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Um enfoque interdisciplinar na eletroquimica em eletrodos solidos é apresentado
levando-se em conta novas interpretactes bésicas, tanto para o crescimento de fases quanto
paraa perturbagdo de fases sob condic¢ies|onge do equilibrio. Paraesse propésito, os dadosde
imagens derivadas de microscopia de tunelamento por varredura (STM) e de microscopia de
forga atdbmica (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 solidos. O estudo de interfaces mévels por aplicagdo
sequencial de dados de STM in situ e a interpretacdo baseada na teoria da escala dindmica
fornece uma descricdo qualitativa e quantitativa das irregularidades da superficie, e prové
informagBes sobre o mecanismo de evolucdo da interface sob regimes estacionarios e
nao-estacionariosderugosidade. V &riosexempl osdeinteresse €l etroquimico sdo discutidosna
base deste enfoque interdisciplinar.

An interdisciplinary approach to the electrochemistry at solid electrodes is presented here
taking into account new basic interpretationsfor either phase growth or phase disruption under
conditionsfar from equilibrium. For this purpose imaging data derived from scanning tunnel-
ing microscopy (STM) and atomic force microscopy (AFM) at different scale lengths are ex-
tremely useful. This approach provides new insights into roughness development, roughness
decay and reactivity at solid electrodes. The study of mobileinterfaces by the sequential appli-
cation of in situ STM dataand an interpretation based on the dynamic scaling theory furnish a
qualitative and a quantitative description of surface irregularities, and provide information
about theinterface evol ution mechanism under steady and non-steady roughnessregimes. Var-
ious exampl esof electrochemical interest aredi scussed on the basi sof thisinterdisciplinary ap-
proach.
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I ntroduction

Electrochemical reactions take place in an interfacial re-
gion comprised between the electrode surface and the bulk of
theelectrolyte solution. Thethicknessof theinterfacial region
extendsfrom the cross section of the adsorbed moleculeonthe
electrode up to theliquid film adjacent to the el ectrode surface
whose composition, generaly, differs from that of the solu-
tion*. Within the interfacial region different zonesrelated to
some dominant aspects such asthe adsorbate layer, the double
layer thickness, the concentration gradient of reacting species,
and the hydrodynamic profile can bedistinguished (Fig. 1). In

this context, the simplest approach to such a description re-
sults from aliquid metal electrode immersed in a conducting
solution. Therefore, for many years electrochemistry focused
on the Hg(liquid)/aqueous dissol ution interface to neutralize
theinfluence 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 el ectrode topography on those electro-
chemical reactions involving solid electrodes, despite the
large number of processes in which this type of electrode is
employed.



92 Arvia& Salvarezza

‘ €lectrode ‘ y
0
solution 1
XHi
0.l nm = Inner Helmholtz plane ¥ HO
1 nm|— Outer Helmholtz plane XpL
10 nm | I Diffuse double layer ————>—
0.1um
| pm— .
0pm= ¢ Diffusion layer ——————+—
0.1 mm|~ Xn
i S
1 mm — Ii Hydrodynamic layer
X

Figure 1. Scheme of the different distinguishable thicknesses (x) re-
|ated to the solid electrode/sol ution interface. Distances are estimated
for arotating disc electrode at approximately 100 rpm.

Solid electrode surfaces are usually of a complicated na
ture. In fact, well-defined solid domains are generaly re-
stricted to very small surface areas, as can be seen by
nanoscopy techniques®. Most generally, solid surfacesalways
exhibit irregularities at different scale lengths®.

The problem of surface irregularities always appears in
electrochemistry when anew solid phase isformed, asin the
case of metal electrodeposition or when a phase is destroyed,
asinmetal corrosion. Thesamesituation arisesindealingwith
heterogeneous catalysis and electrocatalysis concerning rea
surface area measurement and surface reactivity, two impor-
tant aspects related to the specific efficiency of the catalyst.
Therefore, knowledge of thetopography and surface structure
of the solid down to the atomic level is essential in many as-
pects, such aspredicting itsbehavior under different operating
conditions, and calculating the energetics of possible adsor-
bate structures in relation to the likely reaction pathways>®.
All these aspects are of great importance to handling the opti-
mal kinetic conditions for a particular electrochemical reac-
tion. To tackle these complex problems an interdisciplinary
approach is required in which frontier aspects of physics,
chemistry, mathematics, and modeling techniques converge.

