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Abstract

Electrochemical Morphogenesis of Zinc and Silver metals

by

G alathara Lekamge M ahendra Kum ara Sam arakone Kahanda

Advisor: Professor Micha Tomkiewicz

The morphological evolution of zinc and silver m etals in  a pseudo 

two dimensional, th in  layer, three electrode electrochemical cell was 

studied. Detailed growth patterns were obtained with varying applied 

potential and the concentration of the active and supporting electrolytes. 

We found a correlation between the kinetics of the deposition and the 

fractal dimension of the deposit. The general trend  of the growth 

structures is sim ilar for all the systems as the potential varies from the 

activation to the m ass transfer limited region. N ear the activation 

region, deposits resemble the  mossy type structures while in the mass 

transfer lim it i t  follows the DLA type growth, depending upon the active 

electrolyte concentration and diffusion-migration ratio. The frequency 

dispersions of the impedance of smooth and the ram ified silver deposits, 

in  the ir oxidized and unoxidized state, were m easured. We sought to 

correlate the constant phase angle exponent (CPA) w ith surface fractal 

dimension of the deposits and compare the resu lts w ith present 

theories. A monotonic relation between the two param eters was found. 

The functional relationship is insensitive to the dielectric properties of 

the interface.
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1

1. Introduction.

The purpose of this work is to develop a better understanding of the 

p a tte rn  formation in  an electrochemical system and possibly to narrow 

the gap between the recent advances in  morphogenesis and the century 

old, mostly empirical, science of electrochemistry. The stochastic 

morphology was studied experimentally, using tim e-lapse microscopy 

for a quantitative evaluation of the time evolution of the deposits and 

w ith impedance m easurem ent over a broad frequency range for the 

evaluation of electrical transport properties.

Recent in te rest in  growth and aggregation phenomena th a t 

results in fractal clusters[l] with power-law correlations over the 

extended range of length scales was triggered by the success of relatively 

simple computer sim ulations of diffusion-limited aggregation (DLA) 

introduced by W itten and Sander[2,3]. I t was shown th a t the

methodology of DLA sim ulation and the resulting scale invarian t 

properties can be extended to apparently unrelated phenomena such as

dielectric breakdown[4] and viscous fingers[5] through pattern

formation in  various fields th a t satisfy Laplace equation.

The electrodeposition of m etals from electrolytes poses m any 

in teresting problems in the field of pa ttern  formation, especially as the 

morphology of the deposits obtained appears to depend dram atically 

upon the precise conditions of the deposition. Following the success of 

the DLA sim ulations, and the fractal concept of the irregular

geometries, the electrochemical electrodeposition showed up as one of 

the best experimental testing grounds for the field of nonequilibrium 

growth and aggregation, since i t  gives the experim entalist a direct
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control over the kinetics of the competition between the stochastic 

(diffusion) and the deterministic (activation) processes.

However, the dendritic and sim ilar growth patterns in  the 

electrochemical system[6] has been known for m any years and has 

im portant technological ram ifications in  the  perform ance of 

electrochemical power conversion devices such as batteries. In the 

period of 1954 to 1955, Wranglen[7] studied the electrochemical 

deposition of Silver, Cadmium and Lead, shown in  figure 1.1. The 

morphology of these structures shows a rem arkable sim ilarity to the 

recently observed noise reduced DLA[8] patterns. These were the first 

observations of DLA type patterns. Although, these observations were 

very impressive a t th a t time, without proper tools (Fractal, DLA etc.) 

and techniques (image analyzer, PC’s etc.), the in-depth analysis of the 

morphology was left unfinished.

Shortly after computer simulation work started  to appear, 

experim ental work on pattern  formation in  electrodeposition of 

Copper[9], Zinc[10] and conducting organic polym ers[ll] electrodes 

followed. A ttem pts were also made to change the patterns by varying 

electrochemical param eters such as voltage and the concentration of 

active material[12-14] with attem pts a t establishing a nom enclature for 

pa ttern s such as dendritic, string-like, open split, mossy etc. A general 

description of these experimental works could be found in section 2.4.

Voss and Tomkiewicz[15,16] introduced the m ultiparticle diffusion 

limited deposition (MPDLD) model, as a generalization to the single 

particle DLA process to describe the diffusion lim ited electrodeposition. 

By introducing the concept of sticking probability, they were able to 

generate mossy to dendritic structures, sim ilar to those expected in real 

electrodeposition. Construction of our deposition cell is based on the
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(a)

Figure 1.1: (a). Two dimensional Silver dendrite with three dimensional 
dendrite on right.[W ranglen:8]

(b). Three dimensional dendrite of Cadmium.[8]
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MPDLD model, so th a t one could compare the experim ental and 

sim ulated observations.

I t  is im portant to note th a t as the fractal dimension emerges to 

take a prom inent place in  the field of growth and aggregation, 

theoretical [17-20] and experimental [21,22] attem pts to correlate the 

irregu lar morphologies (as characterized through th e ir  scaling 

properties by using fractal geometry) with the impedance of their 

interface w ith an  electrolyte produces some degree of confusion and 

disagreement. Most of the work was based on an  “ideally polarizable” or 

blocking interface in  which the purely capacitive interface linearly 

scales w ith the surface area  and thus offers the correlation between the 

impedance and the fractal geometry.

We will focus our studies on Zinc and Silver m etals because of 

their importance as electrode m aterials for rechargeable batteries 

[26] and advanced energy storage [27] devices. Problems th a t lim it the 

commercial application such as: short cycle life associated w ith the 

growth of nodules and dendrites, formation of non adherent mossy 

deposits [26-30] during the charging and the electrode shape 

(morphology) change [27,30] with cycling, are directly related to the 

proposed study.
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2. Background.

2.1. Simulation Models for Electrochemical Deposition.

A very simple model for cellular growth has been proposed by 

Eden in  1961[31]. I t was mainly introduced to explain the evolution of 

tumors. But th is model has been invoked in m any other physical 

situations and, even if  i t  does not lead to fractal structures i t  is now 

considered as a  fundam ental basic model for aggregation.

In its  sim plest version, th is model builds a connected cluster on a 

lattice, i.e. particles can only be placed on the sites of a periodical lattice 

in d-dimension and two particles are connected if  they occupy nearest- 

neighbor sites on the lattice. The aggregation mechanism follows an 

iterative rule in  which, starting  from a seed particle a t the origin, 

particles are added one after another to the aggregate.

This process produces a relatively compact cluster whose density 

correlations are independent of distance in the lim it of large size. By 

contrast the smoke-particle aggregates, which were studied by Forrest 

and Witten[32], reported to have correlations which fall off as a 

fractional power of distance. Thus, they resemble random  walks, 

percolating clusters and other density profiles associated w ith critical 

phenomena. Motivated by these experimental observations W itten and 

Sander[2] introduced a simple kinetic model of diffusion limited 

aggregation (DLA), which is a varian t of the Eden model. This model 

has been the subject of a great am ount of either analytical, num erical or 

experimental investigations.

The DLA model is more general than expected, has been used to 

described processes which apparently have nothing to do with
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aggregation. The spirit of th is generalization is as follows:

Let us define in the DLA model, the probability u , of finding a 

diffusing particle a t some point before it reaches the aggregate. In 

steady state  (over a long time), the m ean flux of the incoming particles is 

proportional to the gradient of u , and, since particles are only absorbed 

a t the  surface of the aggregate, th is flux has no divergence, i.e. u  obeys 

the Laplace equation,

V2u = 0 (2.1)

with lim iting condition u  = 0 on the aggregate and u  = constant far from 

the aggregate, where the particles are released. Thus, in the DLA 

model, the growing rate  is controlled by a “field” which is derived from a 

given “potential”, whose Laplacian is zero.

2.1.1 Diffusion Lim ited Aggregation Model (DLA).

We shall described here the DLA model in  its  original version on a 

two dimensional lattice: Let us consider a simple square lattice on a 

plane, as shown in Figure 2.1. One first chooses a particular site, 0 , on 

which one places a particle, which will be the seed of our aggregate. 

Then one consider a large circle of radius R, centered on the seed site. 

The first particle is released from the randomly selected perim eter site; 

the particle jumps from one site to any of the nearest neighboring sites, 

the new position being chosen a t random  among the four possibilities. If 

during its random walk, the  particle reaches a site nearest neighbor to 

the seed site, it  stops and stays stuck to the seed, then another (second) 

particle s ta rts  a random walk from randomly selected perim eter site, 

whose motion is stops, when it comes to nearest neighbor site to seed 

particle or the other particle on the aggregate. If  a random walker
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?0 lattice Constants

Figure 2.1: (a) Two dimensional lattice for DLA process, (b) Aggregate of 
3600 particles.
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diffuses too far from the aggregate, it  will be discarded and then 

another particle will be released from the perim eter of the circle. In 

practice, to reduce the computer time, the distance allowed to walk away 

from the seed site for any walker is limited to three tim es the radius of 

the large circle. This procedure is ite ra ted  un til one reaches the desired 

num ber of particles. A typical DLA aggregate containing 3600 

particles[2] is shown in  Figure 2.1.

2.1.2 Multiparticle Diffusion Limited Deposition Model (MPDLD).

The sim ulation is carried out on a two dimensional square lattice 

(LxL), where a fraction f, of the sites are initially occupied w ith mobile 

particles. The bottom edge (h=0), is the initial active area for growth 

while the top edgejth=L) is held a t fixed concentration (see Figure 2.2). 

The mobile particles undergo sim ultaneous diffusion under the 

constraint th a t no two particles can occupy the same site a t the same 

time. During a tim e step, each of the mobile particles is examined in  

random  order. One of its four neighbor sites is selected by chance as a 

possible next position. If unoccupied, the particle moves to th is new site. 

If  occupied, the particle rem ains fixed. Periodic boundary conditions are 

used in  the the horizontal direction, i.e. particles th a t leave to the right 

enter from the left and vice versa. I f  the new site borders a growth site, it 

becomes a p a rt of the aggregate with a  sticking probability, s. Once part 

of the aggregate, the particle is immobile and is itse lf a new growth site. 

The procedure is repeated until an either fixed num ber of particles have 

aggregated or until a fixed num ber of time steps have elapsed.

One can study the variation of the morphology with different s 

and f. Figure 2.2 shows an example of f  = 0.05 for different values of s. In 

an electrochemical deposition under constant potential, s mimics the



V

(a)

Substrate

i l  s= l

(b) U  s=0.5

8= 0.1

s=0.01

Figure 2.2: (a) 2D lattice for MPDLD. (b) Structures for f=0.05 [16].
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applied potential while f is  the concentration of the active electrolyte.
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22. Characterization of the Morphology.

2.2.1 F rac ta l Dim ension:

The concept of fractal was introduced in the seventies by Benoit 

Mandelbrot[l]. By inventing the word “fractal”, he perm itted the 

unification and application of m any older works by Cantor, Poincare, 

Van Koch, Ju lia , et.al., on special functions which do not adm it 

derivatives a t any point. This approach, essentially based on geometry, 

quickly became very popular and is now successfully used in m any 

areas of science.

Fractals are the natu ra l way of representing many of the shapes 

in nature. Thus, ju s t  as Euclidian geometry is the na tu ra l way of 

describing m an-m ade shapes such as squares, triangles or cubes, so 

fractals are the na tu ra l language for describing clouds, trees, leaves 

and other natural objects.

In the general theory of fractal, one defines a number, the fractal 

dimension, d f , which has no special reason to be an integer and which 

quantitatively measures the more or less rogues aspect of the object.

Suppose we divide a line segment of un it length, shown in  figure 

2.3(a)[32], into smaller segment of length £. Then the resulting  num ber

of segment, N(£), is given by,

N(£)= (2.2)

Similarly a unit square can be divided (figure 2.3(b)[32]) into smaller 

squares of side £, then  the resulting num ber of sm aller squares, N(£) is

given by,

N(£) = l / £ 2 ~ £ * 2 (2.3)
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I I I I I I I I I I l-l H-
<-22-'>

N(£) -  i l

Figure 2.3(a) Line of unite length divide into smaller segments.

-2

Figure 2.3(b) Square of unit area divide into smaller squares.
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I f  we follow the same rule, then  the num ber N(£) of the sm aller cubes of 

volume £  3 to fill a  cube of unit volume is given by the relation,

N(£ )= l / £ 3 ~ £ ’3 (2.4)

Therefore, in  general one can write the num ber-length relation as,

N(£) ~ £  "df (2.5)

where df is the fractal dimension of the object. For an  object to be a

fractal, i t  m ust satisfy the relation df > dp[l], where dT is the topological 

dimension of the object.

