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Akatraet-Modem approaches to solid surface disorder provide a more rigourous way of defining rough- 
ness at solid surfaces, a crucial concept in electrocatalysis. The study of this type of surface comprises 
growth kinetics, geometric description, relaxation kinetics and influence of surface irregularities on differ- 
ent reactions. 

Continuous rough columnar structured metal surfaces constitute a good model system for the investi- 
gation of a number of processes which are of special interest in heterogeneous catalysis, including electro- 
catalysis. The topography of these metal surfaces can lx determined by scanning tunneling microscopy 
(STM) at different scales and can be described by means of the dynamic scaling theory applied to STM 
imaging. 

Roughness relaxation kinetics followed by electrochemical techniques can be interpreted through a 
coalescence-type mechanism. Typical examples of adsorption and diffusion controlled electrochemical 
reactions on this type of electrodes are presented. 
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1. INTRODUCTION 

The advances made in recent years concerning the 
geometry of real systems and the observation of solid 
surfaces at the MI and atomic levels have provided 
new insights for attempting a more rigorous descrip- 
tion of solid surfaces, particularly those surfaces 
which are of interest in heterogeneous catalysis and 
electrocatalysis[ l-61. 

The topography of any solid object can be con- 
sidered as regular (ordered) or irregular 
(disordered)[n. Regular and irregular surfaces can 
be continuous or discontinuous. Regular surfaces 
comprise smooth surface domains whereas irregular 
surfaces comprise weakly and strongly disordered 
surfaces[7l. 

Ordered surfaces can be adequately described by 
Euclidean geometry using the corresponding D,,, 
the topological dimension of the object, and d, the 
Euclidean dimension of the space where the object is 
embedded. However, Euclidean geometry fails to 
describe disordered surfaces such as real solid sur- 
faces. Fractal geometry which has been developed to 
address this problem@], covers surface, mass, and 
pore fractality[7]. 

The fractal approach to disordered systems treats 
disorder as an intrinsic rather than a perturbative 
phenomenonC7, 81. In this approach D, the fractal 
dimension of the object, is comprised between D,,,,, 
and d, and the difference D - DtoP is taken as a 
measure of the system’s disorder. 

* This paper is based upon the lecture delivered by A. J. 
Arvia. 

On the other hand, according to their behaviour 
under scale transformation[rJ disordered systems 
exhibit either an isotropic disorder (self-similar 
fractals) or an anisotropic disorder (self-alline 
fractals)[7]. In contrast to the scale invariance of 
self-similar fractals at all scale lengths, self-time 
fractals have different scale-invariance properties 
along different directions and can be characterized 
by a local surface fractal dimension D,[8]. 

In this work, we explore the topographic charac- 
teristics of irregular metal electrodeposits prepared 
from either the electroreduction of hydrous metal 
oxides or from the electrodeposition of metal ions in 
the solution under adequate conditions. Attention 
will be focussed on a quantitative approach to the 
concept of roughness and on some electrochemical 
reactions at several well-defined large surface metal 
electrodes in relation to the theory of electro- 
catalysis. This type of electrode can be used as a 
model system for either continuous or discontin- 
uous high surface area objects of interest in electro- 
catalysis. Accordingly, the results of surface 
characterization at the nm level, roughness decay 
kinetics, capacitance measurements, diffusion con- 
trolled reactions, and different adsorption processes 
on these type of electrode surfaces are considered. 

