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Um enfoque interdisciplinar na eletroquimica em eletrodos sélidos ¢ apresentado levando-se
em conta novas interpretagdes basicas, tanto para o crescimento de fases quanto para a perturbagéo
de fases sob condigdes longe do equilibrio. Para esse proposito, os dados de imagens derivadas de
microscopia de tunelamento por varredura (STM) e de microscopia de forga atdmica (ATM) em
diferentes escalas de comprimento, se tornam extremamente uteis. Esse enfoque proporciona novas
visdes no desenvolvimento de rugosidade, decaimento de rugosidade e reatividade em eletrodos
s6lidos. O estudo de interfaces méveis por aplicagdo sequencial de dados de STM in situ e a
interpreta¢do baseada na teoria da escala dindmica fornece uma descrigdo qualitativa e quantitativa
das irregularidades da superficie, e prové informagdes sobre o mecanismo de evolugdo da interface
sob regimes estacionarios e ndo-estacionarios de rugosidade. Varios exemplos de interesse eletro-
quimico s@o discutidos na base deste enfoque interdisciplinar.

An interdisciplinary approach to the electrochemistry at solid electrodes is presented here taking
into account new basic interpretations for either phase growth or phase disruption under conditions
far from equilibrium. For this purpose imaging data derived from scanning tunneling microscopy
(STM) and atomic force microscopy (AFM) at different scale lengths are extremely useful. This
approach provides new insights into roughness development, roughness decay and reactivity at solid
electrodes. The study of mobile interfaces by the sequential application of iz situ STM data and an
interpretation based on the dynamic scaling theory furnish a qualitative and a quantitative description
of surface irregularities, and provide information about the interface evolution mechanism under
steady and non-steady roughness regimes. Various examples of electrochemical interest are dis-
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cussed on the basis of this interdisciplinary approach.
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Introduction

Electrochemical reactions take place in an interfacial
region comprised between the electrode surface and the
bulk of the electrolyte solution. The thickness of the inter-
facial region extends from the cross section of the adsorbed
molecule on the electrode up to the liquid film adjacent to
the electrode surface whose composition, generally, differs
from that of the solution’2. Within the interfacial region
different zones related to some dominant aspects such as
the adsorbate layer, the double layer thickness, the concen-
tration gradient of reacting species, and the hydrodynamic
profile can be distinguished (Fig. 1). In this context, the
simplest approach to such a description results from a liquid

metal electrode immersed in a conducting solution. There-

fore, for many years electrochemistry focused on the

Hg(liquid)/aqueous dissolution interface to neutralize the

influence of the surface topography on the interface prop-

erties, which is unavoidable when dealing with solid elec-

trode/solution interfaces. However, less attention has been

paid to the effect of the electrode topography on those

electrochemical reactions involving solid electrodes, de-

spite the large number of processes in which this type of
electrode is employed.

Solid electrode surfaces are usually of a complicated
nature. In fact, well-defined solid domains are generally
restricted to very small surface areas, as can be seen by -
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Figure 1. Scheme of the different distinguishable thicknesses (x) related
to the solid electrode/solution interface. Distances are estimated for a
rotating disc electrode at approximately 100 rpm.

nanoscopy techniques®. Most generally, solid surfaces al-
ways exhibit irregularities at different scale lengths®.

The problem of surface irregularities always appears in
electrochemistry when a new solid phase is formed, as in
the case of metal electrodeposition or when a phase is
destroyed, as in metal corrosion. The same situation arises
in dealing with heterogeneous catalysis and electrocatalysis
concerning real surface area measurement and surface re-
activity, two important aspects related to the specific effi-
ciency of the catalyst. Therefore, knowledge of the
topography and surface structure of the solid down to the
atomic level is essential in many aspects, such as predicting
its behavior under different operating conditions, and cal-
culating the energetics of possible adsorbate structures in
relation to the likely reaction pathways>¢. All these aspects
are of great importance to handling the optimal kinetic
conditions for a particular electrochemical reaction. To
tackle these complex problems an interdisciplinary ap-
proach is required in which frontier aspects of physics,
chemistry, mathematics, and modeling techniques con-
verge.

