of metal ions [111]. The difference between ηc and ηi (see Eqs. (2.46)
and (2.47)) is given by:

ηc � ηi ¼
ζ bc
2:3

ln
δ

hp
ð2:124Þ

It is very clear from Eq. (2.124) that this difference does not depend on the iL/i0
ratio and, hence, on the concentration of the depositing ions. This difference will

always have a finite value which will never tend to be zero.

For metals characterized by i0 >> jL (electrodeposition in mixed ohmic–diffu-

sion control of the electrodeposition; e.g., Pb and Ag), increasing concentration of

metal ions causes a decrease in both ηi and ηc [111]. Simultaneously, opposite to

electrodeposition of metals in mixed activation–diffusion control, increasing the

concentration of depositing ions leads to a strong increase in the i0/iL ratio.

For this group of metals (see Eqs. (2.48) and (2.49)), the difference between ηc
and ηi is given by Eq. (2.125):

ηc � ηi ¼
RT

nF

iL
i0

δ

hp

� �ζ

� 1

" #
ð2:125Þ

This difference decreases with the decreasing iL/i0 value (or increasing i0/iL
value) and becomes negligible at the sufficiently large concentrations of depositing

ions with the increasing concentration. Due to the decrease iL/i0 ratio with increas-

ing concentration of depositing ions and at the sufficiently high concentration of

depositing ions, this ratio will tend to be zero (iL/i0! 0). Then, the right side of

Eq. (2.125) will also tend to be zero and hence ηc – ηi! 0 (or ηc� ηi), which
corresponds to full ohmic control of the electrodeposition process (see Chap. 1;

Sect. 1.3.1.1). In this way, the limiting diffusion current density plateau transforms

into the inflection point.
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2.2.5 Spongy Deposit Formation

2.2.5.1 Low Overpotentials

Mathematical Model

In systems characterized with low exchange current density values, electrodeposi-

tion process enters the full diffusion control at sufficiently large overpotentials

[13]. On the other hand, if condition 0.1< i0/iL� 1 is fulfilled, deposition will be

under complete diffusion control at all overpotentials if some other kind of control

does not take place (e.g., for silver deposition on a well-defined silver crystal grains
at a silver electrode at low overpotentials, two-dimensional nucleation is the rate-

determining step [105]).

At low overpotentials, a small number of nuclei are formed, and they can grow

independently. The limiting diffusion current density to the growing nucleus iL,N is

given by:

iL,N ¼ nFDC0

rN
ð2:126Þ

or

iL,N ¼ iLδ

rN
ð2:127Þ

where rN is the tip radius of the nucleus. Hence, if rN! 0, condition 0.1< i0/iL� 1

is not satisfied and electrodeposition is under activation or mixed control. Pure

activation-controlled deposition is, thus, possible even at i0 >> iL on very small

electrodes such as nuclei on an inert substrate.

An increase in rN leads to a decrease of iL,N, and, at sufficiently large rN, the
electrodeposition comes under mixed activation–diffusion control, i.e., when:

rN > rmix ð2:128Þ

where rmix is the radius of a growing nucleus where the process comes under mixed

control [7, 54].

Under mixed control of the deposition, amplification of the surface irregularities

on the growing nucleus occurs, leading to the formation of a spherical agglomerate

of filaments. Thereby a spongy deposit is formed. The above reasoning is valid if

spherical diffusion control can occur around growing grains, as in the case of

cauliflower-like deposit growth. Assuming that around each grain with radius rN,
growing under spherical diffusion control, a diffusion layer of the same thickness is

formed, then the initiation of spongy growth is possible if the number of nuclei per

cm2, N, satisfies the condition:
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N � 1

4rmixð Þ2 ð2:129Þ

On the basis of all the above facts, it can be concluded that the formation of a

spongy deposit on an inert substrate may be caused by mass-transport limitations

when the nucleation rate is low. Hence, suitable conditions for the formation of

spongy deposits arise at low overpotentials in systems where iL< i0 [7, 54].

Physical Model

As was mentioned before, at a fixed value of the overpotential, the growth of a

spongy deposit is possible if condition given by Eq. (2.128) is fulfilled.