1.1. Ordered surfaces 

Ordered surfaces can be observed at terrace 
domains of single crystal surfaces. STM imaging at 
these domains reveals surface corrugations less than 
0.1 nm introduced by the electronic charge density of 
atoms. Ordered regions at real single crystal surfaces 
are usually constrained to small areas because of 

1481 



1482 A. J. ARVIA and R. C. SALVAREZZA 

Fig. 1. (a) A 80 x 80 nm’ STM image (top view) at a [ll I]-pole at a polyfaceted Au single crystal. (b) A 
151.5 x 151.5 nm2 STM image (3D-view) of a Ag crystallite electrodeposited on C(OOO1) substrate from 
acid aqueous solutions containing Ag+-ions. (c) Scheme of a weakly disordered contour according to a 

continuous model. 
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Fig. 2. (a) A 300 x 300nm2 STM image (top view) of a Ag crystallite deposited on a C(ooOl) substrate. 
(b), (c), (d) Contours of the crystallite taken in different directions as indicated by the arrows. 

surface relaxation, surface reconstruction, structural steps intersecting at 60”. In this case the surface dis- 
and chemical defect@]. order is introduced by the presence of structural 

defects. It should be noted that in real systems com- 

1.2. Weakly disordered metal surfaces 
prising particle dispersion as that found in metal 
electrocatalysts, at each particle there is always a 

Stepped crystal surfaces are typical examples of contribution of terraces and stepped borders of 
weakly disordered solid surfaces. STM images of the atomic size as seen, for instance, for a small Ag 
surface of a polyfaceted Au single crystal sphere at crystal formed on C(0001) (Fig. lb). The profile of 
the [l Ill-pole (Fig. la) show small terraces and these crystallites show clearly distinct directional 
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Fig. 3. (a) Cross-section of a dendritic Ag electrodeposit grown at a fast rate (3OOOnms-‘) in a 3D- 
electrochemical cell from 5 x 10e3 M Ag,SO, + lo-* M H,SO, + 0.5 M Na,SO, gellified aqueous solu- 
tion at 25°C. (b) A 650 x 650nm2 STM image (3D-view) of a columnar Au electrodeposit grown from the 
electroreduction of a hydrous Au oxide layer at 1OOnm s-r. (c), (d) Schemes of self-similar and self-alne 

contours according to a continuum model. 

topographies (Fig. 2a-d)[9]. Despite the fact that for proposed that the set of points which are defined by 
a stepped surface the surface fractal dimension, D, = step edges in the 2D-space behaves as a fractal[7, 
D ,,,s, the degree of disorder depends on the size of lo]. For stepped surfaces the term marginal fiactal 
the yardstick used to probe the surface. It has been surfaces has been proposed[ll]. The 2D-contour of 



these surfaces according to a continuum model is 
shown in Fig. lc. 

1.3. Strongly disordered metal surfaces 

Typical examples of mass and surface fractals with 
self-similar characteristics are dendritic metal depos- 
its (Fig. 3a). On the other hand, typical examples of 
self-alllne fractal surfaces are a variety of rough sur- 
faces produced by different physical and chemical 
processes[12]. As an example the STM image of Au 
columnar structures is shown in Fig. 3b. The term 
rough surface has been suggested for a irregular 
surface without overhanging regions[13]. The 
absence of overhangings determines the self-allure 
character of rough surfaces, ie their anisotropic 
surface disorder. The 2D-contours of self-similar 
(Fig. 3c), and self-afline (Fig. 3d) fractal surfaces 
show the isotropic and the anisotropic character- 
istics of dendritic and columnar surfaces, respectively 
c71. 

2 FRACTAL CHARACTERIZATION 

The topography of rough physical surfaces is often 
stochastic but exhibits self-resemblance (Fig. 4) over 
a range of scales. Appropriate models for rough sur- 
faces are continuous, single-valued self-a&e fractal 
functions. A common way to deal with this type of 
surface is by means of the dynamic scaling 
theory[12]. 

2.1. The dynamic scaling of rough surfaces 

The dynamic scaling theory consideres the devel- 
opment of a contour on a flat surface of length L 
with N, sites (L a NJ at time t = 0 (Fig. 5a)[12]. It 
is assumed that the rough surface growth proceeds 
in a single direction normal to L, ie increasing in 
height (h) without overhangings. Then, the instanta- 
neous surface height can be described by a single- 
valued function of x and t. 