This paper summarizes how to deal with irregularities
at solid surfaces, such as those encountered on solid elec-
trode surfaces, and how they can be quali- and quantita-
tively treated. This implies an interdisciplinary approach to
electrochemical problems of basic importance for electrode
design and performance, and provides an explanation for
electrode behavior which has occasionally been considered
“anomalous” from the standpoint of classic electrochem-

istry.
Interface Motion

Processes such as the formation of a solid phase by
either vapor phase deposition’, epitaxial growth induced by

molecular rays®, or the growth of metal electrodeposits’,
and the dissolution of a solid phase as it occurs in corrosion
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in general'®, involve an interface motion. The way in which
the interface displacement occurs reflects the type of kinet-
ics obeyed by the system and the dominant mechanism
operating in the process. In fact, the interface motion can
be described by the same tools which are usually employed
for other seemingly different processes such as liquid flow
through porous media, the propagation of a flame front, the
growth of bacterial colonies, or the rupture of a dielectric!!.
The common feature among all of these phenomena is the
existence of an irregular mobile interface. For such an
interface the challenge is to establish the mechanism of its
formation, as well as its dynamic characteristics'"'2. The
evaluation of these characteristics becomes relevant to de-
termine the stability of the mobile interface at either a
solid/liquid or a solid/gas interface by using procedures
which lead to a minor perturbation in the system and can
be applied irrespective of its nature.

Growth Modes

The growth of a solid phase implies a positive shift of
the average interface plane along the z-axis (Fig. 2),
whereas the opposite displacement accounts for the phase
destruction. In both cases, however, the overall phenome-
non can be investigated using the same formalism.

Classical growth models for a solid phase are based
upon the existence of local equilibrium on the surface and
further admit thdt the mass transport parallel to the micro-
scopic surface is much faster than the flux of particles
arriving at the surface. Within this thermodynamic frame-
work several models have been proposed (Fig. 3). Thus, the
Volmer-Weber model (1926)'? considers an initial nuclea-
tion and tridimensional (3d) growth of the new phase,
where d denotes the topological dimension of the object.

deposition

Figure 2. Scheme of the mobilc interface. Arrows indicate the interface
motion for a deposition at a solid substrate and a solid dissolution process.
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Figure 3.Schemes of phase growth mechanisms based on thermodynam-
ics.

The Stranski-Krastanov model (1938)'* takes into account
the formation of an initial layer followed by 3d-growth. The
Frank-van der Merwe model (1949)!° considers layer-by-
layer growth.

The above mentioned models have been extensively
used in the interpretation of solid phase growth data, despite
the fact that in a number of electrochemical examples
processes take place far from conditions of equilibrium.
Atomic force microscopy (AFM) images of Cu films pro-
duced under potentiostatic conditions at a cathodic overvol-
tage such as ne = 0.149 V' have shown a remarkable
change in the topography during growth, which results ina
substantial increase in surface roughness. These facts re-
flect in the shape of the corresponding current transient
itself. In principle, the value of the applied potential, which
is far from the equilibrium potential, and the relatively high
flux of copper ions arriving at the surface make it somewhat
unlikely that under these circumstances thermodynamic
models could be applied. Therefore, to answer the question
as to whether the shape of the mobile interface could be
related to the kinetics of the physical, chemical or electro-
chemical process, an approach based upon non-equilibrium
conditions has to be considered!”.

A simple experiment to emphasize the main concepts
involved in the development of a mobile interface con-
sists of pouring a particulate material onto a solid plane
surface (Fig. 4). Initially, the material forms a small heap
which increases both in height, at the velocity vT, and in
width, at the velocity v—. Accordingly, depending on
the v1'/v— ratio, two limiting situations in the growth
mode of the heap can be distinguished. Thus, for
vl >v—, a column tends to be formed, whereas for
vl < v—», a plane is approached. It should be noted that
the velocity concept which is involved in this experiment
can be easily generalized to a chemical or physical proc-
ess involving atoms or molecules. However, it should be
emphasized that depending on the yardstick used to
follow the interface characteristics, the interface can be
described as either a discontinuous or a discrete struc-
ture. Accordingly, when the yardstick size exceeds the
size of particles involved in the interface motion the
structure of the interface can be analyzed in terms of
continuous growth modes, whereas atomistic models
become more adequate to describe discrete interfaces.
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Vt>> V-

Figure 4. Scheme to illustrate how a heap of a particulate material is
formed by pouring it on a flat table. Dashed lines indicate the flux of
particles. The shapes of the growing heap at times t1, t2 and t3 are shown.
Heap growth velocity components parallel and perpendicular to the table
plane are included. At the bottom, two limiting growth modes leading to
a column and to a flat object are depicted.