The situation in which spongy deposits can start to grow can easily be demon-

strated [112]. Grains of the desired size and distribution can be grown at low

overpotentials under conditions of activation-controlled deposition. This corre-

sponds to growth of grains when r< rmix. The situation in which r> rmix can be

simulated by increasing the overpotential to a sufficiently high value to result in

diffusion control around the growing grains and the amplification of surface

irregularities. With increasing overpotential, rmix decreases. This permits the sim-

ulation of the initial stage of spongy growth, as illustrated in Fig. 2.41a, b.

Spongy growth can start on the growing nucleus if the conditions given by

Eqs. (2.128) and (2.129) are both satisfied simultaneously.

In the first stage of deposition, the formation of nuclei having a regular crystal

shape can be expected because the deposition is activation controlled. After rmix is

reached, the system comes under mixed control, producing polycrystalline grains

like those shown in Fig. 2.41c, just as in the case of mixed control of copper

deposition (see Fig. 2.4c) [12]. In this situation, amplification of the surface

irregularities on the growing grains occurs, and spongy growth is initiated.

An ideal spongy nucleus obtained in a real system is shown in Fig. 2.41c which

illustrates the above discussion and physical simulation well [113]. The agglomer-

ate of filaments in Fig. 2.42b is obviously formed by further growth of nuclei like

that in Fig. 2.41d. Hence, it can be concluded that at low overpotentials the

initiation of spongy growth is due to the amplification of surface protrusions

directly inside the spherical diffusion layer formed around each independently

growing grain, as in the case of the formation of cauliflower-like deposits. The

growth of protrusions in all directions is good proof that the initial stage of

deposition on the grain is under spherical diffusion control, while further growth

takes place in the diffusion layer of the macroelectrode. In less ideal situations,

non-ideal spongy nuclei are formed, which, however, after further deposition,

results in a macroelectrode with the same appearance.

The growth of protrusions in all directions is a good proof that the deposition on

the grain is under spherical diffusion control. At longer deposition times, the

protrusions branch and interweave causing the macroelectrode to have a spongy

appearance.
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Real Systems

Typical spongy electrodeposits are formed during zinc and cadmium electrodepo-

sition at low overpotentials [7, 54]. Scanning electron microscopy images of zinc

deposited at an overpotential of 20 mV onto a Cu electrode from an alkaline zincate

solution are shown in Fig. 2.42. The increase in the number of nuclei formed with

increasing deposition time can be seen in Fig. 2.42a, b, and a spongy deposit is

formed as can be seen in Fig. 2.42b. The spongy growth takes place on a relatively

small number of nuclei, as is shown in Fig. 2.42b, c.

Fig. 2.41 Cadmium deposits obtained from (a) 1.0 M CdSO4 in 0.50 M H2SO4 at 12 mV;

Deposition time: 15 min, (b) 0.10 M CdSO4 in 0.50 M H2SO4 at 120 mV. Deposition time:

45 s, and Zinc deposits obtained by deposition at 35 mV from 0.10 M zincate solution in 1.0 M

KOH. Deposition time: (c) 7 min and (d) 15 min (Reprinted from Refs. [7, 13, 112] with kind

permission from Springer and Ref. [113] with permission from the Serbian Chemical Society)
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The initiation of spongy growth at a fixed overpotential is possible if the

condition rN> rmix (Eq. (2.128)) is satisfied, which is the case after some time.

On the other hand, increasing the deposition time leads to the formation of a larger

number of nuclei, and so the condition given by Eq. (2.129) is not satisfied over a

large part of the electrode surface. Regardless of this, the coverage of the electrode

surface by spongy deposits increases with increasing deposition time up to full

coverage, as can be seen in Fig. 2.42d.

Fig. 2.42 Zinc deposits obtained by electrodeposition at 20 mV from 0.10 M zincate and 1.0 M

KOH. Deposition time: (a) 10 min, (b) 20 min, (c) 30 min, and (d) 60 min (Reprinted from Refs.

[7, 13, 54] with kind permission from Springer)
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It should be noted that some other possible mechanisms of spongy deposit

formation have been considered in a qualitative way, as reviewed in Refs.

[114, 115], but the mechanism presented above seems to be the most probable

[115]. However, the mechanism of formation of a spongy deposit over an initial

coating, which is not seen in the case of cadmium but occurs in zinc deposition,

requires clarification [54, 113]. For instance, the mechanism of spongy growth

initiation in this case has not been elucidated.

2.2.5.2 Large Overpotentials

Mathematical Model

As already told, the limiting diffusion current to the growing nucleus, iL,N, is related
to iL by Eq. (2.127).