The instantaneous surface width, <(L, t), which is 
taken as a measure of surface roughness, is detined 
by the root mean square of height fluctuations[14] : 

W, 4 = Cl/N, c Ch(xJ - @l”2, (1) 

where 6 is the average height normal to the surface 
direction. The dependence of r(L, t) on t and L is 
given by[ 12,143 : 

W, 4 a LYb) (2) 

where f(x) = @Ly. The function f(x) has the follow- 
ing properties: f(x) = const for x * 03 and 
f(x) = x*ly for x = 0. Initially, { increases with time 

Fig. 4. STM images (top view) of vapor deposited Au film 

as random fluctuations do according to: 
ti at different magnifications. Note that void patterns 

exhibit a magnification-independent self-resemblance. 

c(L, t - 0) a tb, (3) 

where exponent /I describes roughness kinetics along 
growth directions. After a certain time (or thickness) 

sidered, when the self-affine surface is probed with a 

a steady-state surface contour is reached. Then, 
yardstick larger than the interface width, it seems to 
be flat[8]. However, at scale lengths shorter than the 

QL, t * co) a La, (4) 
interface width, the surface behaves as a rough 
surface and its roughness is characterized by the 

ie the surface under steady-state conditions becomes exponent ~$8, 121. This exponent is related to the 
a scale-invariant self-afine fractal[12]. Globally con- local fractal D,, of the self a&e surface by the 
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b 

a= 01 

a=05 

a=03 

Fig. 5. (a) Evolution of a ID-surface profile according to the ballistic growth model (from[lZ]). (b) Self- 
ailine protiles with different a values. As a decreases an increasing degree. of irregularity can be observed. 

equationI: 121: 

D,, = d - a. (5) 

The value of D,, characterizes the self-affine surface 
in the “steep” regime, whereas D, = D,, does it in 
the global regime. This regime is reached when the 
horizontal extent is much greater than the vertical 
one on all scales[8, 123. 

Values of a are associated with either jagged sur- 
faces (anticorrelation) or well correlated smooth- 
textured surfaces, depending on whether they have 
small or large values, respectively (Fig. 5b). 

Fractal surface characterization of rough surfaces 
has also been attempted through the analysis of data 
derived from optical microscopy, scanning electron 
microscopy @EM) and TEM. Nevertheless, all these 
imaging techniques only provide a projection of the 
surface topography. Hence, as the vertical dimension 
becomes unaccessible, the application of the dynamic 
scaling theory is precluded. In contrast, STM and 
AFM (nanoscopies) have the advantage of producing 
experimental data in the vertical dimension yielding 

directly a 3D-pattern of the surface at the nm level. 
From the electrochemical standpoint, roughness 
characterization can also be made by in situ STM 
and in situ AFM imaging. Therefore, STM and AFM 
appear as very attractive techniques to characterize 
rough fractal surfaces because of their high lateral 
resolution and images in real space. 

2.2. STM characterization offractal metal 
electrodeposits 

STM images of several metal deposits, such as Au 
vapour deposited films on glass, electrodeposited Au 
layers on polycrystalline Au, and poly(o-toluidine) 
coatings on polyfaceted gold single crystals (Fig. 6), 
all of them produced at high rates, are generally 
regarded as rough structures made up of rounded 
elements with branched voids. Despite the differ- 
ences in the substrate nature and growth mecha- 
nisms of those deposits, their topographies look very 
similar. It appears that common topographic pat- 
terns are spontaneously acquired, irrespective of the 
system. In fact, both theoretical considerations and 
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Fig. 6. STM images (top view) of different deposits grown 
at intermediate growth rates: (a) 600 x 6OOum*, vapour 
deposited Au on glass; (b) 500 x 500um2, electrodeposited 
Au on polycrystalline Au; (c) 200 x 200uma electro- 
deposited poly(o-toluidine) on a polyfaceted Au single 

crystal. 

experimental results indicate that high rate grown 
surfaces reach a steady-state pattern characterized 
by universal self-tine fractal properties[12]. 