The Concept of Scaling.
Models far from Equilibrium

The concept of scaling was introduced in the study of
mobile interfaces by Family and Vicsek (1985)'® for the
analysis of the topography of surfaces under non-equilib-
rium conditions. In dealing with continuous models the
application of scaling concepts can be made directly.

The evolution of the irregular interface in continuous
models is essentially represented by two types of competi-
tive contributions, one related to the increase in roughness
and the other involving surface smoothing''. The contribu-
tion to the increase in surface roughness is attributed to
either the stochastic noise of arriving particles which are
incorporated into the new phase or to the random nature of
the dissolution process itself. Otherwise, surface smoothing
results from the contribution of different relaxation proc-
esses among which the surface diffusion of impinging
particles in contact with the surface is included. Continuous
models for growth of new phases have been developed
either for homo- or heterodeposits, and among these models
from Edward-Wilkinson'?, Kardar, Parisi and Zhang model
(1986)?°, Wolf and Villain model (1990)*', and Villain, Lai
and Das Sarma model (1991)?? are the most extensively
used.
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A Brief Description of the Dynamic Scaling
Theory

According to the dynamic scaling theory the discrete
characteristics of the deposited material lead to the irregular
interface and explain its fractal behavior.

Considering an object of length L at time t, the theory
predicts that the interface width, WL(t), i.e. the standard
deviation of the interface height (Fig. 5), given by:

| :
W (L9 = (X [hxi) - <h> )” M
obeys the following equation'®

W2L(t) = L% f(t/L?) )

where, h(x;) is the deposit height measured along the x-di-
rection at point X;, <h> is the average height, fis a function
of /L%, a and z are the roughness exponents, and z repre-
sents the scaling law.

| h(x) h(x)

L

Figure 5. A definition of the terms used in the dynamic scaling analysis
of a topographic profile at time t. Profilc heights at positions x| and x2are
indicated.
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For small values of L and constant t, Eq. 2 results in
Wi =1 . 3)

This equation represents the steady roughness regime
which is attained when the condition t >> t, is fulfilled. On
the other hand, for L — oo the following relationship is
obtained from Eq. 2:

W2 (t) =t 4

Equation 4 represents the non-steady roughness regime
which is found when t <<ty, with t, being a transition from
the non-steady to the steady roughness regime. Exponent 3
is the roughness growth exponent, and o and B are related
by the ratio z = a/f. The physical meaning of exponents o
and B, as well as the non-steady and steady roughness
regimes, are illustrated in Fig. 6. In this figure the surface
profile for roughness decay is also included. The evaluation
of these parameters provides a way to determine the pri-
mary mechanism involved in the growth of an irregular
interface'®.

Parameters o and 3 Predicted for
Equilibrium Models

It is interesting to consider the limitations of classical
equilibrium growth models for those processes in which a
mobile interface if produced far from equilibrium. Thus, for
the growth mechanism involved in the Frank-van der
Merwe model the dynamic scaling theory predicts o =f3 =
0, ie., the surface remains smooth during the growth

process®.
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Figure 6. Schemes of profiles for roughness development under different regimes.
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Similarly, for the mechanism involved in the Stranski-
Krastanov and the Volmer-Weber models, the dynamic
scaling theory results in values of a. in the range 0.5 <o <
0.6. For these models, 3d islands are formed, the shape of
these islands being determined by the energy of growing
facets, interface and substrate. In addition, the coalescence
of islands means that the solid phase has changed from a
heterogeneous to a homogeneous one®. All these facts lead
to time-dependent values of B.

Parameters o, p and z and Models far from
Equilibrium

Discrete models

The ballistic deposition model?* implies that every par-
ticle arriving at the surfaces sticks at the first contact site
(Figs. 7a,b). The Monte Carlo simulation of this process
indicates the existence of an L-dependent correlation along
the surface because of the finite particle size. Therefore, a.,
B, and z strongly depend on L, but L — o, it results in o =
0.33 and p = 0.25 for a 3d process.

The random deposition model'' (Figs. 8a,b) assumes
that particles stick at the first deepest site encountered in
the particle displacement direction. The attaching mecha-
nism involved is this model leads to a non-steady roughness
regime in which the value of Wi increases linearly with t'/2.
Accordingly, the value 3 = 1/2 is obtained irrespective of
the topographic dimension.