The triadic Koch curve is one of the standard  examples used to 

illustra te  the fractality of an  object. The construction of the  Koch curve 

s ta rts  w ith a  line segment of un it length, L (l) = 1. This starting  form is 

called the in itiator and may be replaced by a polygon such as an 

equilateral triangle, a  square or some other polygon. The construction 

proceeds by replacing each segment of the initiator by the generator as 

shown in  figure 2.4, a t  n  = 1. Thus, we obtain the first generation which 

is a  curve of four line segments each of length 1/3. The length of the 

curve is now L(l/3) = 4/3. The next generation is obtained by replacing 

each line segment by a scaled-down version of the generator. Thus, in

the second generation we have a  curve consisting of N = 42= 16 segments

each having length £ = 3'2 = 1/9, and the length of this curve is L(l/9) =

(4/3)2. By applying a reduced generator to all the segments of a 

generation of the curve, a  new generation is observed. Therefore, the 

num ber of segments, N(/?) a t n *  generation,

N(£) = 4n (2.6)



n*3

n *3

Figure 2.4: Construction of the Koch Curve.
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and the length of the each smaller segment is £ = 3‘n .

This can be rew ritten as n  = -ln(£)/ln(3). Then the equation 2.6, 

can be rearranged as,

N(l) = 4*Hn(^)/ln(3)]

_ £ -(In4/ln3)

= 2 ' d f

where df = In4/ln3 = 1.26 is the fractal dimension of the Koch curve.

This concept of fractal dimension should be properly defined when 

using an asymptotic lim it to infinitely small lengths. Practically, when 

considering real physical objects, there always exists a  lower lim iting 

characteristic length below which the object cannot be described as a 

fractal. In particular, when considering digitized images, th is na tu ra l 

lower cutoff is the size of a pixel.

2.2.2. Fractal Measures:

The three methods th a t we used to extract the fractal dimension 

from a digitized image of an  object are:

(i) Density-Density Correlation function [2],

To measure the density-density correlation within a deposits, we 

computed the C(r) defined by,

C(r) = 1/N Ip ( r+ r ’) p(r) (2.7)

where N is the num ber of particles in the structure. For example, in  a 

digitized image, N is the num ber of pixels, those occupied by the 

structure .
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The relation to the fractal dimension is given by [2],

df - d
C(r) ~ r  f (2.8)

where d is the dimension of the space, on which the object is embedded. 

For the digitized images, d = 2. .

The digitized image of a deposit is converted to a binary mode in 

which black(structure) and white(empty space), using a  thresholding 

routines. Then the equation 2.7 is calculated for all the occupied(black) 

pixels for a given r  and the resulting C(r) is averaged over the all the 

structure points, in such a way th a t the density p(r) of a pixel (r is the 

position vector) is 1 for occupied pixel and 0 for unoccupied pixel. The 

fractal dimension is obtained taking the best-fit slope of ln[C(r)] vs. ln(r).

(ii). Sandbox Method [33].

This method is due to the earlier work of Forrest and W itten on 

Smoke-particle aggregates.

The relation of the procedure is given by,

N(£) ~ £ df (2.9)

where N(£) is number of points w ithin an imaginary box of side L

For our purpose, we im plem ent th is method as follows. As shown 

in figure 2.5., about every occupied pixel of the image, we forms an 

im aginary square box of side L  The num ber N(£), of occupied(black)

pixels within the box is counted and averaged over all the occupied 

pixels as centers. A log-log plot of N(£) vs. £ has slope df.
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Contour length

Figure 2.5: Boundary of a tree, the Sandbox and the Contour length 
methods.
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(iii). Counter Length Method [5].

This method uses the relation given in  equation 2.5, by directly 

m easuring the length of a boundary with ru lers of different lengths.

The boundary, represented by single pixel thick line, of a binary 

threshold image is printed on a printer, as shown in figure 2.5. The 

num ber N(£) needed to cover the boundary with a  ru ler of length 2=1,

m easured in  units of a pixel, is counted. Then we repeat the same 

operation for a range of increasing 2 values. The log-log plot of N(£) vs. 2

has slope -df.
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2.3. Kinetics of charge transfer of electrochemical system.

2.3.1. From Activation, Diffusion to Migration in  metal deposition.

The overall reaction of cathodic deposition can be represented by

[34];

M sol2+ + ze'  ----- > MLattice + Solvent (2.10)

where Msol2+ represents the solvated m etal ion in  the bulk of the

solution and MLattice is the metal atom in  the bulk of the m etal phase. 

Such reaction may consist of the following successive or sim ultaneous 

steps.

1. Transport of the solvated ion from the bulk of the solution to a 

position a t the outer Helmholtz layer from which it  can be 

transferred  in to the electrode surface.

2. Charge transfer between the electrode and the ion and its  partial 

dehydration.

3. Lateral motion to a position of incorporation into the lattice or 

encounter with other particles to form a crystal nucleus.

4. Incorporation of the particle into a “fixed” lattice position.

5. Continuation of the process until the atom is incorporated 

underneath  the new surface.

The experimental param eters th a t are under control in an 

electrochemical experiment are the electrode potential th a t to a  large 

degree will determ ine the rate  of step 2 ., and concentration of the 

electrolyte that will largely effect step 1.

For a mixed activation and diffusion controlled electrochemical 

reaction under steady-state conditions and under conditions in which 

the surface area does not charge in the course of the reaction the
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current density varies with the electrode potential (see Appendix A) 

according to [35].

where

(2.12)

(2.13)

T1 = E - E0 (2.14)

W here i0 is the exchange current, i] c and ij a are the diffusion 

lim ited current, 0Ca and (Xc are the transfer coefficients of the anodic and 

cathodic reactions, F is the Faraday number, R is the gas constant, T is 

the absolute tem perature, n is the num ber of electrons th a t participate 

in  the rate  determining step of the reaction, and T| is the overpotential 

(the difference between the electrode potential E and the thermodynamic 

equilibrium potential E 0).

In  th is work, (cathodic deposition) the electrode potentials are 

negative enough to justify neglect of the anodic reactions, then we are 

left with cathodic term in equation (2.11):

(2.15)
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Since the evolution of the morphology a t the electrode makes it  difficult 

to perform a steady sta te  m easurem ent, we used the linear sweep

By proper treatm ent of the linear potential sweep data, the 

voltammetric i-E curve can be transform ed into forms, closely 

resembling the steady-state voltammetric curve, given by equation

(2.15)[see Appendix B]. This transform ation makes use of the 

convolution principle [35] by introducing semi-integral current I(t), 

given by:

This is the convolutive, steady-state form for totally irreversible reaction, 

such as m etal deposition.

After rearranging equation (2.17):

voltammetry (LSV) method to obtained the current-potential (i-E) curve.

du (2.16)

In terms of I(t), equation (2.15) takes the form:

i = i0c “ [l - SS] ffa) (2.17)

In . a  n F 
RT (2.18)

By using the plot of ln{i(t)/[Ij-I(t)]} vs E, we can obtained the kinetic 

param eters such as exchange curren t (i0), transfer coefficient (a) of the 

reaction and the semi-integral lim iting current given by,
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I, = nFA D ^C (2.19)

where A is the area, D is the diffusion constant, and C is the 

concentration of the electrolyte.

One possibility of equation 2.19 is th a t by taking the diffusion 

constant and the concentration one can calculate an  “effective area for 

the current lim iting condition”. (But, one should keep in  mind th a t 

during the course of the experiment the area  increases significantly and 

the applicability of equation 2.19 is questionable).

2.3.2. Impedance and Constant Phase Angle (CPA).

We define electrochemical systems in  term s of charge transfer 

across an  interface between a solid electrode and an electrolyte. The 

driving force for  the  charge transfer reaction is the potential drop across 

the  interface (as discussed in  previous section). This requires th a t the 

electric current between the electrode and the electrolyte will be a unique 

function of the voltage drop across the interface. As was seen in the 

previous section 2.3.1, all the mechanistic information about the rate 

lim iting steps in  such system is contained in the functional relation 

(2.11); we simply write 1(E), where E is the voltage drop across the 

interface and I is the current.

If  we introduce a small time dependent perturbation in  the voltage 

AE, the  resulting change in the current can be expand in  Taylor series 

to yield

AE + A*E + (2 .20)
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I f  the amplitude of the perturbation is small enough such th a t the

a s  th e  a d m i t ta n c e  o f  th e  s y s te m  a n d  Z(CO) a s  i t s  im p e d a n c e  CO is  th e  

a n g u la r  f re q u e n c y  o f  th e  p e r tu r b a t io n .

Considering the system with simplest electrochemical reaction, 

as in section 2.3.1, if  we impose a small perturbation of potential defined 

by AE exp(j(Ot), we can write the total impedance [see Appendix C], [36] 

of the system,

se c o n d  a n d  h ig h e r  d e r iv a t iv e s  c a n  b e  n e g le c te d , t h e  r e s u l t i n g  c h a rg e  in  

t h e  c u r r e n t  c a n  b e  e x p re s s e d  a s :

(2.21)

We define

Z(co) = R ct 1 + X (2.22)

where

x  =
f D o

(2.23)

Here Rct?t/(j(0)1̂2 is called W raburg [37] impedance and j = ] / - l .

Therefore, we can write real and imaginary parts of the  equation 

(2.22) separately as,
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(2.24)

Im ( Z J  = R c t-^ -r  
(2co)i

(2.25)

This shows th a t the real and the im aginary parts of the impedance

This is a special case of a more general case named often as 

constant phase angle (CPA) behavior [38-42], in which the real and 

im aginary parts are linear w ith C0'n , where 0 < n < 1. The importance 

of constant phase response was first emphasized by Fricke [38] and the 

CPA was explicitly mentioned by Cole and Cole [39].

Expressed in  th is way, impedance m easurem ents do not provide

direct information about the system. In order to gain useful 

information, one has to build a model for the  m echanism  of charge 

transfer in the system; express the model in term s of 1(E) relation; 

superpose on E the small time dependent perturbation; calculate the 

resulting change in  I, from which one can calculate the expected 

frequency dispersion of the impedance and then compare the  expected 

results with the m easured one; then determine the validity of the model 

and the values of the physical param eters th a t appears in the model. In 

m any practical cases this procedure is very complicated and the 

equations very rarely can be solved in an analytical way and one needs 

to restore it  to numerical solutions.

should vary linearly with CD"1̂2 .
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The alternative to th is approach is to represent the system in 

electrical engineering term s. This implies utilizing electrical circuit 

elem ent such as capacitors and resistors while correlating these 

elem ents w ith some physical processes and charge accum ulation 

modes in  the system and building the electrical network and comparing 

the response of this network with the m easured response [36,42]. In 

general, when th is  approach is being used, capacitor (C) represents 

charge accum ulation modes while resistors (R) rep resen t charge 

transfer modes. We associate the product of a  capacitance and a 

resistive elements, RC = t, with the corresponding relaxation time of the

charge accum ulation mode.

In the past, different forms of CPA have been used to represent the 

experim ental data. Among those, the sim plest CPA term , which comes 

as a general form of equations (2.24) and (2.25) is,

ZCPA = A (jco)"n (2.26)

Where j = -\f-\ , and (0 is the frequency of the signal and 0 < n < 1

is the CPA exponent. This Z^pA describes an  ideal capacitor for n = 1 

and an ideal resistor for n = 0 .

A more generalized term  to described the CPA type behavior was 

introduced by Davidson and Cole [43] in the form:

ZCPA = N ( l + j C 0X)-n (2.27)

where j  and CO has the same meaning as equation (2.26). At the low 

frequency lim it N is related to the resistance of the storage mode and 

nT/N to its capacitance. At the high frequency lim it th is element is 

identical to the CPA element given in equation (2.26).
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ZcPA *n  f°rm  can include contribution from static disorder 

such as porosity [44-47], random m ixture of conductor and insulator 

th a t can be described by the effective medium approximation a t 

percolation [48], an  interface th a t can be described by a fractal geometry.