This paper summarizes how to deal with irregularities at
solid surfaces, such as those encountered on solid electrode
surfaces, and how they can be quali- and quantitatively
treated. Thisimplies an interdisciplinary approach to electro-
chemical problems of basic importance for electrode design
and performance, and provides an explanation for electrode
behavior which has occasionally been considered “anoma-
lous’ from the standpoint of classic electrochemistry.

I nterface M otion

Processes such as the formation of a solid phase by either
vapor phase deposition’, epitaxial growth induced by molecu-
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involve an interface motion. The way in which the interface
displacement occursreflectsthetype of kinetics obeyed by the
system and the dominant mechanism operating in the process.
Infact, theinterface motion can bedescribed by the sametools
whichareusually employed for other seemingly different pro-
cessessuch asliquid flow through porous media, the propaga-
tion of aflame front, the growth of bacterial colonies, or the
rupture of a dielectric'’. The common feature among al of
these phenomenaisthe existence of anirregular mobile inter-
face. For such an interface the challenge is to establish the
mechanism of its formation, aswell asits dynamic character-
isticstt12, Theeval uation of thesecharacteristicsbecomesrel-
evant to determinethestability of themobileinterfaceat either
a solid/liquid or a solid/gas interface by using procedures
whichleadtoaminor perturbationinthe systemand canbeap-
plied 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 phenomenon can be investi-
gated using the same formalism.

Classical growth modelsfor asolid phase are based upon
the existence of local equilibrium on the surface and further
admit that the mass transport parallel to the microscopic sur-
faceismuch faster than theflux of particlesarriving at the sur-
face. Within this thermodynamic framework severa models
have been proposed (Fig. 3). Thus, the VVolmer-Weber model
(1926)*2 considers an initial nucleation and tridimensional
(3d) growth of the new phase, where d denotesthetopological
dimension of the object. The Stranski-Krastanov model
(1938)* takes into account the formation of an initial layer

lar rays®, or the growth of metal electrodeposits’, and the dis-
solution of asolid phase asit occursin corrosion in general ',

Figure 2. Scheme of the mobileinterface. Arrows indicatethe interface
motionfor adeposition at asolid substrate and asolid dissol utionprocess
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Figure 3.Schemes of phase growth mechanisms based on thermody-
namics.
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followed by 3d-growth. The Frank-van der Merwe model
(1949)*° considers layer-by-layer growth.

The above mentioned models have been extensively used
intheinterpretation of solid phase growth data, despitethefact
that in a number of electrochemical examples processes take
place far from conditions of equilibrium. Atomic force mi-
croscopy (AFM) images of Cu films produced under
potentiostatic conditions at a cathodic overvoltage such as hc
= 0.149 V8 have shown aremarkable change in the topogra-
phy during growth, which results in a substantial increase in
surfaceroughness. Thesefactsreflectinthe shapeof thecorre-
sponding current transient itself. In principle, the value of the
applied potential, which isfar from the equilibrium potential,
and the relatively high flux of copper ions arriving at the sur-
face make it somewhat unlikely that under these circum-
stances thermodynamic models could be applied. Therefore,
toanswer the question asto whether the shape of themobilein-
terface could be related to the kinetics of the physical, chemi-
cal or electrochemical process, an approach based upon
non-equilibrium conditions has to be considered™’.

A simpleexperiment to emphasi zethe main conceptsin-
volved in the development of amobileinterface consists of
pouring a particulate material onto a solid plane surface
(Fig. 4). Initially, the material formsasmall heap whichin-
creasesbothin height, at thevelocity v- , andinwidth, at the
velocity v® . Accordingly, depending onthev- /v® ratio, two
limiting situationsin the growth mode of the heap can be dis-
tinguished. Thus, for v- > v® , a column tends to be formed,
whereasfor v- <v® , aplaneisapproached. It should benoted
that the vel ocity concept whichisinvolved in this experiment
can beeasily generalized to achemical or physical processin-
volving atoms or molecules. However, it should be empha-
sized that depending on the yardstick used to follow the
interface characteristics, the interface can be described as -
ther adiscontinuousor adiscretestructure. Accordingly, when
the yardstick size exceedsthe size of particlesinvolved inthe
interface motion the structure of the interface can be analyzed
intermsof continuous growth modes, whereas atomistic mod-
els become more adequate to describe discrete interfaces.