When a surface relaxation term by surface diffusion is
included in the random deposition model®', which implies
the possibility that the particle will shift a distance of | on
the surface to increase its coordination number (Figs. 9a,b),

Figure 7. Schemes showing the motion of attaching particles (a) and
resulting profile (b) for a phase growth according to the ballistic deposition
model. :
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it results in oo = 1 and B = 0.25 in 3d. When full surface
diffusion is allowed o =0 and § = 0 in 3d are obtained'?.

Continuous models

Continuous models for interface motion are based upon
the Langevin equation25 . This equation establishes that for
an irregular interface the local rate for the height increase,
h(x), is given by

Oh(xf) _

V 2h
P (5)

The solution of Eq. 5 only corresponds to a non-steady
roughness regime with B = 0.50. The coefficient v is the
so-called surface tension term.

Based on Eq. 5, the Edwards and Wilkinson'? equation
includes a smoothing term, 1(x,t), which comes from the
stochastic noise of finite arriving particles. Then,

5—’%’1 — W 2h+1(x.0) ©6)

By solving Eq. 6 for d =3, the set of exponents obtained
isa =0 and B =0, ie. they are equivalent to the random
deposition with the full surface diffusion atomistic models.

A further improvement was made by Kardar, Parisi and
Zhang (KP2)? by adding a non-lineal term to Eq. 6 to

7Y

Figure 8. Schemes showing the motion of attaching particles (a) and
resulting profile (b) for a phase growth according to the random deposition
model.
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Figure 9. Schemes showing the motion of attaching particles (a) and
resulting profile (b) for a phase growth according to the random deposition
with surface relaxation model.

account for lateral effects in the interface growth. Then, the
KPZ interface motion equation results in

Dy 2+ 29 P 4050 7
For d =3, Eq. 7 predicts a. = 0.38 and B = 0.25'". Thus,
this equation accounts for the ballistic deposition and the
atomistic growth models®®.
Wolf and Villain®' propose a linear model in which
smoothing is exclusively produced by surface diffusion.
The corresponding interface motion equation is given by

%a);,_tl N ) ®)

The first term into Eq. 8 leads to a non-steady roughness
regime as it corresponds to Fick’s law for diffusion,
whereas the second term operates in an opposite way. The
solution from Eq. 8 for 3d yieldsa =1 and § = 1/4.

Finally, a further improvement was made by Lai and
Das Sarma whose model incorporates a lateral interaction
term to Eq. 8%,

Q}%Q =~VV 2h+ AV AV B + n(x0) ©

J. Braz. Chem. Soc.

At the early stages of growth the solution of Eq. 9 for
3d furnishes o = 1 and B = 1/4, whereas for t — oo, the
exponents are o = 2/3 and § = 1/5.

In sum, knowledge of the dynamic scaling parameters
offers a sensitive and conclusive way to determine the
prevailing mechanism in the growth mode of a new phase
under conditions far from equilibrium, through the evolu-
tion of the interface. The application of the dynamic scaling
theory to nanoscopy imaging data becomes possible be-
cause of their real space characteristics and their wide
scaling range.

Examples of the Application of the Dynamic
Scaling Theory to Electrochemical Systems

The development of the roughness theory was accom-
panied by advances in the development of nanoscopy, such
as scanning tunneling microscopy (STM), atomic force
microscopy (AFM) and other microscopies derived from
STM and AFM. The availability of these techniques allows
us to obtain the real topography of a solid in contact with
any environment from the atomic scale upward. The fol-
lowing examples describe the application of the dynamic
scaling theory to real situations.

This approach allowed us to discover new kinetic con-
tributions to electrochemical reactions, to confirm others
which had been indirectly concluded from electrochemical
kinetic studies, and to explain “ anomalous” facts. The wide
variety of experimental data gathered in recent years con-
stituted good support for testing the validity of theoretical
approaches and envisaging new ways to improve the mod-
eling of the interface motion.