Le M ehaute and Crepy [17] were first to propose a correlation 

between the two param eters in the form of,

n = 4 - (2-28)
d f

where n  is the CPA exponent and df is the fractal dimension of the 

interface of a two dimensional system ( 1 < df < 2). An analytical model 

for the a.c. response of a fractal interface has been proposed by Liu [18] 

and refined by Kaplan and Gray[49]. This model is based on the “Cantor 

bar” electrode (Figure 2.6(a)) and the electrical circuit analog of the 

interface is shown in  figure 2.6(b). The resistance R in the electrolyte 

increases by the ratio a  a t every stage of branching because of the 

reduction in  cross-sectional area. The capacitance C is assum ed to be 

the same a t every stage and represents the interfacial capacitance of the 

two lateral faces of the branch.

The resulting impedance of the network is as follows, when 

w ritten in condensed form of writing the fraction [18]

Z(C0) = R + ^ - L ------= ? -  t - 4 -------------   (2-29)
-j(0C + aR + j(0C + a2R +

It is shown by Liu in  his original paper [18] Z(G0) satisfies the following 

frequency scaling.

Z (f)  = R + - , a ^-(t0)—  (2.30)
'a '  - jco Z(co) + 2
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Figure 2.6: (a) Cantor bar electrode[18].
(b) Equivalent circuit of (a).
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In the low frequency limit,

Z (£) ”  2  Z(M) (2'31)

The solution to equation (2.31) is

Z(CO)= KR(jCO)-n (2.32)

where K is a scale factor and n = 1 - ln2 /  lna = 1 - d.

The length of the border of Cantor bar has the fractal dimension 

(interface fractal dimensions), df = 1 + d.

Thus the general relation between n and df is,

n = 2 - df  (2.33)

At the same period Pajkossy and Nyikos[19] made an attem pt to

derive a relation between n and df by arguing th a t the adm ittance (Y) of

a blocking interface,

_  y  jcoCj 
j 1 + jcoRjCj

(2.34)

obey the scaling laws when the whole system is blown up spatially by a 

factor of r;

Y(r.l,(o) = r2 Y(l,(o) (2.35)

and sim ilarly Rj and the resistance and the capacitance of the i*  

element;

Ci(r.l) = rdCjd)  (2.36)

R j(r.l) = r ^ U )  (2.37)

where “1” and “r . l ” stands for the original values and the new values 

after the blowup and d is the fractal dimension of the surface.

Comparing equations (2.34), (2.36) and (2.37) they obtained the
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relation:

Y( r .l ,  co) = Y( 1, r^ko) (2.38)

and equations (2.35) and (2.38) yields;

Y( 1, rd-ko)
Y( 1, co)

= r  (2.39)

Since the variation of the adm ittance with co can also be described 

by the CPA relation;

Y(co) ~ (jco)n (2.40)

They assum e the relation;

Y( kco)
Y( co)

= kn (2.41)

is holds for a  blocking interface where k is a real scaler factor.

Comparing (2.39) and (2.41) w ith assum ing k=rd_1 they obtained;

n = - 1 -  (2.42)
d - 1

This relation with the interface fractal dimension df(=d-l) will reduced 

to the Le Mehaute relation (2.28).

All these correlations were derived on the basis of blocking nature 

of the solid/electrolyte interface.

Recently, Sapoval et.al.[50] used scaling argum ents on a modified 

sierpinski (non-blocking) electrode to show th a t the correlation between 

the CPA exponent and the fractal dimension of the interface is 

independent of the dielectric properties of the interface and only the 

cutoff frequency varies with the dielectric properties. Their argum ent is 

based on analysis of a fractal size distribution of single pores using
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de Levie’s transm ission line model[44-46]. This model predicts CPA 

exponent of 0.5 for a diffusion free interfacial impedance. However, the 

high frequency cutoff of the CPA is a  function of almost all the dielectric 

components of the system and the diam eter of the pore. The 

superposition of the  individual pore’s cutoffs produces a CPA exponent 

which is independent of the dielectric properties of the interface and n 

agreem ent w ith L iu’s linear correlation.

Our objective in this work is to explore the correlation between n 

and df experimentally and to compare this with the two relations given 

by equations (2.28) and (2.33).
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2.4. Earlier Experimental Work.

2.4.1. Experiments before the DLA:

Most of the early experimental work was aimed a t  problems th a t 

are related to the functionality of battery  electrodes. As mentioned in the 

introduction, one of the in teresting microphotography experiments 

performed by Wranglen [8] in the period of 1954-1955, shows a 

rem arkable similarity in the deposits of Pb, Cd and Ag to the recent 

sim ulation of Noise reduce DLA [7] type structures. In addition to 

figure 1.1, here we see, from figure 2.7, two and th ree  dimensional 

growth of Pb. W ranglen pointed out th a t by confirming the X-ray 

analysis of these structures, dendrites in the fee lattice branches along 

[110] directions. At high current densities Pd develops dendrites 

branching along [100] while Sn grows along the [101] a t low current 

densities.

2.4.2. Experiments after the DLA:

The first experimental attem pts to explore fractal structures 

generated by electrodeposition under diffusion limited conditions were 

performed by Brady and Ball [9] and M atsushita et.al. [10].

In the Brady-Ball experiment, shown in figure 2.8, copper is 

deposited from aqueous CUSO4 solution onto the exposed end of a copper 

wire. The solution is placed inside a hole drilled in  a copper block, 

which acts as the anode. A water soluble polymer (polyethylene glycol) is 

added to the solution to avoid fluid convection and an  excess of Na2S 04 is 

used to screen the electric field.

The cluster radius R, of a deposit, is proportional to the diffusion



Figure 2.7: (a) Pb dendrite; deposited at I=0.3A/cm2[8].
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Figure 2.7: (b) Pb dendrite; deposited at 1= 0.05 A/cm2[8].
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Figure 2.8: Electron micrograph of a deposit grown for only lmin. in 
0.01M CuS04/  0.05M Na2S04 at 6V in two different 
magnifications[9].
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limited current, I [51-53],

R ~ I (2.43)

The effective density of the deposit, p ~ R'2 dM/dR, where M is the 

deposit mass, and with the Faraday law M ~ J I dt, can be w ritten as,

p ~ (I dl/dt) 1 (2.44)

If the deposit is self-similar, the  effective density given by equation 2.8,

p ~ R^f '  ^ w ith d=3 for three dimensional configuration of the

experiment. Using equations 2.8 and 2.44, the slope of a log-log plot of

(I d l/d t)'1 vs. I gives the df. Brady and Ball found th a t the copper

deposits have self-similar structures w ith fractal dimension 

df = 2.43 + 0.03, which is in  good agreem ent with th a t of three 

dimensional DLA [2,3], clusters [54],

In the M atsushita et.al. [10] experiment, m etallic zinc in  the form 

known as zinc metal-leaves is grown two-dimensionally. The 

experimental procedure used to grow Zinc m etal-leaves is as follows: A 

glass vat of diam eter 20cm and depth 10cm filled with 2M ZnS04 

solution (depth 4mm), on to which butyl acetate [CHgCOCKCH^CHg] is 

floated to make an interface. A tip of a Carbon cathode (0.5mm) is set at 

the center of the vat, so tha t the flat tip  is placed ju s t a t the interface. The 

electrodeposition is initiated by applying a d.c. voltage between the 

carbon cathode and a zinc ring-plate anode of diam eter 17 cm, width 2.5 

cm and thickness 3mm placed in the vat. A zinc m etal leaf grows two 

dimensionally a t  the interface between the two liquids from edge of the 

flat tip of the cathode towards the outside anode with an intricately 

branched random pattern  (Figure 2.9). They also observed that, when 

the cathode is rounded or is immersed in  the ZnS04 solution, the
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Figure 2.9: Electrodeposits from 2M ZnS04
(a)-(d): taken at 3, 5, 9, and 15 min.[10].
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deposit grows three dimensionally into the solution.

The growth of the deposits was recorded on a  cam era and then 

processed by image analysis techniques to obtain a density-density 

correlation function C(r) of the two dimensional deposit pa tterns and 

obtained a fractal dimension df = 1.66 ±. 0.03 when the applied d.c. 

voltage is less than  some threshold value. This is in  excellent agreem ent 

with th a t of two dimensional DLA patterns [2,3].

If  the applied voltage is increased above the threshold value, the 

value of the  fractal dimension changes drastically. In  order to elucidate 

the morphological change involved, more extensive studies of the 

electrodeposition were performed by Sawada et.al.[12] and Grier 

et.al.[13]. Both groups deposited zinc on a cathode from two plexiglass 

plates. They observed not only structures sim ilar to DLA patterns but 

also regular dendritic or “homogeneous”, (Figure 2.10), “dense rad ial” 

and “needle-like” or “stringy”, (Figure 2.11) patterns. Both groups 

presented their resu lts in a phase diagram  shown in Figure 2.12, 

showing the dependence of the morphology on the applied d.c. voltage 

and on ZnS04 concentration. In spite of the sim ilar experim ents, the 

phase diagram s seemed very different from each other. L ater Grier 

et.al. [14] investigated, in  particular, the stability of the “dense radial” 

morphology both experimentally and theoretically and attributed i t  to the 

non-negligible resistivity of growth channels of the  dense radial 

electrodeposition.

M atsushita et.al.[55] also performed experiments on the 

electrodeposition of zinc on a line cathode in  a  two dimensional system. 

A typical example of time evolution of the deposits is shown in  figure 

2.13. A fractal dimension of df = 1.70 + 0.06 was obtained from the 

dependence of the r.m.s. deposit thickness (or height of trees), T, and the
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Figure 2.10: Dendritic pattern found in  0.03M ZnS04 at6V[12].
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(o ) (b)

(c) (d)

Figure 2.11: Patterns in  electrochemical deposition of zinc[13]: (a) - (d) 
are grown under the condition indicated by points a - d in 
Fig. 2.12(b).



C 
(M

)
1.0

0.3

0.1

0.03h 

0.01

OPEN

HOMOGENEOUS

STRINGY

DENDRITIC

2 4
AV

6 8
(V)

10 12
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Figure 2.12: (b) Phase diagram  due to Grier et.al.[13].
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Figure 2.13: Time evolution of zinc deposition on a  linear cathode from 
2M ZnS04 a t 20V[55].
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deposit area per un it cathode length N, through the relation,

N ~ T ^  1 (2.45)

This is in  good agreem ent w ith theory [56] and w ith computer 

sim ulations for single particle diffusion limited deposition [57] and 

multi-particle diffusion limited [15,16,58] deposition a t high sticking 

coefficient probability. These results are in good agreem ent w ith large- 

scale computer sim ulation [59] and w ith the scaling ideas of Racz and 

Vicsek [60].

Kaufman and co-workers [11,61,62], performed diffusion lim ited, 

two dimensional polymerization, of pyrrole in  a thin-layer electro­

chemical cell consisting of two glass plates, sim ilar to th a t used by 

Sawada et.al. [12] and Garier et.al. [13]. The solution in  the cell was 

0.1M pyrrole/0.1M AgO toluene sulphonate/acetonitrile. The growth of 

ploypyrrole involved electrochemical oxidation of neu tra l pyrrole 

monomers. Above some threshold applied voltage, diffusion-limited 

conditions were obtained and two dimensional DLA-like clusters, shown 

in figure 2.14, with fractal dimension of 1.70 ±0.03 were obtained.

Since the polypyrrole clusters obtained were durable enough to be 

handled for electrical m easurem ent, they were able to carry out 

conductivity m easurem ent. The resistivity p between two points a t a 

distance r  apart on a deposit with no loops such as DLA patterns is 

proportional to the  minimum path  length t  on the deposit, while H scale

as,

i  ~ r ° min (2.46)

Hence, the conductivity is a  direct m easure of the minimum path  

dimension Dmin. They determined Dmin of 0.96 + 0.04 by scale



Figure 2.14: Polypyrrole aggregate grown through diffusion lim ited 
polymerization a t  6V[11].
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dependent conductivity measurement and found it  

agreem ent w ith simulation resu lt [63].

to be in  good
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2.5 Motivation

So far we have seen little analytical progress in this field th a t has

been dominated by computer simulation models and sophisticated 

num erical studies w ith few experimental observations, which have been 

led by non-equilibrium statistical physicists.

It is obvious th a t many of the features which are observed 

experimentally (section 2.4) appear in  the computer sim ulation (section 

2.1). Yet, i t  is also obvious th a t the electrodeposition process is 

considerably richer morphologically than  the computer simulation. 