The Concept of Scaling.
Modelsfar from Equilibrium

The concept of scaling wasintroduced in the study of mo-
bileinterfaces by Family and Vicsek (1985)* for the analysis
of the topography of surfaces under non-equilibrium condi-
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Figure4. Schemeto illustrate how a heap of a particulate material is
formed by pouring it on aflat table. Dashed lines indicate the flux of
particles. The shapes of the growing heap at times t;, t2 and t3 are
shown. Heap growth velocity components parallel and perpendicul ar
to the table plane are included. At the bottom, two limiting growth
modes |eading to a column and to aflat object are depicted.

tions. In dealing with continuous models the application of
scaling concepts can be made directly.

The evolution of the irregular interface in continuous
modelsisessentialy represented by two types of competitive
contributions, one related to theincrease in roughness and the
other involving surface smoothing*. The contribution to the
increase in surface roughness is attributed to either the sto-
chastic noise of arriving particles which areincorporated into
the new phase or to the random nature of the dissolution pro-
cessitself. Otherwise, surface smoothing resultsfrom the con-
tribution of different relaxation processes 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 Ed-
ward-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.

A Brief Description of the Dynamic Scaling
Theory
According to the dynamic scaling theory the discrete char-

acteristics of the deposited material lead to theirregular inter-
face and explain its fractal behavior.
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Considering an object of length L at timet, the theory pre-
dictsthat theinterfacewidth, W (t), i.e. the standard deviation
of the interface height (Fig. 5), given by:

WLD=(S8 [hx)- <h>P) &

obeys the following equation'®
W2 (1) = L2%a f(t/L?) 2

where, h(x;) is the deposit height measured along the
x-direction at point x;, <h>istheaverageheight, fisafunction
of t/L?, a and z are the roughness exponents, and z represents
the scaling law.

For small values of L and constant t, Eq. 2 resultsin

WA =L* ©)

This equation represents the steady roughness regime
whichisattained when the conditiont >> ty isfulfilled. Onthe

| h(x) h(x,)

L

Figure5. A definition of theterms used in the dynamic scaling anal y-
sisof atopographic profileat timet. Profileheights at positionsx; and
X2 are indicated.
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other hand, for L A & the following relationship is obtained
from Eq. 2:

W2 (t) = t2° 4

Equation 4 represents the non-steady roughness regime
whichisfound whent <<ty, with tx being atransition fromthe
non-steady to the steady roughness regime. Exponent b isthe
roughness growth exponent, and a and b arerelated by thera-
tio z = a/b. The physical meaning of exponentsa and b, as
well asthe non-steady and steady roughnessregimes, areillus-
tratedin Fig. 6. In thisfigure the surface profile for roughness
decay is aso included. The evaluation of these parameters
provides away to determinethe primary mechanisminvolved
in the growth of an irregular interface®®.

Parametersa and b Predicted for
Equilibrium Models

It is interesting to consider the limitations of classica
equilibrium growth model sfor those processesin which amo-
bile interface if produced far from equilibrium. Thus, for the
growth mechanism involved in the Frank-van der Merwe
model the dynamic scaling theory predictsa =b =0, i.e., the
surface remains smooth during the growth process™.

Similarly, for the mechanism involved in the
Stranski-Krastanov and the Volmer-Weber models, the dy-
namic scaling theory resultsin valuesof a intherange0.5£ a
£ 0.6. For these models, 3d islands are formed, the shape of
these islands being determined by the energy of growing fac-
ets, interface and substrate. In addition, the coalescence of is-
lands means that the solid phase has changed from a
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Figure 6. Schemes of profiles for roughness development under different regimes.
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heterogeneousto ahomogeneousone?>. All thesefactslead to
time-dependent values of b.

Parametersa, b and z and Models far from
Equilibrium

Discrete models

The ballistic deposition model®* implies that every parti-
clearriving at the surfaces sticks at the first contact site (Figs.
7a,b). TheMonte Carlo simulation of thisprocessindicatesthe
existence of an L-dependent correlation aong the surface be-
cause of thefinite particlesize. Therefore, a, b, and z strongly
dependonL,butL ® ¥,itresultsina=0.33andb=0.25fora
3d process.