Non-stationary and stationary roughness regimes.
Silver electrodissolution in aqueous acid solution

Metal electrodissolution in aggressive aqueous electro-
lyte media implies the separation of particles from the solid
phase and the creation of vacancies. The overall process is
accompanied by the development of an irregular inter-
phase. A typical example of this process is the electrodis-
solution of a Ag single crystal domain in 0.1 M HCIQ4 at
25 °C!9, This specimen was subjected to a galvanostatic
electrooxidation at either j < 15 uA cm™orj> 15 pA em™,
and the amount of electrodissolved Ag in both cases was
equivalent to approximately 150 monolayers.

Forj < 15 uA cm™, the silver surface shows no changes
in roughness (Fig. 10a) as opposed to the result obtained
forj> 15 A cm? (Fig. 10b). In the latter case, the (Wr)sT™
vs. t plot shows the appearance of non-steady and steady
roughness growth during electrodissolution (Fig. 10c).
This fact makes it possible to evaluate o and 3 following
the above-mentioned procedures, resulting in o, = 0.90 and
B = 0.36. The value of « is close to that expected for the
Villain-Wolf model®! although the value B = 0.36 exceeds
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the expected B = 0.25. However, when surface diffusion is
restricted to the terrace surfaces due to the presence of
energy barriers at step edges, the value of B changes from
0.25 to 0.40 as the interlayer mass transport is progressively
hindered without any changes in the value of a. Therefore,
the values o = 0.90 and B = 0.36 indicate that for Ag
electrodissolution at j > 15 wA cm, there is a strong con-
tribution of surface atom diffusion with restricted interlayer
mass transport. Such a situation implies that a Schwoebel
energy barrier is located at the steps®’

This result confirms previous conclusions derived from
electrochemical kinetic data on silver electrodes estab-
lishing that surface diffusion processes play a key role in
the kinetics of the silver electrode.

A non-stationary roughness regime.
The electrodissolution of Cu in acid solutions

Experiments similar to those described above for Ag
electrodissolution were made for Cu in the same solutions,
starting from a Cu single crystal domain®® with charac-
teristics similar to those reported for Ag.

Under open circuit conditions the electrode surface
becomes considerably mobile, showing a trendency to de-
crease in roughness due to the disappearance of the small
pits initially present on the surface.

The above described situation becomes even more
complex for j = 6 pA/ecm™?, since in this case a clear
nonhomogeneous attack of the Cu surface can be ob-
served yielding domains with a faceted topography, do-
mains with a relatively low increase in roughness, and
domains where deep etched pits are formed (Fig. 11a).
The formation of etched pits can be seen after a relatively
long dissolution time.

The dynamic scaling analysis applied to the first and
second type of attack at the early stages of the process, leads
to a behavior which is similar to that already described for
Ag. In contrast, the overall attack of Cu leads to a non-
steady roughness regime, as can be seen from the (Wr)stm
vs. t plot (Fig. 11b) which exhibits a continuously increas-
ing slope. Therefore, from the dynamic scaling analysis of
scanning force microscopy imaging only the value of B can
be estimated from the log (Wr)stm vs. log L plot for this
system.

For those domains where etched pits are absent,
B = 0.36. This value indicates the crucial role played by Cu
atom surface diffusion in the early stages of Cu electrodis-
solution, but the value B > 0.25 suggests that surface diffu-
sion also involves, as in the case of Ag electrodissolution,
a Schwoebel type of energy barrier at the steps. Surface
diffusion in this case is probably anisotropic, a fact which
may explain the directional faceting produced at certain
domains of the Cu surface in the process.
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On the other hand, the value of B > 1 resulting from the
overall electrodissolution indicates a global process domi-
nated by the formation of etched pits. This result is particu-
larly relevant, as it may throw light on the possible origin
of pitting corrosion of metals. It also emphasizes the diffi-
culty in interpreting conventional Tafel plots for metal
electrodissolution when the real surface area becomes un-
certain.

The evaluation of z through roughness decay imaging
data. Columnar-structured gold electrodes

The contribution of surface atom diffusion to post-
deposition surface roughness evolution was studied for
columnar-structured Au films on Au. These surfaces were
prepared from the electroreduction of thick hydrous Au
oxides accumulated on Au by anodization at 2.6 V (vs.
standard hydrogen electrode, SHE) in 0.5 M H,SO4. This
procedure results in the formation of nanometer Au parti-
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Figure 11. (a) A STM image of a copper electrode surface immersed in
I MHCIOsatj=6pA cm™ (b). (WL) vs. tplot; j= 6 A em™% T =298 K.
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cles (Fig. 12a, t = 0) which coalesce in time yielding large
particles when aged in 0.5 M H,SO4 + 0.1 M NaCl (Fig.
12a)%.