Most of the classical electrochemical kinetics is based on deviations 

from equilibrium thermodynamics, and is controlled by the 

overpotential of the electrochemical reaction (section 2.3). Therefore, any 

experimental a ttem pt to correlates input param eters in  the simulations 

w ith the macroscopic param eters of the experimental system m ust be 

performed in  a  controlled electrochemical system.

The key to th is kind of experiment is the construction of an 

electrochemical cell in  which the growth is pseudo two dimensional and 

has to satisfy the following conditions:

1). The cell has to accommodate a reference electrode in  a way in which 

the IR drop will be minimized and th a t the reference electrode will not 

interfere with the pattern  formation.

2). To ensure conditions which are as close as possible to two 

dimensional, the cell thickness has to be a t a possible minimum value. 

To ensure th a t results with such a cell can be compared with the three 

dimensional counterpart full control over the current distribution and 

the IR drop in the cell are required.
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3). Typical volume of such a cell is very small (~ 4 x l0 '3 cm 3). Even for 1M

concentration of the electrolyte there will be fast depletion of the 

electrolyte as the pattern  evolves. Since the patterns are very sensitive to 

the local concentration of the electrolyte, the patterns will change with 

time and therefore reproducible pa ttern  formation will be impossible. To 

gain control over this effect we need to design the system in  such a way 

tha t the electrolyte is being regenerated a t the counter electrode.

4). The cell has to provide an option for changing electrolyte without 

disturbing the growth pattern. This is particularly  im portant for 

experim ents in  which the image processing is followed by impedance 

m easurem ents.

The objective is th a t the experiments and the sim ulation will “feed 

on each other” to help us understand these systems. To large extent the 

input param eters in  these simulations are arbitrary. The first issue is to 

try  to correlate the input param eters with the macroscopic param eters 

of the experim ental system. Through a scale transform ation to the 

sim ulation grid one can correlate the concentration and the diffusion 

coefficient. The next issue is transferring the interfacial charge transfer 

param eters such as given by equation 2.11. All the param eters in  th a t 

equation can be determined by the complete evaluation of the 

experim ental I-tj curve in  a particular system. The time evolution of the

growth patterns will be recorded on the VCR, selected fram es will be 

digitized and the resulting morphology will be characterized through 

the fractal dimension and compare w ith the sim ulation results. One of 

our objective here is to determine, for the first time, w hether the pattern  

formation as determined by the fractality, follows the evolution of the 

macroscopic kinetics, as determined by the potential dependence of the
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deposition current. In particular, we will try  to determ ine w hether the 

transition  from activation controlled kinetics to m ass transfer limited 

kinetics takes place a t the same overpotential range as DLA pattern  

formation sta rts to dominate.

The electrodeposition of two systems will be investigated: zinc and 

silver. There is diverse electrochemical lite ra tu re  on the 

electrodeposition of these m etals and an additional level of 

understanding of the conditions under which morphological pa ttern s 

form can be of great technological importance. The study of silver is 

primarily motivated by our ability to control its interface with the 

electrolyte by selective oxidation which will provide us with the 

necessary control for meaningful impedance studies of various 

morphologies.

At the conclusion of this work we hope to be able to contribute to 

narrowing the gap between the on going theoretical work in non 

equilibrium statistical physics of growth process and electrochemistry 

which will undoubtedly serve to enrich both disciplines.



47

3. Experimental

3.1 Electrochemical celL

We have constructed an electrochemical cell, which is th in  enough 

for p a tte rn  analysis under the microscope, bu t in  which we could place 

a reference electrode close enough to the working electrode such th a t we 

can work under potentiostatic condition with full control over the voltage 

drop in the electrolyte between the working and reference electrodes. A 

schematic description of our cell is shown in Fig 3.1. I t  is a  split-level 

cell with working electrode compartment, (25pm thick, 13mm long and 

13mm wide) and a  counter electrode compartment on the lower plate of 

size 1.3xl.3xl cm. A P t foil of 2.5pm thick set near the anode between 

plates to get even thickness. The cathode for the Zn system is a high 

purity Cu foil and for the Ag system is a high purity Ag foil both of 25pm 

thick. The anode used for the Zinc system is a  Zn rod of 7mm diam eter 

and for the  Silver system is a Ag rod of same diam eter, placed in  the 

counter electrode compartment.

As a comparison of our cell w ith a three dimensional cell, we 

performed the cyclic voltammetry of 6xlO'3M K3Fe(CN)6 in 1M K N 03 as 

the supporting electrolyte with P t electrodes. Figure 3.2 shows a 

comparative CV of a conventional three dimensional cell[64] and in our 

pseudo two dimensional cell. The voltammograms are corrected for IR 

drop bu t are not corrected for double layer charging. Also, currents are 

normalized to the same scale and the sweep rate  for both situations is 

50mV/sec.
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Figure 3.1: Schematic of the electrochemical cell.
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Figure 3.2: L inear Sweep Voltammetry of 6xlO-5M K,Fe(CN)6 in 
1M K N 03 supporting electrolyte with Pt. electrodes in 
a  conventional three dimensional cell (solid line)[64] and 
in  our pseudo two dimensional cell (dash line).
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3.2. Experimental Technique.

3.2.1. Time-lapse Video Microscopy:

The overall set-up of the apparatus used in the study of 

morphology is schematically shown in  figure 3.3. The tim e evolution of 

the growth is observed under Olympus BH2 m etallurgical microscope. 

A Sony XC-37 m iniature type video camera attached to the microscope is 

used to record the real time growth patterns on a video tape, using 

transm ission light source. The growth pa tterns are recorded as a 

function of overpotential, applied through the EG&G model 173 

potentiostat to the electrochemical cell (Section 3.1) in three electrode 

configurations. The current-tim e curves for selected runs were recorded 

on a chart recorder. A selected video frame is digitized by using the ITI- 

PCVISION frame grabber with 512x512 resolution (due to the vertical 

video interlacing the actual resolution is 512x480) onto a IBM PC/XT 286 

computer for fractal analysis.

3.2.2 Cyclic Voltammetry(CV):

Cyclic voltammetry is the most versatile electroanalytical 

technique for the study of electro active species [35,64]. This is often the 

first experim ent performed in the electrochemical study of a system 

because of its capability for rapidly observing the redox behavior over a 

wide potential range.

CV consist of cycling the potential of an  electrode which is 

im m ersed in  an unstirred  solution and m easuring the resulting  

current. The potential of the working electrode is controlled versus a 

reference electrode such as a saturated calomel electrode (SCE) or a 

Silver/Silver Chloride electrode (Ag/AgCl). The controlling potential 

which is applied across these two electrodes can be considered an
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Figure 3.3: Time lapse Video Microscopy Experimental Setup.



52

excitation signal. The excitation signal for CV is a  linear potential scan 

w ith a triangu lar wave form as shown in  Figure 3.4. This triangu lar 

potential excitation signal sweeps the potential of the electrode between 

two values, some times called the switching potentials.

A cyclic voltammogram is obtained by m easuring the current a t 

the working electrode during the potential scan. The current can be 

considered the response signal to the potential excitation signal.

For our purpose, i t  is sufficient to use only the forward scan of the 

cyclic voltam metry called linear sweep voltam m etry (LSV) because we 

are expecting to obtained the lim iting range of the reaction and to 

transform  by convolution. The speed of 50 mv/sec to 200 mv/sec was used 

to obtained the LSV curves, recorded on a chart recorder then digitized 

to performed the convolution integral. The EG&G model 173 potentiostat 

combined w ith the universal program m er model 175 is used in  th is 

study.

3.2.3 Potentiostat (Constant Potential) Method:

By applying constant potential to the cell, we obtained the current­

time behavior of the deposit on the working electrode. This is the 

condition th a t we used to keep constant sticking coefficient in  an 

experim ental situation.

3.2.4. Impedance Spectrum (IS) Analysis:

This is one of the most powerful tools for studying interfacial 

process such as solid-liquid interfaces [42,65,66].

Figure 3.5 shows schematically the experim ental setup employed 

for the impedance spectrum analysis technique [65]. The Solartron 

model 1250 frequency response analyzer is used in the  low frequency
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Figure 3.4: Excitation signal for cyclic voltammetry.
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range, 10'5 Hz - 65 kHz. For the high frequency range, a  combination of

HP 3525A frequency synthesizer and HP 3575A gain phase m eter were 

used and required d.c. bias applied through the HP 6200B power supply. 

The capable high frequency range is 1 Hz to 13 MHz. In  both cases, 

KEITHLEY 192 programmable digital m ulti m eter was connected to the 

cell between reference and working electrode to monitor the potential 

drop. All the instrum ents are controlled by a IBM PC through the IEEE- 

488 interface.The two signals originating a t  A and B (Figure 3.5) are 

separately fed into two channels of the Solartron (or gain phase meter) 

which m easure their relative m agnitudes, M, and the phase difference 

0 . This m easurem ent is equivalent to the complex voltage ratio between 

the two signals at A (EA) and a t B (Eg), which can be expressed as [65]:

EB/ E A = Zr / ( Z  + Zr ) (3.1)

where Z and Zr  are  the impedance of the electrochemical cell and 

the reference circuit, respectively. We can write:

Z = R + j  X (3.2)

and

1/Zr = 1/Rr - j 0) Cr  (3.3)

and then from equation (3.1):

R = {Rr /[l+((0Xr )2] } {Cos0/M - (0Tr  Sin0/M  -1} (3.4)

and

X = {Rr /[l+(C0Xr )2] } {(OXr  - Sin0/M  - (0Xr Cos0/M} (3.5)

where co is the angular frequency, and 0  is the phase angle, M is the
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relative magnitude, and Tr = Cr Rr is the relaxation time of the reference 

circuit.

Experimentally, we can determine R and X as function of co, 

following the procedure given in the original paper by Tomkiewicz [65]. 

The plot of log(R) and log(27cX) vs. log(f), m ust show a  region where the 

two curves are parallel, if  there is a CPA element in the system.
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4. Results.

4.1. Zinc System:

4.1.1 P repara tion :

A copper foil of 25pm thick, one edge polished w ith emery

polishing paper, is used as a working electrode (cathode). The counter 

electrode is a zinc rod of 7mm diam eter se t in  the counter electrode 

compartment. The reference electrode is a standard  calomel electrode 

(SCE), connected through the lugging capillary. The electrolyte is made 

of ZnS04 which was cleaned by im m ersing m etallic zinc overnight and 

filtering before use. The Cu cathode and Zn anode were cleaned by 

etching in  dilute H N 03 and then rinsing w ith deionized water.

4.1.2. W ithout Supporting electrolyte:

A detailed comparison of the kinetics with the evolving 

morphology was performed in 1M and 0.1M ZnS04 solutions without any 

supporting electrolyte.

Figure 4.1 shows the time evolution of growth from the 0.1M 

solution a t -1.08V vs. SCE and Figure 4.2 for the 1M solution a t -1.05V vs. 

SCE. The applied potential in both systems is near the equilibrium 

potential of Zn, hence the growth is in the activation region. As is 

evident from the two figures, the growth is mossy type and similar to 

the m ultiparticle simulation with small sticking coefficient. The overall 

conclusion is th a t a t low potentials (< -1.1 V vs. SCE) the growth from 

both concentrations are mossy, initiated by separated nucleation sites 

w ith frontal growth.

At potentials ju st negative of the mossy deposition (-1.1 < V < -1.13)



Figure 4.1: Time evolution of the growth pa ttern  from 0.1M ZnS04 
at -1.08V vs SCE. Time=30,28 ,26 ,24 ,22 ,16 ,14 ,12 ,10 , 
and 0 hrs. (Top to Bottom).



Figure 4.2: Time evolution of the growth pattern  from 1M ZnS04
a t -1.05V vs SCE. Tim e=12,1 1 ,1 0 ,9 ,8 ,7 ,6 ,5 ,4 ,3 ,2 , 
1, and 0 hrs. (Top to Bottom).
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for both concentrations, the initiation is sim ilar to the mossy deposits 

but then the patterns grow in  the form of trees with thick bark of 

m etallic ash  color. An example of the time evolution of th is region from 

1M solution a t -1.12V vs. SCE is shown in figure 4.3. At somewhat more 

negative potentials, the patterns s ta rt to diverge between the two 

concentrations: initiating w ith island formation sim ilar to the reported 

patterns of the computer sim ulation of dissolution precipitation[67], and 

then to thick finger type growth. A typical pa ttern  from 1M electrolyte is 

shown in figure 4.4 a t the applied potential -1.14V vs. SCE. The growth 

using 0.1M solution is well separated trees with thick stems.