The random deposition model** (Figs. 8a,b) assumesthat
particles stick at the first degpest site encountered in the parti-
cle displacement direction. The attaching mechanism in-
volvedisthismodel leadsto anon-steady roughnessregimein
which the value of W, increases linearly with tY2. Accord-
ingly, the value b = 1/2 is obtained irrespective of the topo-
graphic dimension.

When a surface relaxation term by surface diffusionisin-
cluded in the random deposition model?!, which implies the
possibility that the particle will shift adistance of | onthe sur-
facetoincreaseits coordination number (Figs. 9a,b), it results
ina =1andb =0.25in 3d. When full surface diffusionisal-
lowed a =0 and b = 0in 3d are obtained™.

Continuous models

Continuous models for interface motion are based upon
the Langevin equation®. This equation establishesthat for an
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irregular interfacetheloca ratefor theheight increase, h(x), is
given by

AL VRS (5)
qt

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

Based on Eq. 5, the Edwards and Wilkinson'® equationin-
cludes a smoothing term, h(x,t), which comes from the sto-
chastic noise of finite arriving particles. Then,

% =nf 2h +h(x,1) (6)

By solving Eq. 6 for d = 3, the set of exponentsobtained is
a=0andb =0, i.e. they are equivalent to the random deposi-
tion with the full surface diffusion atomistic models.

A further improvement was made by Kardar, Paris and
Zhang (K PZ)?° by adding anon-lineal term to Eq. 6 to account
for lateral effectsintheinterfacegrowth. Then, the KPZ inter-
face motion equation resultsin

Th(x. )
it

=nK 2h+|§(N h)? +h(x, 1) @)

v Y

Figure 7. Schemes showing the motion of attaching particles (a) and
resulting profile (b) for aphase growth according to the ballistic depo-
sition model.

Figur e 8. Schemes showing the motion of attaching particles (a) and
resulting profile (b) for aphase growth according to the random depo-
sition model.
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Figure 9. Schemes showing the motion of attaching particles (a) and
resulting profile (b) for aphase growth according to the random depo-
sition with surface relaxation model.

For d =3, Eq. 7 predictsa @0.38 and b @.25". Thus, this
equation accountsfor theballistic 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

% =nf “h+h(xt) 6)

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

Finally, afurther improvement was made by Lai and Das

Sarmawhose model incorporates alateral interaction term to
Eq. 8%,

Th(x. )
Tt

At the early stages of growth the solution of Eg. 9 for 3d
furnishesa = 1 and b = 1/4, whereasfor t A 3, the exponents
area =2/3and b = 1/5.

In sum, knowledge of the dynamic scaling parameters of -
fersasensitiveand conclusiveway to determinethe prevailing

=nN 2h+1 R 2R h)? +h(x,t) 9)
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mechanism in the growth mode of a new phase under
conditions far from equilibrium, through the evolution of the
interface. The application of the dynamic scaling theory to
nanoscopy imaging data becomes possible because 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 accompa
nied by advances in the development of nanoscopy, such as
scanning tunneling microscopy (STM), atomic force micros-
copy (AFM) and other microscopies derived from STM and
AFM. Theavailability of these techniquesallows usto obtain
thereal topography of asolid in contact with any environment
from the atomic scale upward. The following examples de-
scribethe application of the dynamic scaling theory toredl sit-
uations.

This approach allowed us to discover new kinetic contri-
butionsto el ectrochemical reactions, to confirm others which
had been indirectly concluded from electrochemical kinetic
studies, and to explain “anomalous’ facts. Thewide variety of
experimental data gathered in recent years constituted good
support for testing the validity of theoretical approaches and
envisaging new waysto improvethe modeling of theinterface
motion.

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

Metal electrodissolutionin aggressiveagueousel ectrolyte
mediaimpliesthe separation of particlesfrom the solid phase
and the creation of vacancies. Theoverall processisaccompa
nied by the development of an irregular interphase. A typica
exampleof thisprocessistheelectrodissolution of aAgsingle
crystal domainin 0.1 M HCIO4 at 25 °C*°. This specimen was
subjected to a galvanostatic electrooxidation at either j < 15
mA cmor j > 15mA cm2, and the amount of el ectrodissolved
Ag in both cases was equivalent to approximately 150
monolayers.