The dynamic scaling theory can be straightfor- 
wardly applied to STM data by setting e = rhM, 

Fig. 7. STM profiles of Au electrodeposits: (a) slow growth 
rate (0.01 runs-‘); (b) fast growth rate (loOruns-‘); (c) fast 
growth rate (lOOnm~-~) after 7 x 104s aging in 
0.5 M H,SO, at 50°C. Values of Q for each proflle are also 

given. 

where &,, is the root mean square roughness deter- 
mined by STM scans in the i-direction (i = x, y). 
More explicitly, the following proportionality can be 
used[15]: 

G&L& a CZ(h - Vll’*, (6) 

where h, is the average height of the deposit deter- 
mined by STM scans in the i-direction, and Ls is a 
preset length measured along S, the STM scan 
length. Thus, considering that for self-tine fractals 
t a Ma 6, where M and 6 are the mass and the 
average thickness of the deposit, by changing 6 the 
value of exponent #I can be obtained from the pro- 
portionality: 

{!&L$ a 6”. (7) 

Besides, by determining the rms of h-fluctuations 
over each STM scan segment of length L, in the i- 
direction, the exponent a can be evaluated from the 
proportionality: 

r,&aL,“. (8) 

At present, different methods have been developed to 
obtain a from the analysis of STM images. Thus, the 
single image dynamic-scaling, the multiple image 
dynamic-scaling method, the perimeter-area and the 
Fourier transform methods can be used to obtain a 
and then, from equation (8), the D,, value[l6]. 

The application of these methods to STM images 
of Au electrodeposits grown from the high rate elec- 
troreduction of hydrous Au oxides previously 
formed on polycrystalline Au (Fig. 3b), yields two 
values of a, namely a(I) and cc(II), depending on 
whether 1:s is either smaller or greater than d,, the 
average diameter of the columnar tips (Fig. 6)[16]. 
Average values of a(I), @I), and L, for different 
numbers of averaged STM images m(I) and N(II)] 
for each sample, are summarized in Table 1[16]. The 
average values are (a(I)) = 0.90 _+ 0.07 (N(1) = 153) 
and (a(U)) = 0.49 + 0.07 (N(H) = 128)[16]. Within 
the experimental errors, values of a are independent 
of 6, the average film thickness, as it should be 
expected when equation (8) is fuElled. These results 
have also been proved to be free of STM tip effects. 
The fact that (a(I)) 1 1 for L, < d,, suggests that 
smoothening of the columnar structure is caused by 
surface diffusion of Au atoms. The influence of 
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Table 1. Values of a(I), a(I1) and L, resulting from Au electrodeposits[16] 

6 

(nm) 41) 
=. 

N(I) 411) NW) Mm) 

0.96 f 0.07 33 0.43 f 0.09 17 24 
160 0.89 + 0.09 23 0.41 f 0.05 9 25 
500 0.91 + 0.06 29 0.50 + 0.06 32 30 
560 0.89 f 0.04 17 0.50 f 0.06 18 32 

2800 0.93 * 0.07 23 0.52 f 0.07 16 49 
9100 0.90 f 0.06 28 0.51 f 0.08 24 50 

11500 0.86 + 0.06 21 0.45 * 0.06 12 79 

(a(1)) = 0.90 + 0.07 153 (411)) = 0.49 f 0.07 128 

surface diffusion on the topography of the columnar 
structured metal electrodeposits has also been 
inferred by aging rough Au and Pt columnar struc- 
tures with a z 0.5 in 0.5 M H,SO, for 7 x lo4 s at 
T = 323 K (Fig. 7)[17]. For Au electrodeposits aging 
results in the decrease from a z 0.5 to tl z 0.75[17]. 
After correction[lS] this figure yields tl z 1. On the 
other hand, for aged Pt deposits a g 0.5 remains 
unchanged. These results confirm that for a T < 0.5 
T, temperature condition, where T, is the absolute 
melting temperature of the metal, surface diffusion 
eliminates Au surface irregularities. Otherwise, 
surface mobility at rough Pt deposits ends up to be 
very slow to produce a similar effect. This interpreta- 
tion is further supported by the fact that the activa- 
tion energies for surface diffusion of Au and Pt 
atoms on columnar Au and Pt electrodes in 
0.5 M HrSO, are 14 and 20 Kcal mol- t, 
respectively[17]. 