The growth from both solution a t -1.2V vs. SCE shown in  figure 4.5 

and 4.6. These structures are sim ilar to th a t of Sawada et.al.[12] and are 

named as a homogeneous type.

At potential around -1.25V vs. SCE, patterns which are sim ilar to 

the DLA patterns sta rt to appear from both electrolytes. Figure 4.7 and 

4.8 from 1M solution a t -1.4V and -2.2V vs. SCE respectively, shows th a t 

the growth is DLA and rem ains unchanged a t more negative potentials. 

For the 0.1M electrolyte, the patterns change dramatically as we go to 

more negative potentials, approaching a t -1.6V vs. SCE a much more 

ordered space filling columnar type growth. A typical time evolution of 

growth a t -2.0V vs. SCE is shown in figure 4.9. One might say th a t this 

morphology is sim ilar to th a t reported for sim ulation of azim uthal 

ballistic deposition by Ramanlal and Sander[68]. However, in  the 

ballistic simulation the growth is propagated a t an angle to the path  of 

the trajectories of the particles. But, in our experiment th is angle is 

zero, therefore the mechanism of this type of growth may be different 

from the ballistic.

As described in  section 2.3.1, we performed the current-potential



Figure 4.3: Time evolution of the growth pa ttern  from 1M ZnS04 
a t  -1.1V vs SCE. Time=60, 50,40, 30, 20,5, and 0 min. 
(Top to Bottom).



Figure 4.4: Time evolution of the growth pa ttern  from 1M ZnS04 
a t -1.14V vs SCE. Time=7, 6 ,5 ,4 ,  3, and 0 min.
(Top to Bottom).
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Li/i a  Hi Alt J
Figure 4.5: Time evolution of the growth pattern  from 0.1M ZnS04 a t 

-1.2V vs SCE. Tim e=20,15 ,10 ,5 , and 0 min.(Top to Bottom)



Figure 4.6: Time evolution of the growth pa ttern  from 1M ZnS04 a t -1.2V 
vs SCE. Time=35,25 ,15 ,5 , and 0 sec.(Top to Bottom).



Figure 4.7: Time evolution of the growth pattern  from 1M ZnS04 a t -1 
vs SCE. Time=20,15,10,5, and 0 sec.(Top to Bottom).
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Figure 4.8: Time evolution of the growth pattern  from 1M ZnS04 a t  -2.2V 
vs SCE. Time=4,3 ,2 ,1 , and 0 sec.(Top to Bottom).
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Figure 4.9: Time evolution of the growth pattern  from 0.1M ZnS04 a t 
-2.0V vs SCE. Time=4,3, 2 ,1 , and 0 sec.(Top to Bottom).
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m easurem ent by linear sweep voltammetry a t a sweep ra te  of 50 

mV/sec. The results, both in  term s of i and I, are shown in  figure 4.10 

and 4.11. The lim iting current in the two solutions are I]=5.2 mA/s1/2 for

the 1M solution and I]= 1 .7 m A /s^  for the 0.1M solution. The ratio of the

lim iting current is sm aller than  the ratio of the ir concentrations, but 

th is can be accounted for by the difference in  the corresponding activity 

coefficients. The application of the semi-integral curren t takes into 

account the time dependence of the electrode potential bu t not the 

evolution of the surface area. The geometric surface area of the

substrate is m easured as 0.003 cm2. Taking the diffusion constant of the

electrolyte as 5xl0 '6 cm 2/sec and using the concentrations, as we 

mentioned in  the section 2.3.1 , we can calculate an  “effective” area for 

the current lim iting condition. These are 0.02cm2 for the 1M solution

and 0.08cm2 for the 0.1M solution. The linear fit to equation 2.18 is 

shown in the inserts to figure 4.10 and 4.11, with the following 

param eters; taking n=l[69], a=0.58 in both solution and i0=1.2mA/cm2 

for the 1M solution and one order of m agnitude sm aller for the 0.1M 

solution. The value of a  strongly suggests th a t the current rise in  th is 

potential range is due to activation and not due to the increase in  the 

surface area. The lim iting currents also are in  approxim ate agreem ent 

with the lite ra tu re  values for zinc deposition in a three dimensional 

cell[70]; although, the absence of a supporting electrolyte, for reasons 

th a t will be explained shortly, makes any comparison tenuous a t best.

The kinetics approaches the diffusion lim ited current a t potentials 

negative of -1.3V vs. SCE for both electrolytes.
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The fractal dimension of the deposits is analyzed by using the 

three methods described in section 2 .2. The plots in figures 4.12, 4.13, 

and 4.14 show a  typical behavior from: correlation, sandbox and contour 

length method respectively. Typical cutoffs in which the fractal scaling 

is applicable are 10 pixels and the average height of the precipitate. The 

variation of the contour length dimension w ith potential is also shown 

in figure 4.10 and 4.11. At the potentials negative of -1.3V vs. SCE the 

fractal dimension converges to the DLA value 5/3. In  this regime, the 

pa ttern  is self-similar in the sense th a t the branch is sim ilar to the tree. 

The contour length plot of a branch and a the tree is shown in figure 

4.15. The contour length fractal dimension rises from 1 a t low 

overpotentials which describes the approximate smooth interface of the 

mossy deposit to the DLA value a t the higher overpotentials.

The behavior of the 0.1M electrolyte is sim ilar to th a t of the 1M 

solution for potentials positive to -1.4V vs. SCE. At more negative 

potentials growth is columnar, probably due to the expected increase in 

the contribution of electromigration to the conduction processes in  the 

electrolyte. This will be discussed in the next chapter with the studies of 

the silver system.
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One can show th a t for compact, smooth and uniform deposits, the 

current should be linear with t_1/2 and the height of the deposit is linear

with t ^ 2[71]. Figure 4.16 shows the time variation of the average

thickness of the deposit as a function of potential for the 1M electrolyte. 

W ithin the tim e lim its shown here the velocity is constant. The variation 

of the velocity with potential is shown in the figure 4.17. The velocity 

sa tu rates as we reach the m ass transfer lim iting conditions.

An example of the current time behavior a t the potential of -1.8V 

vs. SCE is shown in  figure 4.18. The general shape is rem iniscent of the 

Abyaneh and Fleischm ann treatm ent for nucleation growth[72]. The 

in itial growth was treated  in term s of “instantaneous”, two 

dimensional, nucleation given by

I — j 2 zF 7 ih M N o k jt j gjjp ~7tM2Noka:t j ^  -q

where z is the charge num ber of the electrode reaction, F  is the 

Faraday constant, h is the height of a monolayer, M is the m olar mass, 

N0 is the num ber of nuclei formed instantaneously, is the two 

dimensional growth rate  constant parallel to the surface. Figure 4.18 

shows th a t this equation fits the initial growth up to about 1 sec., with

the following param eters: N0 k2c=0.008 mol2cm ‘6s '2 and h=0.43A°. After

about 2 sec., the growth shifts to three dimensional “progressive” 

nucleation and growth given by

I = zFk;fc 1 - exp
3p

(4.2)

where k’3c is the three dimensional growth ra te  perpendicular to
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Figure 4.16: Time evolution of the average thickness of the deposit from 
1M ZnS04 solution. Deposition potentials are given in the 
figure.
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Figure 4.18: The current-time behavior a t  the potential of -1.8V vs SCE 
for deposition from 1M ZnS04. Squares = Experiment, 
Solid line = Theoretical fit to Eqn. 4.1 and 4.2.



the surface, k3c is the three dimensional growth ra te  parallel to the

surface, A3 is the  th ree  dimensional nucleation ra te  constant, and % is

the induction period for the s ta rt of the three dimensional growth. 

Figure 4.18 shows the fit of equation 4.2 to the experimental data  with

the following param eters: zFk’3c=5.8Acm‘2 (taking the area as the 

geometric area  of the substrate), k3cA3=4.6xl0'5mol2c m '6s '3, and

T=0.95sec. The rate  constants are different from those reported by 

McBreen and Gannon[69] for the nucleation of zinc from 3M ZnCl3 

solutions bu t so are the growth conditions. These constants should be 

taken only as an  empirical fit. The theory is based on the evolution of the 

surface a rea  of hem ispherical nuclei which is obviously different from 

the p resen t morphology. A development of a sim ilar theory, th a t will 

take into account a more realistic description of the  morphology is 

urgently needed.

At an electrode potential closer to the equilibrium potential, a 

region in which the morphology is dominated by the mossy deposit, the 

current-tim e behavior shows an oscillatory structure  superimposed on 

the d.c. behavior. This is shown in figure 4.19 with the oscillations 

shown on an expanded scale in  the insert. The Fourier transform ation 

of these oscillations is analyzed to yield a frequency spectrum with a 

maximum a t 2Hz. These oscillations can be explained in term s of the 

competition between the zinc deposition and the hydrogen evolution of 

the reaction[73]. This issue takes much g ra te r importance with the 

addition of a  supporting electrolyte th a t will be discussed next.
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Figure 4.19: The current-time behavior a t the potential of-1.05V vs SCE 
for deposition from 1M ZnS04. Inset is magnification of the
oscillations.
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4.1.3. With Supporting Electrolytes.

The evolution of the morphology with applied potential was 

analyzed in  the following systems:

1. 0.1MZnSO4 in l M N a 2S0 4

2. 0.1MZnSO4 i n l M H 2SO4

3. 0.1M ZnCl2in 1M KC1

4. 0.1M ZnCl2in 1M HC1

5. 0.1M ZnO in 3M KOH

Typical results of the time evolution of the growth morphologies a t 

three different potentials are shown in figure 4.20, for the system 0.1M 

ZnS04 in 1M Na2S 04. At longer times and/or more negative potentials, 

hydrogen evolution takes over in the interior of the pores and the bubbles 

destroy the growth. These observations are independent of the system 

tested and independent of the substrate on which the growth takes place. 

The hydrogen evolution with the supporting electrolyte can be explained 

as follows: as the growth front propagates the interior of the growth 

suffer a lack of active (Zn+2) ions, however, the supporting electrolyte

ions play the role of keeping the potential a t the interior region at the 

applied value. The only reaction th a t can takes place to counter balance 

this potential is the hydrogen evolution.

The growth patterns are different from those observed w ithout the 

supporting electrolyte. After the mossy initiation which is common, we 

observed th a t the pattern  grows with a highly correlated front. We could 

not reach the DLA regime with any of the systems th a t are tested under 

these conditions. As an  example, the thickness-time behavior of 0.1M 

ZnS04 in  1M N a2S04 is shown in figure 4.21. I t  shows a power law
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(a)

(b) *

Figure 4.20: Typical examples of time evolution of the growth patterns of 
zinc deposited from 0.1M Z nS04 in 1M Na2S04 solution a t 
various electrode potentials, a). -1.3V vs SCE b). -1.2V vs 
SCE c). -1.1V vs SCE.
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Figure 4.21: Time evolution of the height for deposits from the same 
solution as Fig. 4.20. Squares = -1.3V vs SCE,
Triangles = -1.2V vs SCE, height in  mm and tim e in  sec.
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Figure 4.22: Current-time behavior for deposition from the same
solution as in Fig. 4.20. Potentials specified in the figure.
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behavior w ith a potential dependent exponent. The current-tim e 

behavior is shown in  figure 4.22. W ithin the m easured range, the 

current is approximately constant and roughly resembles the  d.c. 

component of the current-tim e behavior of the 1M Zn electrolyte shown 

in  figure 4.19.

The hydrogen evolution in  the zinc system is largely due to the fact 

th a t the equilibrium potential of zinc, -1.0083V vs. SCE, and the 

hydrogen over potential in aqueous solution, -1.0638V vs. SCE, is much 

closer to each other. To overcome the hydrogen evolution problem, one 

can search for another system in which the equilibrium potential 

should be far away from the H2 potential. The silver, which has E0 a t 

+0.603V vs. SCE (+0.5584V vs. Ag/AgCl) might be the best system to 

explore in  th is study.

In the next chapter, we will present our observation of the silver 

system in the presence of a supporting electrolyte. We will also discuss 

the effect of the diffusion-migration ratio on the growing interface.
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42. Silver System

The m ain premise in this section is to study the effect of the 

supporting electrolyte and hence to see the effect of diffusion-migration 

ratio on growing structures. One of the major observations we see with 

the zinc system  is th a t new kinds of thick, columnar type structure arise 

from the non-supporting, low ionic solution.