For j < 15 mA cm, the silver surface showsno changesin
roughness (Fig. 10a) as opposed to the result obtained for
j>15mA cm? (Fig. 10b). In thelatter case, the (WL )stm Vs. t
plot showsthe appearance of non-steady and steady roughness
growth during electrodissolution (Fig. 10c). Thisfact makesit
possible to evaluate a and b following the above-mentioned
procedures, resultingina =0.90 and b = 0.36. Thevaueof a
isclosetothat expected for the Villain-Wolf model?* al though
the value b = 0.36 exceeds the expected b = 0.25. However,
when surface diffusion isrestricted 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 changesinthevalue of a.
Therefore, thevaluesa =0.90and b =0.36indicatethat for Ag
electrodissolution at j > 15 mA cm?, thereisastrong contribu-
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tion of surface atom diffusion with restricted interlayer mass
transport. Such a situation implies that a Schwoebel energy
barrier islocated at the steps®”.

This result confirms previous conclusions derived from
electrochemical kinetic data on silver electrodes establishing
that surface diffusion processes play akey rolein 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 aCu single crystal domain? with characteristics
similar to those reported for Ag.

Under open circuit conditions the electrode surface be-
comes considerably mobile, showing atrendency to decrease
inroughnessdueto the disappearance of thesmall pitsinitially
present on the surface.

Theabovedescribed situation becomes even more com-
plex for j = 6 mA/cm2, sincein this case a clear nonhomoge-
neous attack of the Cu surface can be observed yielding
domainswith afaceted topography, domainswith arelatively
low increase in roughness, and domains where deep etched
pitsareformed (Fig. 11a). Theformation of etched pitscan be
seen after arelatively long dissolution time.

The dynamic scaling analysis applied to the first and sec-
ond type of attack at the early stages of the process, leadsto a
behavior which issimilar to that already described for Ag. In
contrast, the overall attack of Cu leadsto anon-steady rough-
ness regime, as can be seen from the (W )stm vs. t plot (Fig.
11b) which exhibits a continuoudly increasing slope. There-
fore, from the dynamic scaling analysis of scanning force mi-
croscopy imaging only the value of b can be estimated from
thelog (Wi )stm Vvs. log L plot for this system.

For those domains where etched pits are absent, b = 0.36.
Thisvalueindicatesthecrucia roleplayed by Cuatom surface
diffusion in the early stages of Cu electrodissolution, but the
valueb > 0.25 suggeststhat surfacediffusionasoinvolves, as
in the case of Ag electrodissolution, a Schwoebd type of en-
ergy barrier at thesteps. Surfacediffusioninthiscaseisproba
bly anisotropic, a fact which may explain the directional
faceting produced at certain domains of the Cu surface in the
process.

On the other hand, the value of b > 1 resulting from the
overal electrodissolution indicates a global process domi-
nated by theformation of etched pits. Thisresultisparticularly
relevant, asit may throw light on the possible origin of pitting
corrosion of metals. It also emphasizes the difficulty in inter-
preting conventional Tafel plots for metal electrodissolution
when the real surface area becomes uncertain.

The evaluation of z through roughness decay imaging data.
Columnar-structured gold electrodes
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The contribution of surface atom diffusion to
post-deposition surface roughness evolution was studied for
columnar-structured Aufilmson Au. Thesesurfaceswerepre-
pared from the electroreduction of thick hydrous Au oxides
accumulated on Au by anodization at 2.6 V (vs. standard hy-
drogen electrode, SHE) in 0.5 M H>SO4. This procedure re-
sultsin the formation of nanometer Au particles (Fig. 12a, t =
0) which coalesceintimeyielding large particleswhen agedin
0.5M H,S04 + 0.1 M NaCl (Fig. 12a)%°.

Fromthe STM imagesthe average radiusof growing parti-
clesin the x-direction (ry) can be obtained for the coarsening
process. Datafit ar, ~t plot (Fig. 12b), asisexpected for the
caseinwhich the surface diffusion of atoms plays adominant
roleinthekineticsof coarsening. Thistype of relationship has
been previously expressed by Ostwald's ripening law of
colloids.