3. ELECTROCHEMICAL BEHAVIOUR OF 
STRONGLY DISORDERED METAL 

SURFACES 

3.1. Roughness decay at metal electrodes 

Roughness decay at columnar structured metal 
electrodes occurs spontaneously under either open 
circuit or applied potential conditions[l9, 20). The 
kinetics of this process depends on the electrolyte 
composition and temperature. The knowledge of the 
roughness decay rate becomes of importance for 
establishing the life-time of this type of electrode in 
particular environmental and operating conditions. 

As discussed in the preceding section the surface of 
columnar structure rough deposites probed at length 
scales smaller than the columnar size behaves as a 
smooth surface. This behaviour can be understood 
through a detailed analysis of STM images of these 
surfaces (Fig. 3b). Accordingly, the topography of 
these electrodes at the nm level can be described as 
an arrangement of material domains which consti- 
tutes the columns’ tips together with void domains 
which correspond to intercolumnar spaces. These 
features represent a porous-like contribution to the 
overall roughness. Likewise, columnar tips them- 
selves are made up of the agglomeration of a large 
number of cluster-like elements which determine a 
new kind of irregularity also contributing to the 
total roughness of the sample. Therefore, either one 
type of roughness contribution or the other may be 
dominant in a particular surface reaction, depending 
on the size of the interacting species. Correspond- 
ingly, those processes undergoing at those rather 

smooth domains of cluster-like elements, ie at object 
sizes smaller than the column diameter, can be 
handled with conventional kinetics. An example of 
this type of process is the above mentioned “smooth- 
ing effect” which operates on rough surfaces. 

Roughness decay data can be reasonably inter- 
preted by means of Chakraverty’s model for particle 
growth[21]. This model considers a population of 
3D-hemispherical nuclei placed on a flat 2D- 
substrate with a certain nuclei size distribution. In 
order to minimize the surface free energy, largest 
nuclei grow by incorporating adatoms into the 
nuclei/substrate interface from the preferential disso- 
lution of the smallest nuclei. This kinetic description 
is, in principle, applicable to roughness relaxation at 
columnar structured Au and Pt electrodes on the 
basis of STM imaging data. In these cases, small 
rounded nuclei constitute the tips of large columns 
(Fig. 3b). These domains can be related to the flat 
substrate in Chakraverty’s model where metal 
adatom transport from small dissolving tips to 
coalescing column domains takes place, the surface 
mass transport process undergoing exclusively 
among contacting small column domains. Thus, 
larger columns’ tips tend to grow at the expense of 
smaller ones, whereas deep pores and crevices exist- 
ing between large columns remain. This kinetic 
model can explain why the complete roughness 
decay of these metals can not be attained[19]. 

According to Chakraverty’s model, when surface 
diffusion becomes the rate controlled step, r, the 
average radius of stable nuclei, increases with t, the 
relaxation time, as given by[21] : 

(r - ro)4 = 2ya4D, t/kT (9) 

where rO is the initial average radius of those par- 
ticles forming the rough electrodeposit, y is the 
average surface tension of the metal in the environ- 
ment, a is the lattice parameter of the metal deposit, 
and D,, is the average surface diffusion coefficient of 
deposited metal atoms. 