We can estim ate the migration component of any system  in  two 

different ways. The first method, by assum ing the equal conductivity 

throughout the cell for each ion, one can calculate[35] the transference

num ber, tj, of the j t}l ion,

tj = (4.3)
£  I Zk I ck A-k
k

which is related to the migration current Im by,

In. = ± £ t j - i  (4.4)
zj

where A.j is the conduction of the ion, Cj is the concentration of

the j *  ion, n is the num ber electron represents in the single charge 

transfer process and i is the total current of the system.

The second method is more general than  the first method. Here we 

solve the diffusion equation including the migration p a rt as proposed by 

Hsuses and Newman[74]. We write the diffusion equation for three ions
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in  our system as,

N i = - ziuiFc4 ^  - = - 4 -  (4.5)
dx dx ziF

0 = -z2U2Fc24 ^  - (4.6)dx dx

0 = - Z 3 U 3 F c3 dSL . (4.7)
dx dx

and the electroneutrality condition,

z ic i+  z2c2 + Z3C3 = 0 (4.8)

where i=l,2,3 stands for Ag+, NH4+, N 0 3'  respectively and Dj, ci# 

Uj, z i are  the diffusion coefficient, concentration, mobility and charge of 

the i 1̂ ion.

Using the boundary condition,

c2 = c2°° , c3 = c3°°, (J) = 0 a t x = 8 (4.9)

where 8 is the diffusion layer thickness, we arrived at,

(1 -r)
2(1-Vr)

(4.10)

where L is the lim iting current and r= c°°(NH4+)/c°°(N0 3‘).

4.2.1. Preparation;

The working electrode used in  this study is a microstop painted,

one edge open, silver foil of 25|im thick with 0.003cm2 area exposed to the

solution. The counter electrode is a silver rod of 7mm diam eter 

immersed into the solution in the counter electrode compartm ent. A
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microstop painted Platinum  foil of same thickness as the silver foil 

saved as a spacer.

A double junction Silver/Silver chloride electrode w ith in ternal 

saturated  KC1 solution and external 1M K N 03 solution was used as a 

reference electrode.

The electrolyte solutions are prepared with deionized w ater and 

analytical grade AgN03, NH4N 03 and K N 03.

4.2.2. Results and Discussion:

We have investigated the following systems:

a). 1M AgN03

b). 0.1M AgN03 / 0.5M NH4 N 0 3

c). 0.01M AgN03 / 0.5M NH4 N 0 3

d). 0.05M AgN03 / 1M KN 03

Figure 4.23 shows the variation of the contour length fractal 

dimension with the applied potential for these systems. As in  the zinc 

system, a t the activation region the growth is mossy type. Then the 

growth from 1M solution goes through the DLA-like structures around 

the potential 0.45V vs. Ag/AgCl with df=1.60, to well separated, 

colum nar type structures a t high potentials, thus, reducing the contour 

length dimension. The second system, 0.1M AgNOg/NH4 N 0 3 also goes 

through the DLA type region with d p i .64, and then to more dense type 

growth a t higher potentials as shown in figure 4.24. Also in figure 4.24, 

we present a collection of time evolution of growth from (b) a t potentials 

0.4, 0.3, 0.2, 0.1, 0.0V vs. Ag/AgCl. Figure 4.25 shows how the LSV and 

CLSV curves behave for the system (b). The DLA like patterns appears 

a t the potential around 0 .2V vs. Ag/AgCl, where the convolution 

currents s ta rt to saturate. The behavior of the systems (c) and (d) are
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0.1U  A gN O s/0.5U  NH4NO3
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1.4

0.01M A gNO s/ 0.5M NH4NO3
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Figure 4.23: Variation of the surface fractal dimension with potential for 
the silver systems specified in the figure.
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Figure 4.24: Time evolution of the growth patterns of silver deposited 
from 0.1M AgN03 in 0.5M NH4N 03 solution a t various 
electrode potentials: (a). 0.4V (b). 0.3V (c). 0.2V (d). 0.1V 
(e). 0.0V vs Ag/AgCl.
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Figure 4.25: Dependence of the semi-integral current, the curren t and 
the surface fractal dimension for the system in Fig. 4.24; 
each curve specified in the figure.
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sim ilar to th a t of 1M Zinc system a t higher potentials. As an  example, 

the time evolution of growing structures a t  different potentials for the 

system (d) are shown in figure 4.26.

Although the system (c) behaves like a  diffusion-limited a t higher 

potentials, but, when the supporting electrolyte is not present, a new 

kind of growth is observed as shown a t three different potentials in 

figure 4.27. One could assume th a t this is due to the migration of the Ag 

ions; therefore we have selected the system 0.01M AgN03 to study the 

effect of the diffusion-migration ratio on the growth. Figure 4.28 shows a 

collection of the time evolution growth patterns from the systems 0.01M 

AgNOg in xM NH4N 03 a t 0.1V vs. Ag/AgCl. The value of x is varied 

from 0 to 1.

Calculated values of Im% by both methods as discussed a t the 

beginning of the section are shown in table 4.1. I t is evident from the 

table 4.1, tha t Im values from both methods are not significantly 

different; therefore, one can use either set to interprets the observations.

As we can see from table 4.1 and figure 4.28, a t zero supporting 

electrolyte m igration and diffusion each have 50% contribution to the 

total reaction this results in columnar type growth. However, as we 

increase the supporting electrolyte concentration, the migration 

component is reduced and the growth front sta rts  to branch out. Finally, 

a t the 1M supporting electrolyte concentration, the diffusion is the 

dom inating mechanism over the m igration where we observe the DLA- 

like structures.
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Figure 4.26: Time evolution of the  growth patterns of silver deposited 
from 0.05M AgN03 in  1M KN 03 a t  various potentials: 
a). 0.42V b). 0.2V c). 0.1V d). 0.0V e) -0.1V vs Ag/AgCl
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Figure 4.27: Time evolution of the growth patterns of silver deposited 
from 0.01M AgNOa a t  three potentials.(vs Ag/AgCl)



0.01M AgN03 
xM NH4N 0 3

I J b

Eqn(4.4) Eqn(4.10)

0.0 47.7 50.0

0.00125 41.7 33.3

0.01 22.7 14.6

0.1 4.0 2.3

1.0 0.4 0.19

Table 4.1



x=l, I =0.4% 
n

x * 0 .1 ;  I  =4%a

Figure 4.28:
Time evolution of the 
growth patterns of silver 
deposited from 0.01M 
A gN 03in xM NH4N 03 a t 
0.1V vs Ag/AgCl. 
Concentration (x) of 
NH4N 0 3 and the 
percentage of 
the m igration curren t (Im),LhLttlitnij,

n f

x=0.00125; I =41.7% m
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4.3. Impedance of Silver deposits.

4.3.1. Sample preparation and outline of procedure:

The pseudo 2D electrochemical cell used for the m easurem ent is 

the same as the one used for the morphological study. The working 

electrode is a  microstop painted, one edge open, silver foil of 25|im thick

with 0.003cm2 area exposed to the solution. The counter electrode is a

gold coil of area of 12.8cm2 immersed in the solution in the counter 

electrode compartment. A microstop painted platinum  foil, of the same 

thickness as the silver foil, served as a spacer.

A double junction silver/silver chloride electrode w ith in ternal 

saturated  KC1 solution and external 1M K N 03 solution is used as a 

reference electrode.

An EG&G model 173 potentiostat is used to deposit silver and 

oxidize it. The impedance m easurem ents are done by using computer 

controlled Solartron model 1250 in the low frequency range and HP 

3525A frequency analyzer with 3575A gain phase m eter and DC bias 

supply a t higher frequency range as described section 3.2.4 and shown 

in figure 3.5.

All the solutions are prepared with deionized w ater and analytical 

grade chemicals.

Microstop painted silver foils are polished a t one edge with emery 

polishing paper, then a t predeterm ined potentials, silver deposition is 

carried out in the 1M AgN03 for the dendritic structures with higher 

fractal dimensions. For the structures with low fractal dimension, 

solutions containing the supporting electrolyte such as 0.5M AgN03
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with 2M NH4NO3, are used. The deposition is followed by a slow purge of 

the electrolyte with w ater tha t lasted for a t least two to three days, until 

all the AgN03 solution is washed away. This step is followed by a slow' 

sip of the KOH solution tha t also lasted for one to two days. Despite all 

these precautionary m easures, some damage to the ram ified structures 

is often observed. Impedance m easurem ents of the silver deposits 

without oxide coverage are preformed by keeping the system a t the rest 

potential.

For the oxidized structures, the cell is kept a t a predeterm ined 

current to deposit the oxides on silver deposits under galvanostatic 

condition for the desired am ount of charge. The impedance is m easured 

a t the rest potential of AgO th a t is determined by the CV characteristic 

curve of the silver foil in  1M KOH solution.

For the smooth silver foil, the oxides are deposited in the same 

m anner and the  impedance m easurem ents followed the same 

procedure.

The m easurem ent of counter length followed the procedure 

described in section 2.2. The m easurem ents are performed a t the 

conclusion of the chemical treatm ents to account for the often observed 

damage to the structure.

4.3.2. Results:

Figure 4.29 shows the impedance spectra of smooth silver with 

151.lC/cm2 of both oxides. The solid lines are theoretical fits to the 

equivalent circuit shown figure 4.30(a). I t closely resembles the 

published resu lt on the impedance spectra of the two oxides in a three 

dimensional cell under sim ilar conditions[25] w ith the two peaks in the
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Figure 4.29: Spectra of the real (R) and imaginary (X) parts of the 
impedance of oxidized smooth silver foil in 1M KOH solution 
at potential of 0.4V vs Ag/AgCl. Points - Expt., Solid line - fit 
to the equivalent circuit in figure 4.30(a).



101

2

1

R

R,

R.

C,

R,

(a) (b)

Figure 4.30: Equivalent circuit for the oxidized (a) and unoxidized (b) 
electrodes.
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im aginary p a rt corresponding to the two oxides. The impedance spectra 

of of the three different ramified structures are shown in figures 4.31, 

4.32 and 4.33. The CPA region is evident in figure 4.31 and much less 

obvious in figure 4.32. The solid lines in both figures are fitted to the 

equivalent circuit in  figure 4.30(a). Figure 4.33 shows an example of a 

ram ified silver structure w ithout any oxides present. The solid lines of 

the spectra without the oxides are fitted to the equivalent circuit shown 

in figure 4.30(b). A summary of the fitted param eters and the total 

charge, for all the oxidized samples, is presented in  table 4.2. To gain 

more information on the origin of the elements in  figure 4.30 we have 

investigated the changes in  the corresponding capacitive elem ents with 

oxidation charge and in  two different electrolyte concentrations, on a 

smooth silver foil. The results are presented in figure 4.34 and 4.35.

4.3.3. D iscussion:

The basic premise th a t has motivated th is work is that, if  there is a 

correlation between the exponent in the CPA element and the fractal 

dimension of the underlying structure, then i t  can be best explored in  a 

system in which the interface is almost purely capacitive, and thus, the 

adm ittance will scale with the real area through the surface fractal 

dimension.

The data  in table 4.2, and tha t can also be seen in figure 4.35, 

clearly shows th a t the basic premise was incorrect. Although the 

exponent varies with the fractal dimension, i t  does so independently of 

the oxidation state of the surface. These results also pu t into question the 

origin of the various charge accumulation modes and w hether a single 

element describes a well defined dielectric contribution under all the 

experimental conditions th a t we have investigated here. Since all the
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Figure 4.31: The sam e as Fig. 4.29 but for the p a tte rn  shown (sample #2 
in  table 4.2). The pattern was deposited from 0.5M AgN03 + 
2M NH4N 0 3, oxidized in 1M KOH and m easured a t  0.4V vs 
Ag/AgCl. Oxidation charge - 1.30 C; Real area - 0.016 cm2. 
Points - experimental, Solid lines - fit to the equivalent 
circuit in  Fig. 4.30(a)
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Figure 4.32: The same as Fig. 4.31 (sample # 5 in table 4.2) b u t the 
p a tte rn  deposited from 1M AgN03. Oxidation charge-2.0 C; 
Real area - 0.083 cm2.
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Figure 4.33: The same as Fig. 4.32 (sample #6 in table 4.2). Sample was 
not oxidized. Spectra taken a t a  potential of -0.1V vs 
Ag/AgCl.Solid lines - fit to the equivalent circuit in  Fig. 
4.30(b).
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#
N atu re  
Q C /cm 2

Ri
(O) m

r 2
(O)

c 2
(HB

N

(0 )

n X

(sec) (0 )
df

1 a  151.2 355 0.08 104 1.78 4404 0.53 1.15 469 2.0?