Equation (2.4) for the growing nucleus can be rewritten in the form:

iN ¼ i0 f c

1þ i0f c
iL

rN
δ

ð2:130Þ

where iN is the current density to the growing nucleus. It is obvious from Eqs. (2.4)

and (2.130) that deposition process on the macroelectrode can be under complete

diffusion control if the condition given by Eq. (2.3) is fulfilled.

At the same overpotential, process on the growing nucleus can be under pure

activation control if conditions

i0 f c
iL

rN
δ
<< 1 ð2:131Þ

or

rN
δ
! 0 ð2:132Þ

are satisfied [116].

Equations (2.131) and (2.132) are fulfilled in the initial stage of electrodeposi-

tion to the nuclei of metal formed on the inert substrate [112]. In this case, the nuclei

behave as microelectrodes, because of their complete independent growth well

before the formation of the diffusion layer of the macroelectrode. The radius r0 of
the initial stable nucleus, at overpotential η, is given by [117]:

r0 ¼ 2γV

nF
ð2:133Þ
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where γ is the interfacial energy between metal and solution. The radius of the

growing nucleus will vary with the time according to [101]:

rN ¼ r0 þ V

nF
i0 f ct ð2:134Þ

or

rN � V

nF
i0 f ct ð2:135Þ

because r0 is extremely low.

Obviously, Eqs. (2.130), (2.131), (2.134), and (2.135) are only the approxima-

tion on growth times, because the effect of surface energy has not been taken into

consideration. At larger deposition times, they are valid, because the surface energy

term at higher value can be neglected [5].

An increase in rN leads to a decrease of iL,N, and at sufficiently large rN
deposition comes under mixed activation–diffusion control. It can be assumed

that this happens at

iN > υ iL,N ð2:136Þ

where 0< υ< 1. By combining Eqs. (2.127), (2.130), and (2.136) one obtain:

rmix � iLυδ

i0 f c 1� υð Þ ð2:137Þ

where rmix is the radius of the growing nucleus when the process comes under

mixed or spherical diffusion control. According to Barton and Bockris [5], the

diffusion layer around such grain forms very fast. The further combination of

Eqs. (2.135) and (2.137) gives the corresponding induction time, ti, given by:

ti ¼ iL

i20

υnFδ

Vf 2c 1� υð Þ ð2:138Þ

For υ ¼ 0.2, Eqs. (2.137) and (2.138) can be rewritten in the forms [118]

rmix � iL
i0

δ

4f c
ð2:139Þ

and

ti ¼ iL

i20

nFδ

4Vf 2c
ð2:140Þ
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At rN< rmix and t< ti the deposition on the growing grain is under activation

control.

Hence, if rN> rmix, the spherical diffusion layer around microelectrode can be

formed. This is the condition for deposition in spherical diffusion control.

The nucleus of spongy deposit, i.e., hedgehog-like particle, appears when ampli-

fication of surface coarseness on the nucleus in spherical diffusion control growing

starts. It was shown earlier [118] that this amplification is very fast so the induction

time when growing nucleus enters mixed control can be taken also as induction

time of spongy formation. It follows from Eqs. (2.139) and (2.140) that rmix and ti
decrease with increasing overpotential.

On the other hand, it was also shown [54] that spongy deposit can be formed only

if around each grain with radius rmix, growing under spherical diffusion control, a

diffusion layer of the same thickness is formed, as illustrated earlier (Eq. (2.129)).

Hence, deposition in spherical diffusion control on the growing grain is possible

if both Eqs. (2.139) and (2.129) are satisfied in the same time. The nucleation law is

already given by Eqs. (2.87) and (2.88).

Then, spongy deposits formation is possible if

N0 1� exp �Atið Þ½ 
 � 1

4rmixð Þ2 ð2:141Þ

and Ati� 0 which happens at sufficiently high overpotentials where K2/η
2 ! 0,

A!K1i0 and ti! 0. Hence, the spongy deposit formation at high overpotentials

starts at very low deposition times, when the spherical diffusion layer formed

around grains does not overlap. The critical overpotential of spongy formation

can be obtained by substitution of rmix from Eq. (2.139) and ti from Eq. (2.140) in

Eq. (2.141) and further calculation if this overpotential is larger than critical one for

instantaneous dendritic growth the dendrite spongy nuclei can be formed over inert

substrate.