To study the roughness decay kinetics we use the 
simplest columnar model under the condition that 
h + r, where h is the average columnar height (h s 6) 
and r is the average columnar radius (r ? dJ2)[19]. 
For this model, R, the surface roughness factor, is 
related to h and r by the equation: 

R N ah/3r. (10) 

Equation (10) allowed us to determine the average 
value of r from R, the roughness factor which can be 
voltammetrically evaluated from O-electro- 
desorption measurements for metals such as Pt and 
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Au. Values of r derived from equation (10) are in 
good agreement with those obtained from STM 
imaging. The value of h can also be derived from the 
electrodeposit cross-section measured from SEM 
micrographs (Fig 8). The spontaneous decrease in R 
can be easily followed through conventional electro- 
chemical techniques such as voltammetry[19, 203 
and capacity measurements in concentrated solu- 
tions at low frequency[22]. Thus, for columnar Au 
and Pt electrodeposits in contact with aqueous acid 
solutions, roughness relaxation fits reasonable linear 
Re4 vs. t relationships under either potentiostatic or 
open circuit potential conditions in different electro- 
lytes (Fig. 9)[19,20]. 

Using the simple columnar model presented in 
section 5.1., and further assuming that the columnar 
height change is much smaller than that of the 
columnar radius, ie dh/dt Q dr/dt, equations (9) and 
(10) lead to [19]: 

R = h/(2ya4D, t/kT + ro)‘14. (11) 

Then, by plotting equation (11) as Rm4 vs. t (Fig. 9), 
the value of D, can be estimated for several metals 
immersed in aqueous electrolyte solutions provided 
that y is known. In principle, at a constant potential, 
the value of y depends on the solution composition, 
particularly on the presence of adsorbable species. 
However, it was demonstrated that Ay, the change in 
y induced by strongly adsorbed anions[20] and 
molecules[23], produces a neglegible effect on the 
value of Di, estimated from equation (11). Thus, 

Fig. 8. SEM micrograph (cross-section) of a columnar Au 
electrodeposit. Bar indicates Imp scale (reproduced 

from[19]). 

NaF Q05M 

-ok 0 0.4 o$ 
E/V 

Fig. 9. Rm4 vs. t plots for columnar Au electrodeposits. Fig. 10. D vs. E plots for columnar Au electrodeposits in 
The electrodeposit aging was performed at constant poten- aqueous solutions at T = 298K: (a) O.OSMNaCI; (A) 

tial and 298 K in (a) 0.05 M H,SO, and (b) 0.05 M NaF. 0.05 M H,SO,; (0) 0.05 M NaF (reproduced from[20]). 

under open circuit conditions, it resulted D, = 5 
x lo-‘4 cm2s-l for Au, and D, = 10-lscmZs-l 

for Pt both of them in 1 M H,SO, at 298 K[19]. 
It has been found that for columnar poly- 

crystalline Au and Pt, in the 273-32SK range, the 
temperature dependence on D, fultils an Arrhenius 
plot yielding Q* = 14 + 2 Kcalmol-’ for Au, and 
Q* = 19 & 2Kcalmol-’ for Pt[19]. These figures 
have been interpreted through the surface diffusion 
mechanism proposed for those processes taking 
place at metal/gas interfaces[24]. The comparison of 
these values of Q* to those derived from rough Au 
and Pt electrode surfaces suggests that the roughness 
decay kinetics of these metals in contact with con- 
ducting solutions fulfills a surface diffusion mecha- 
nism under a vacancy displacement control. 

On the other hand, it has been empirically demon- 
strated that the value of D, also depends on the 
presence of adsorbates as these species modify the 
potential distribution at the electrical double 
layer[20,23]. For instance, pyridine, which is strong- 
ly adsorbed on Au in 1 M H,SO,, decreases the 
value of Di, for this metal in about one order of 
magnitude[23], in contrast to the presence of Cl-- 
ions which, under comparable conditions, increase 
the value of D, presumably due to the formation of a 
chloro-complex adsorbate on Au, acting as an inter- 
mediate species in the electrodissolution of this 
metal. In this case, it has also been found that the 
value of D, increases as the applied potential is posi- 
tively shifted, ie in the direction of increasing the 
degree of Au surface coverage by Cl--ions (Fig. 
10)[20]. Conversely, for Au in contact with an acid 
solution containing either F- or SOi ions, D, 
values are smaller than those found in Cl--ion con- 
taining solutions. Furthermore, a maximum value of 
D, is attained just immediately after the OH- 
adsorbates on Au are formed[20]. 