2 151.0 90 0.16 71 0.99 3045 0.84 11.5 445 1.19

3 162.0 150 0.15 75 0.95 4100 0.86 20.95 533 1.10

4 152.0 360 0.42 142 0.11 1285 0.66 0.99 474 1.47

5 93.6 88.6 0.31 79 0.26 1850 0.65 0.25 454 1.51

6 ^ 0.0 900 24.5 0 0 11900 0.71 1.10 457 1.40

7 T 0.0 2000 12.5 0 0 10900 0.60 0.67 525 1.51

8 5 0.0 495 9.4 0 0 125000 0.90 30.0 550 1.0

Table 42

a :  Smooth Ag foil w ith oxides in  1M KOH, for circuit in Figure 2(a). 
P : Dendritic Ag on Ag foil in 1M KOH, for circuit in Figure 2(b). 
x '• Dendritic Ag on P t foil in  1M KOH, for circuit in  Figure 2(b).
8 : Smooth Ag foil in 1M KOH for circuit in Figure 2(b).
All others for Ag deposits on Ag foil in 1M KOH, for circuit in 
Figure 2(a).
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Figure 4.34: and C2 as a function of the  oxidation charge on a  smooth
silver foil, in  two different electrolyte concentrations. All 
conditions the same as in Fig. 4.29.
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Figure 4.35: The low frequency CPA capacitance, nl/NA, as a  function 
of oxidation charge. Same conditions as in Fig. 4.34.
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results are analyzed using the same two equivalent circuits 

independent of the ramification of the structures; in  the first p a rt we 

will discuss the  dielectric response of the oxidized and unoxidized 

smooth silver foil in  two dimensional cell and try  to elucidate the nature 

of the elements in  the equivalent circuits. We will then  discuss the 

ramified structures and try  to correlate their morphology w ith their 

impedance.

4.3.3(a) The charge accumulation modes on smooth silver;

Figure 4.34 shows the variation of the two capacitive elements in 

figure 4.30(a) with the oxidation charge and with the concentration of 

the electrolyte. Let us first discuss the possible origin of the charge 

accumulation modes of the unoxidized silver (Figure 4.30(b)). The 

capacitance increases with the electrolyte concentration, and its high 

value excludes a measurable contribution from the double layer. The 

only reasonable source th a t we can suggest for the origin of this element

is pseudocapacitance due to adsorption. The variation of ni^N of the

unoxidized silver (Figure 4.35) with the concentration of the electrolyte 

follows the same pattern  as th a t of the capacitive element bu t with 

higher values. There is no reason to invoke a new process to account for 

the CPA here. One has to assume th a t it  originates from the 

contribution of diffusion to the adsorption process.

Except for the CPA, the equivalent of the oxidized silver is the as 

the one th a t was postulated earlier[25] in the three dimensional cell. The 

difference between this work and the previous work originates from the 

fact th a t almost all the analysis in [25] was confined to the Ag20  layer 

tha t behaved as a pure dielectric. The peak in the im aginary p a rt th a t
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was associated with AgO did not behave as a pure dielectricum in [24-25] 

bu t this aspect was not pursued there. The Cj here, as in [24-25], is 

much sm aller th an  C2, independent of the concentration of the 

electrolyte and slowly increases with the oxidation charge. All th is 

suggests th a t it originates from a compact Ag20  layer. The C2, on the 

other hand, depends on the  concentration of the electrolyte, not only its 

value but also its  functional dependence on the oxidation charge. For the 

low electrolyte concentration, i t  increases rapidly w ith the oxidation 

charge and then i t  saturates. For the high electrolyte concentration, the 

capacitance values are lower and they increase w ith the oxidation 

charge until they reach the values of the low electrolyte concentration. 

This behavior suggests th a t Cj, and its associate resistor R1( behave as 

an effective medium dielectricum (away from percolation since i t  is 

frequency independent) made of hydrated AgO. The nx/N shows a

smooth transition between the unoxidized and oxidized states. The only 

major difference is th a t after a small am ount of oxidation charge, it  

becomes independent of the concentration of the electrolyte. The 

variation with the oxidation charge is different from the other two 

elements, passing through some sort of minimum. We also have to 

account here for the appearance of this element in  series with the other 

two dielectricums. We have tried, without success, to fit the data to an 

equivalent circuit in which the CPA is in parallel w ith one of the two 

capacitive elements. We realize th a t an increased complexity of the 

suggested equivalent circuit can result in  a possible good fit also for the 

parallel configuration. Nevertheless, the present model is the  sim plest 

one th a t we could come out with, and all our interpretations are based 

on th is model. W ithin this model, the sim plest in terpretation of the CPA
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in  series for the oxidized electrode is th a t the hydrous AgO layer, near 

the interface w ith the Ag20 , has a composition which approaches the 

percolation threshold[48]. This kind of double layer structure of hydrous 

oxide in  series w ith a th in  compact layer is being now invoked for many 

passivating layers.

4.3.3(b) The ramified structures:

The equivalent circuits in figure 4.30 are found to fit both the 

smooth and the ramified structures. We will assume th a t the origin of 

the charge accumulation modes th a t was postulated in the previous 

section holds also for the ramified structures. We are fully aware of the 

possibility th a t the oxide coverage of the ramified structure is 

inhomogeneous, particularly with respect to the portions of the silver 

substrate th a t are not branching out. We have used the rest potential of 

A gO  as a probe for a complete coverage. The high concentration of KOH 

should prevent the appearance of mixed potentials due to porosity. The 

possibility th a t mixed potentials due to incomplete coverage and due to 

porosity will cancel out, is remote.

The resulting impedance param eters and the surface fractal 

dimensions are summarized in table 4.2 and the correlation between the 

fractal dimensions and the CPA exponents are plotted in figure 4.36. It 

is obvious tha t the dependence is monotonic and the fit to the reciprocal 

relations is not bad. However, the “fit” looks much better for the 

reciprocal relationship than  for the linear relationship particularly  due 

to the way in  which the point for the oxidized smooth surface was 

plotted. The CPA exponent for the oxidized smooth surface is found to be 

equal to 0.53. The n=0.5 is the expected value for the impedance of an 

ideally polarizable bulk porous structure based on classical impedance
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Figure 4.36: Correlation of the CPA exponent w ith the fractal 
dimensions. The two lines demonstrate the expected 
correlations based on the reciprocal and linear models. 
The filled points are  due to unoxidized electrodes.
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calculation (section 2.3.2) and m easurem ent of porous structures almost 

regardless of the specific morphology[46]. Based on this, we have 

associated the oxidized, smooth, substrate w ith a bulk porous layer with 

“surface” fractal dimension of 2. This is an  a rb itrary  lip for which we 

have no justification.

If, for the reason stated, one neglects th is point, the dynamic 

range of the two models and th a t of the m easurem ents are small 

compared to the accuracy, m aking it very difficult to distinguish 

between the two models.

Perhaps the clearest result th a t emerges from these data  and the 

one with greatest importance, is not the distinction between the two 

models bu t the fact th a t there is no difference in  the correlation between 

the oxidized and nonoxidized interface. The observation th a t the 

dielectric properties of the interface are irrelevant to the correlation 

between the scaling properties of the interface and the impedance 

exponent, nullifies the most fundam ental assum ption in most of the 

published work which is based on a capacitive interface th a t scales 

linearly with the area. The present resu lts are in  agreem ent with 

Sapoval’s prediction[50], tha t the correlation is independent of the 

interfacial impedance and originates from convergence of the high 

frequency cutoff to the fractal dimension of the system. An alternative to 

this interpretation is that, a t least for the present system, the monotonic 

correlation originates from a different source th an  a straightforward 

geometrical scaling. Since it is argued th a t the CPA of the unoxidized 

silver originates from diffusion of the electrolyte to the interface, we 

need to examine the possibility tha t the correlation between df and n 

originates from restricted diffusion on fractal substrate[75]. Under these
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conditions we expect n  = |a/dw where p is the conductivity exponent and

dw is the diffusion exponent. For loopless DLA patterns it  was shown

th a t |i ~ 1 and dw = df [76], will bring us back to the reciprocal

relationship without the requirem ent of a purely capacitive interface. 

However, some of the structures, particularly  those w ith low fractal 

dimension, are not DLA and the relationship is probably not a universal 

one.

It m ight be instructive to look for a correlation of the CPA exponent 

with the higher order fractal dimensions Dq[77] and examine the 

singularity  spectrum  f(a)[78] of the higher order moments q th a t are 

associated with the growth probability distribution. The analysis has 

followed the method of Chabra et. al.[79]. Figure 4.37 shows the fla)

spectra for three samples, and in figure 4.38 we present the D(q) for 

these structures. Figure 4.39 is sim ilar to figure 4.36 except th a t now we 

present the possible correlations with n of some higher order of D(q) for 

these structures. I t is evident th a t the statistic here is even worse than  

in  figure 4.36; however, the general trend rem ains identical to th a t of 

D(0)(=df or D0).
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Figure 4.38: Spectra of the generalized dimensions Dq from Fig. 4.37.
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5. Conclusions and Suggestions for future work

5.1 Morphology:

In  order to gain deep insight into the pattern  formation in  an  

electrochemical system and to narrow the gap between the recent 

advances in  mophogenesis and the electrochemistry of the growth, we 

have employed the fractal characterization as a geometrical param eter 

and the chemical kinetic param eters to observed possible correlations.

Two computer sim ulation models: diffusion lim ited aggregation 

and m ultiparticle diffusion limited deposition were used to compare the 

experimentally observed growth patterns.

Electrochemical techniques, such as linear sweep voltam m etry 

(LSV) and chronoamperometry, were employed to understand the 

growth in the different potential regions of the reaction and to evaluate 

the chemical param eters. The param eters obtained from the 

chronoamperometry should be taken only as an empirical fit. The theory 

is based on the evolution of the surface of hemispherical nuclei which is 

obviously different from the present morphology.

The LSV is employed to obtained the different potential regions of 

the reaction which are then used to deposit the metals under the 

potentiostatic condition. In general, transition from activation 

controlled kinetics to mass transfer limited kinetics takes place a t the 

same potential range as the DLA formation for all the systems th a t are 

driven by the diffusion or in the system in which the diffusion is the 

dom inating mechanism over the migration. Here we assum e th a t in  the 

present cell configuration convection is a t a  minimum or zero. The 

system which has the equal migration component as the diffusion,
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tend to produce columnar type structures with a  coherent growth front. 

The drift diffusion simulation can only reproduce the coherent nature  of 

the growth bu t not the columnar structures.

The fractal, dimension is proven to be useful in  characterizing 

these morphologies. However, two structures with different 

appearances (different spatial distributions) can have the same fractal 

dimension; therefore, in th a t sense, one needs another param eter to 

described those morphologies in a unique way. We have tried without 

success to obtain the Fourier spectrum of two dimensional structures, 

hence to find the characteristic frequency.

To pu t these observations in prospective order, the existing 

chemical kinetic relations and the chronoam perom etric form ula m ust 

be reformalized, using the moving boundary conditions as well as the 

evolution of the surface area.

We fully realize th a t this work is rich in empirical data bu t lacks a 

comprehensive framework in which m ost of the data  can securely fit. If 

one takes the general patterns of the results and does not pay too much 

attention to "details”, the evolution of the morphologies, when the 

growth is govern by the diffusion, is in  good agreem ent with the 

computer sim ulations which took into account only competition between 

the “sticking” and diffusion (MPDLD).

Although, the zinc system in the supporting electrolytes solutions 

produced some problems in observing the growth in  the entire potential 

range, the silver system allows us to dem onstrate the effect of the 

supporting electrolyte on the growth morphology hence to study the 

effect of the diffusion-migration ratio.
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5.2 Impedance:

Direct evidence from this study shows it  is difficult to distinguish 

experimentally, the correlation of n and dp between the two models, 

namely Liu and Le M ehaute.

The clearest resu lt th a t emerges from these observations and one 

with the greatest importance, is not the distinction between the two 

models bu t the fact th a t there is no difference in  the correlation between 

the oxidized and non-oxidized interfaces. The observation th a t the 

dielectric properties of the interface are irrelevant to the correlation 

between the scaling properties of the interface and the impedance 

exponent nullifies the most fundam ental assum ption in m ost of the 

published work which was based on capacitive interface th a t sales 

linearly with the area and thus provides the link between the dynamic 

and static scaling properties.