2
1
2.00 300 pm
12 T T T T I T T T T I T T T T I T T T T
S ]
10 - o _
8 - ® -
gL ]
s
E‘\ 6 ® -
= | ]
~ ®
4r ) -
- . . =
N -
.“ o ©
0 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1
0 500 1000 1500 2000
t(s)

Figure11. (a) A STM image of acopper electrode surfaceimmersed
in1M HCIOz at j = 6 mA cm’Z (b). (W) vs. t plot; j = 6 mA cm'2;
T=298K.
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TheKinetic Consequences of Surface
Fractality. The Enhancement of H-atom
Electr oadsor ption on Pd Electrodes

When aPd oxidelayer produced in an acid solution by the
potential reversal techniqueusing B, =1.7 (SHE), E;=0V; f=
1kHz, t /t; = 9and tyt = 3 miniselectroreduced at aconstant
potential or with an adequate potentiodynamic sweep, it re-
sults in a Pd layer which exhibits an enhancement for the
H-atom electrosorption process as revealed by conventional
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Figure 12. (a) Sequential in situ STM images of a colum-
nar-structured gold electrode surface immersed in 0.5 M HSO4 +
0.1 M NaCl; E = 0.6 V (vs. SHE). (b).Plot corresponding to the
changein the particle radius measured in the x-direction asafunc-
tion of theimmersiontime. A correctionfor theinitial radius of the
particleis considered. T = 298 K.
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Figure13. (a) Anexsitu AFM image of acolumnar structured palla-
dium electrode produced by the electroreduction of a hydrous palla
dium oxidelayer on palladium. (b) Log (perimeter) vs. log (area) plot
to calculate the surface fractal dimension of the electrode surface de-
pictedin (a). Thefractal dimension was cal culated following the pro-
cedure described in the literature®.

voltammetry and triangularly modulated triangular potential
voltammetry®C.

To explain this apparently anomalous effect, the pala
dium surface wasinvestigated using atomic force microscopy
(Nanoscope |1, Digital) under the contact mode operation.
AFM images show an irregular column-like structure (Fig.
13a) whichwasanayzedfollowing the“lakesandisland” pro-
cedure described elsewhere to determine Ds, the fractal di-
mension of the surface™.

Accordingly, the value of Ds = Dy + 1, where D is the
fractal dimension of the perimeter of lakes resulting from a
log(perimeter) vs. log(areaq) of lakesplot (Fig. 13b). For the Pd
surfaceshowninFig. 13a, Dy = 1.57 and Ds=2.57. Thismeans
that the surface of Pd is fractal. The physical meaning of a
fractal surface isthat the atoms which constitute the material
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tend to occupy the largest surface, and therefore, on thistype
of surfaceit is expect that surface processes will prevail over
bulk diffusion processes. This explains the particular charac-
teristics of Pd electrodes produced 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 de-
cay discussedinthe previoussectionfor Auisnot relevant due
tothesurfacemobility of Pd and Pt whichisslower thanthat of
Au. Surface mobility must be considered in dealing with the
efficiency of solid catalystsin anumber of chemical and elec-
trochemical reactions.

Therefore, the same process may |ead to the development
of different surfaces, afact which under adegquate control be-
comes particularly relevant for the design of solid catalysts
and electrocatalysts.

Conclusions

The dynamic scaling method and fractal geometry are
powerful toolsfor studyinginterface dynamicsand un-
derstanding therole of surfaceirregularitiesin electro-
chemical kinetic data.

Dynamic scaling analysis can be successfully applied
to scanning tunneling and scanning atomic nanoscopy
imaging data, which represent topographic data in a
real space.

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

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

When both the non-steady and the steady roughnessre-
gimes can be determined, then the value of a, b and z
can be obtained.

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

From thevaluesof a, b and z, the kinetics and mecha
nism of those el ectrochemical reactionsinwhichanin-
terface motion isinvolved can be deduced.

Surface atom diffusion, acontributionwhichisusually
envisaged from electrochemical kinetic data, can be
more convincingly demonstrated by the dynamic scal-
ing analysis of STM and SFM imaging data.

The existence of afracta surface can explain some ex-
perimental data which have often been considered
anomalous in terms of the classic models.
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