From the STM images the average radius of growing
particles in the x-direction (rx) can be obtained for the
coarsening process. Data fit a ry ~ t'4 plot (Fig. 12b), as
is expected for the case in which the surface diffusion of
atoms plays a dominant role in the kinetics of coarsening.
This type of relationship has been previously expressed
by Ostwald’s ripening law of colloids.
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Figure 12. (a) Sequential in situ STM images of a columnar-structured
gold electrode surface immersed in 0.5 M H2S04 + 0.1 M NaCl; E =
0.6 V (vs. SHE). (b).Plot corresponding to the change in the particle
radius measured in the x-direction as a function of the immersion time.
A correction for the initial radius of the particle is considered.
T=298K.
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Figure 13. (3) An ex situ AFM image of a columnar structured palladium
electrode produced by the electroreduction of a hydrous palladium oxide
layer on palladium. (b) Log (perimeter) vs. log (area) plot to calculate the
surface fractal dimension of the electrode surface depicted in (a). The
fractal dimension was calculated following the procedure described in the
literature>".

The Kinetic Consequences of Surface
Fractality. The Enhancement of H-atom
Electroadsorption on Pd Electrodes

When a Pd oxide layer produced in an acid solution by
the potential reversal technique using E,=1.7 (SHE), E1 = 0
V; f=1 kHz, t,/11= 9 and tyx = 3 min is electroreduced at
a constant potential or with an adequate potentiodynamic
sweep, it results in a Pd layer which exhibits an enhance-
ment for the H-atom electrosorption process as revealed by
conventional voltammetry and triangularly modulated tri-
angular potential voltammetry™.

To explain this apparently anomalous effect, the palla-
dium surface was investigated using atomic force micros-
copy (Nanoscope III, Digital) under the contact mode
operation. AFM images show an irregular column-like
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structure (Fig. 13a) which was analyzed following the
“lakes and island” procedure described elsewhere to deter-
mine Ds, the fractal dimension of the surface’!.

Accordingly, the value of Ds = D; + 1, where D is the
fractal dimension of the perimeter of lakes resulting from a
log(perimeter) vs. log(area) of lakes plot (Fig. 13b). For the
Pd surface shown in Fig. 13a, D= 1.57 and Ds=2.57. This
means that the surface of Pd is fractal. The physical mean-
ing of a fractal surface is that the atoms which constitute
the material tend to occupy the largest surface, and there-
fore, on this type of surface it is expect that surface proc-
esses will prevail over bulk diffusion processes. This
explains the particular characteristics of Pd electrodes pro-
duced by the above-mentioned procedure, which entails a
net enhancement of H-electrosorption processes. It should
be noted that for Pd, as observed for Pt columnar fractal
surfaces’!, the roughness decay discussed in the previous
section for Au is not relevant due to the surface mobility of
Pd and Pt which is slower than that of Au. Surface mobility
must be considered in dealing with the efficiency of solid
catalysts in a number of chemical and electrochemical
reactions.

Therefore, the same process may lead to the develop-
ment of different surfaces, a fact which under adequate
control becomes particularly relevant for the design of solid
catalysts and electrocatalysts.

Conclusions

e The dynamic scaling method and fractal geometry
are powerful tools for studying interface dynamics
and understanding the role of surface irregularities
in electrochemical kinetic data.

¢ Dynamic scaling analysis can be successfully ap-
plied to scanning tunneling and scanning atomic
nanoscopy imaging data, which represent topo-
graphic data in a real space.

¢ Roughness development involves a non-steady and
a steady roughness regime.

e Under a non-steady roughness regime the value of B
can be estimated.

e When both the non-steady and the steady roughness
regimes can be determined, then the value of a, 8
and z can be obtained.

e From the dynamic scaling analysis of roughness
decay the value of f can be determined.

e From the values of o, B and z, the kinetics and
mechanism of those electrochemical reactions in
which an interface motion is involved can be de-
duced.

e Surface atom diffusion, a contribution which is usu-
ally envisaged from electrochemical kinetic data,
can be more convincingly demonstrated by the dy-
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namic scaling analysis of STM and SFM imaging
data.

o The existence of a fractal surface can explain some
experimental data which have often been considered
anomalous in terms of the classic models.
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