The present results are in good agreem ent w ith Sapoval’s 

prediction th a t the correlation is independent of the interfacial 

impedance and originates from convergence of high frequency cutoff to 

the fractal dimension of the system. An alternative to this interpretation 

is th a t a t least for the present system, the monotonic correlation 

originates from a different source than  a stra igh t forward geometrical 

scaling.

5.3 Suggestions for Future work:

In the present work we have investigated the growth under the 

potentiostatic (constant potential) condition in  which we incorporate the 

potential with the sticking coefficient of the simulations. I t may be 

interesting to see what impact on the growth pa tterns would occur, if  we 

use the galvanostatic (constant current) conditions to deposit the
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structures. In th is situation, potential varies with tim e till i t  reaches the 

deposition value while the num ber of particles attached to the deposit 

per unit time is constant.

It m ight be instructive to study the single or the m ultiparticle 

sim ulation not starting  on a smooth substrate, bu t on a real structure, 

say, which is taken a t time tj from a real deposit and then by varying the 

fraction, f, and the sticking coefficient, s, try  to reproduced the real 

structure a t a time t2 (>tj_). This type of simulation may be used to find a 

direct correlation between f  and s with the concentration and the applied 

potential. A prelim inary resu lt of such a sim ulation using MPDLD 

model is shown figure 5.1, which is started  on the structure shown in 

Fig.4.26, grown a t -0.1V vs Ag/AgCl arid a t time (tj) 30 sec. Here we used 

f=0.15, s= l and the simulation carried on the 256x256 grid ( the real 

deposit which is on 512x512 grid is shrink to a 256x256), up to 2000 

particles attached to the deposit. The simulated structure (dark) on the 

original real deposit a t 30 sec. (light-dots) is compared with the real 

structure a t 60 sec. (only the boundary of the real structure is shown).

Although, we were unable to reproduce the colum nar structures 

using the drift-diffusion model, one can further investigate these by 

using other models such as random rain  model[80] w ith diffusion or 

dielectric breakdown model[4] with different probability exponent (n)

t h a n  th e  DLA (tj= 1 fo r th e  DLA p ro cess).

Experimentally, the solution with low concentrations, th a t led to a 

columnar type growth can be further investigated by varying the cell 

dimensions, such as length of the cathode, separation between the 

electrodes and the thickness of the cathode, for a possible correlation 

between these and the column separation.
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Simulated

Figure 5.1: Simulation of the deposition using MPDLD model sta rting  
on a real structure (A suggestion for fu tu re  work)
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Appendix (A).

The current-overpotential equation:

Consider the reaction;

kf
0  + ne R (A.l)

kb

where 0  is the Oxidized species, R is the reduced species, kp kb 

are the forward and backward reaction rates, and n is the num ber of 

electrons represents in  the reaction.

The reaction rate  (V) can write as;

V = k C  (A.2)

Therefore,

V f  = kf Co (0,t) (A.3)

Vb = kb CR(0,t) (A.4)

where Co(0,t) and CR(0,t) are the concentration of oxidized and 

reduced species a t the electrode (x=0) a t time t.

We also can write the num ber of moles electrolyze;

N = Q/nF (A.5)

where Q is the total charge and F is the Faraday constant.

Then reaction rate,

d l i  = = _i_ (A.6)
dt nF  dt nF

and the reaction rate  per unit area;

v = JL dN = _ i _  (A.7)
A dt nAF
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Using (A.3) and (A.4) with (A.7);

vf = = k f Co(0,t) (A.8)
nAF

V b =  -^ = r  =kbCK(0,t) (A.9)
nAF

where i„ and ia are the cathodic (reduction) and anodic (oxidation)t  a

current of the reaction.

The total current of the reaction,

i = ic - ia = nFA[kfCo (0,t) - kbCR(0,t)] (A.10)

We can write the general form of kf and kb by considering either 

Activation complex theory [ref.35 pg 89] or based on free energy curve 

[ref 35 pg92] as;

kf = ^ e -^ E -E o ) (A. 11)

kb = k°e-«»^E-^) (A. 12)

where k° is the standard rate  constant, a c, a a are the cathodic and

J
anodic transfer coefficient, E0 is the standed electrode potential, E is the 

applied potential and f=F/RT.

The equation (A. 10) with (A. 11) and (A. 12) gets the form,

i = nAFk°[Co(0,t) e-0̂ 13-1̂  - CR(0,t) e-^E-Hi)] (A.13)

The exchange current i0 is defined as

i0 = iceql. = iaeql. at  E = EQ and Co (0,t) = C0 * , CR(0,t) = CR*,

Therefore from (A.8) and (A. 11):

i0 = k°C*„ e-acnf(Eo-Eo) = i f  (A. 14)

and from (A.9) and (A. 12) give us;
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i0 = k ^ R  e'a“n^Bo*E®̂ = (A. 15)

Dividing (A.13) by i0 we can write,

_ L  _
io

Co(Q,t) c.CLn<(E.En) CrM  b-q.n^E-En) 
Co Cr

(A. 16)

Now if  we consider the same reaction (A.l) and then a t the steady state  

and diffusion control, the mass transfer rate  vmt is given by,

vmt «  1 ^ )  (A.17)

Therefore 

where j= 0  or R.

Idx /x=o

Vmt = mj [Cj* - Cj(0,t)] (A. 18)

- 4 -  = m j[cf - Cj(0,t)] (A. 19)
and nA F JL J J J

At the lim iting stage of the reaction Cj(0,t) = 0 and,

then (A. 19) => ii i = nAFrmC;* is the lim iting current of the j*  species.
•>J J J

Therefore i ] c = nAFm0 Co (A.20)

*l,a = nAFmRCR (A.21)

If the total current (i) is either due to the cathodic or the anodic reaction,

equation (A. 19) can write with (A.20) or (A.21) as,

CotO.t)

Co
(A.22)

i  1 » C

_ f e n (A.23)
C r I V  j
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Now If we plug (A.22) and (A.23) into (A. 16) we arrived at, equation 

(2.11),

. _ | n,c - i j e.Ktnfil _ | - ,a-— j e'a«nfii (2.11)

with T] = E - Eq.
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Appendix (B)

Convolution or Semi-integral techniques:

Consider the Fick’s second law of diffusion for O-species:

dCo(x,t) _ D 02Co(x,t) 
dt 5x2

and the boundary condition for a semi-infinite diffusion,

Cq(x,0) = C0 and C0 (x,t)=C0 as x -> °o 

If  we use the Laplace transform ation

L{ ™ )  = sfts) - F(s)

then the equation (B.l) becomes, 

sCo(x,s)- Co =
dX2

^ ol^ ’s) - ^ C d x .s )  = - 2 a  
o r  d x 2 u  v

(B.l)

(B.2)

(B.3)

Solution of the equation (B.3) with the transform ed boundary condition 

can be w ritten as,

Co(x,s) = + A (s )e 'V o 'x (B.4)
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Now consider the Fick’s first low,

-J0(x,t) = (B.5)
dx

where Jo(x,t) is the  num ber of moles ) th a t passes a given location per 

second per cm2 of area normal to the axis of diffusion.

Then the current i(t) is given by,

- M -  = -Jo(0,t) = D P Cg(X>t)] (B.6)
nFA  \ ox /x=o

Laplace transform ation of the above equation can write as follows,

i(t) = nFAD (aCdx.s)
\ d x

(B.7)
x=0

By substituting the derivative part from equation (B.4) into equation (B.7) 

we get,

i(t) = A(s (B.8)
nFAD I V D

then (B.8) into (B.4) give us the following,

Co(x,s) = &  - — ^  s-^e-V iT B x (B.9)
s [nFAD]

a t x = 0,

Co(x,s) = S tt  . (B 10)
s [nFAD]

Inverse Laplace transform  of (B.10) is,
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C o M  = Co - [n A F to ) ] - 1r^ n -i i(u)
(t - u),1/2

du

Here we have used,

L'^fts) g(s)} = I F(t -u) G(u) du
■ f'

with

Ks) = l , g ( S) = i(s)andL-1j l )  = 7J =

If  we use the notation, called semi-integral current,

I(t) = J r  
m

i(u)
(t - u)1/2

du

then (B .ll) takes the form,

Co(0,t) = Co - [nAFD172]*11(t) (B.12)

when Co (0,t) = 0, I(t) = Ij, is the lim iting sem i-integral current, 

which is of the form,

I, = nA FD ^C o* (B,13)



then the equation (B.12) and (B.13) =>

Co(0,t) = - 1 = ( i ^ l  CS1 (B.14)
nAFDv2 I II I

From equation (A. 13); If we take the cathodic branch and 

substituting from (B.14) we get,

i = (R15)
Co ' 1

If we take the equation (3.5.6) in Ref.[35],

i0 = nAFk°Co(1'a)

with C = C0 , we get the equation (2.15):
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Appendix (C)

The Warburg Impedance:

Consider the same reaction as in  (A.l), Appendix A and two 

diffusion equations for 0  and R according to the Fick’s second law,

^ o = D o ^ - ^  (C.l)
3t 9z2

^  = DR^  (C.2)
d t  3Z2

If  the species 0  and R are assumed to diffuse linearly in the direction z 

perpendicular to the electrode surface, with coefficient D0 and DR, then 

the following initial and boundary condition can imposed:

i) Initial condition: the solution is homogeneous before establishing 

current,

t  = 0; z > 0; Co = Co; C r = C r

ii) boundary conditions at an infinite distance from the electrode a t a 

sufficiently large distance from the electrode the concentration of the 

species attain  the concentration of the bulk;

t  > 0; z —i °°; Co(z,t) —> Co; CR(z,t) —> C r

iii) boundary conditions a t the electrode surface; since there is no 

adsorption, the flux of 0  and R are the same and equal to the Faradic 

current because of mass and charge balances ( F irst Fick’s low);
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t > 0; z  = 0; Do ^  = -D R^ > =  M l  (C.3)
dz dz  nFA

In addition, the current IF is given by equation (A. 10);

Ip(t) = nFA[ kfCo(0,t) - k^R(0,t)] (C.4)

with kf and given b y ;

k f =  k f e x p ( - t a E E )

kb .  k» e x p ( M )

Supposing a small perturbation AE exp (j cot) is applied to the system, the

corresponding curren t change Alp exp(jcot) is obtained by differentiating 

equation (C.4) and substituting equation (C.l) and (C.2);

AIf _ -anF  aw . (! ~ a)nF' kfCo(0) AE + kfColO) - kbCR(0) AE - kbCR(0) (C.5)
nFA  RT RT

0 Ci(z)
jcoACj(z) = Dj — 2-L  (C.6)

dz2

where ACj is small variation in Cj and i represents the suffices 0  and R. 

Cj(z) is the concentration of species for dc polarization, such t h a t ,

Cj(z,t) = Cj(z) + A Cj(z) exp(jcot) (C.7)

The solution of the equation (C.6);



133

ACi(z) = M exp ‘Vf)+H -zVf) <c-8)

where M and N are the integral constant. If  we consider the diffusion 

layer of infinite thickness; M = 0;

Therefore

A Cj(z) = N  exp -* i/ I (C.9)

and by equation (C.3);

Alp(t) = -NnPDo's j exp(jcot) =NnFDR '\J ^ ~  exp(jcot) (C.10)

Using (C.9) we can rewrite equation (C.10)

ACp(O)   i   (q

AIP nFAYjioDo

ACr(O) _ l  
AIP nFAVjcoDR

combining equations (C .ll), (C.12) and (C.5) we get;

(C .ll)

Alp = -f-AE (C.13)
Ret IVD^ YDr /Vjco

where

iH flc = R ?<-ak ^ - (1 - a)k^ )nFA

is called the charge transfer resistance under non-equilibrium
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conditions. For the  equilibrium conditions [substituting Ic 

A. 14]

1_ _ (nEWj,
’MinRet 'RTmIq

using the equation (C.14), one obtains the impedance

Z(co)=̂ E. = rJ i +
AIf I Vjco/

where

VDq Vd r

from equation

(C.14)

(C.15)

(C.16)

In equation (C.15), RctA/]/jco is usually called the W arburg 

impedance. I t can be seen th a t the high frequency lim it of Z(co) is equal 

toR ct.
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