Real Systems

The experimental verification of the above discussion is given by the consideration

of the morphology of electrodeposited silver from 0.50 M AgNO3 in 0.20 M HNO3

on the graphite electrode at different overpotentials of deposition and with different

deposition times [116]. In Fig. 2.43a, the deposit obtained at an overpotential of

100 mV during 180 s is shown.

As expected, the large irregular grains are obtained. In Fig. 2.43b, c, the deposits

obtained at 200mV during 1 and 10 s are presented. At 1 s, the grains are formed,

but at 10 s the needle-like deposit is obtained. This means that the spherical

diffusion layer around the growing grains is not formed before the formation of

the diffusion layer of the macroelectrode. The electrodeposition inside the diffusion

layer of the macroelectrode is confirmed by the growth of needles toward the bulk

of solution.
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At an overpotential of 300 mV, the conditions of the spherical diffusion control

around the growing grains are fulfilled and dendritic-spongy deposit is formed, as

can be seen from Fig. 2.44.

The growth of dendrites in all directions means that there is a spherical control to

the growing grains in the initial stage of the electrodeposition.

Finally, the fact that rmix and ti (Eqs. (2.139) and (2.140)) decrease with the

increasing overpotential can be verified by Figs. 2.44 and 2.45.

2.2.6 Whisker Deposits

This form of crystal growth differs from that of dendrites in that (a) it tends to have

a still larger ratio between the longitudinal and the lateral dimensions with an

almost perfect preservation of the latter during growth, and (b) it exhibits no

tendency to side branching. Impurities or additives in the electrolyte seem to be a

prerequisite for its appearance [11, 119].

Gorbunova et al. [120, 121] grew silver whiskers from fairly concentrated silver

nitrate solutions (>0.30 M) containing oleic acid, gelatin, albumin, heptyl, octyl,

and nonyl alcohols.

Fig. 2.43 Silver deposit obtained from 0.50 M AgNO3 in 0.20 M HNO3 at overpotentials of (a)
100 mV; time: 180 s, (b) 200 mV; time: 1 s, and (c) 200 mV; time: 10 s (Reprinted from Ref. [116]

with permission from ESG)
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A few more phenomena should be noted: (a) while growing exclusively in one

direction only, whiskers dissolve anodically at a practically uniform rate from all

sides [119] and at an overpotential much smaller than that needed for growth; (b) a

higher overpotential is needed temporarily for the initiation of growth

(or continuation after interruption) than for growth at a steady rate; (c) if the growth

is interrupted for a longer period of time, then it may continue at the tip, but usually

assuming a new direction, or else it may be completely prevented and a new

whisker started elsewhere. The minimum time required for complete cessation of

further growth was found to depend on the concentration of the additive; (d) if a

constant rate of growth is maintained, by a constant current flow through the cell to

the individual whisker tip, fluctuations of overpotential are observed.

Finally, it should be noted that whiskers differ from other crystals of the same

metal in two respects at least: they have an increased electrical resistivity (two to

three times that of crystals deposited in the absence of additives) and an increased

tensile strength compared to large, pure silver single crystals [11].

A model of the growth mechanism was developed by Price et al. [119] which
gives a good account of most of the phenomena observed. The basic assumption of

the model is that molecules of impurities or additives are strongly adsorbed at all

but one crystal plane and at such a concentration as to completely block the

Fig. 2.44 Silver deposits obtained at an overpotential of 300 mV with a time of (a) 1 s, (b) 1 s, (c)
3 s, and (d) 5 s (Reprinted from Ref. [116] with permission from ESG)
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deposition and extension of the lattice. On the one plane, however, the process of

adsorption is competitive with that of metal deposition whereby the adsorbed

molecules are buried, and, at a steady state, a sufficiently low surface coverage of

foreign molecules is maintained for growth to be possible. The latter is assumed to

occur by continuous nucleation and movement of steps over the close-packed

surface. Indeed, the appearance of some whiskers suggests repeated

one-dimensional nucleation of the type shown in Fig. 2.8a and the extension of

the step in two directions to the edge of the crystal.
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lization and the mechanism of powder formation in the potentiostatic electrodeposition of

metals. J Appl Electrochem 11:239–246
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102. Jovićević JN, Despić AR, Dražić DM (1977) Studies of the deposition of cadmium on foreign

substrates. Electrochim Acta 22:577–587
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