3.2. Difliion to fractal surfaces 

In the preceding section an example of a kinetic 
process on rough metal surfaces which can be 
handled through a Euclidean model was considered. 
Now another type of reaction for which the degree of 
surface irregularity plays an important role is dis- 
cussed. Let us consider the case of a redox electro- 
chemical reaction with both reactant and product in 
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the solution under diffusion control. For this type of 
reaction it was shown that the time-dependence of 
the diffusion flux on a self-affine or a self-similar 
fractal surface differs from that on a Euclidean 
surface[25]. The potentiostatic current (I) vs. time (t) 
response of such a reaction under diffusion con- 
trolled regime is given by the general expression[25] : 

with 

i at-", (12) 

n = (D, - 1)/2. (13) 

It should be noted that for a smooth surface (D, = 
2), n becomes 0.5 and the usual proportionality 
i a t-O.’ is obtained. A similar behaviour is expected 
from a fractal electrode when the diffusion layer 
width is either much smaller than the size of the 
smallest irregularities of the electrode or thicker than 
the size of the largest irregularities. For the latter, the 
electrode behaves as a smooth electrode, ie the diffu- 
sion layer width acts as a time-dependent yardstick. 
Therefore, there is a lapse in which the fractality of 
the electrode surface is revealed through equation 
(13). Starting from t = 0, the first crossover cannot 
be easily detected, but t,, the crossover time for the 
fractal to non-fractal transition, is given by[25] : 

122 z Di&, (14) 

where I is the size of the largest irregularities and Di 
is the diffusion coeflicient of the i-reactant in the 
solution. In the fractal regime the diffusion kinetics 
changes due to the fractal character of the electrode 
surface leading to n > 0.5 in equation (12). 

Equation (12) has been tested by plotting log I vs. 
log t for the reaction: 

[Fe(CN);4] = [Fe(CN)i3] + e-, (15) 

under diffusion control on a stepped Au single 
crystal (D, = 2.0) and on columnar structured Au 
electrodes (D, = 2.5) (Fig. 11)[26]. For these elec- 
trodes it results n = 0.76 f 0.05 for t < 1 s, whereas 
for the stepped Au single crystal electrode, it yields 
n = 0.50 + 0.05. Experimental values of n are com- 
pared to those values of n predicted from equation 
(12) taking the corresponding D, values in Table 
2[26]. 

3.3. Impedance ofjixctal capacitive electrodes 

Rough metal electrodes can display an anomalous 
frequency dependence on the electrical impedance, a 
fact which has been the subject of considerable 
interestC27, 283. The constant-phase-angle (CPA) fre- 
quency (w) vs. impedance (z) relationship of the 
form : 

z = R, + k(jw)-“, (16) 

has been presented in a number of publications on 
the basis of data obtained from rough electrodes in 
the absence. of faradaic processes (blocking 

log (t/s) 
Fig. 11. Log I vs. log t plot for the [Fe(CN),4] + 
[Fe(CN),‘] electro-oxidation reaction under diffusion 
control: (a) Fractal electrodeposited Au electrode (D, = 

2.5); (b) polyfaceted Au electrode (D, = 2.0) (from[26]). 

electrodes). In equation (16) R, represents the elec- 
trolyte resistance, o is the frequency of the ac 
applied potential, n is the CPA exponent, k is a con- 
stant, and i = ,/ - 1. The value of n ranges from 1, 
for an ideally smooth surface, to 0.5 as in the case of 
a surface consisting of cylindrical pores[28]. The 
validity of equation (16) has been proved for different 
electrode surfaces as in the case of electrodeposited 
Au electrodes in diluted acid solutions and with high 
u values, covering the double layer potential range 
(Fig. 12)[29]. It should be noted that for R = 1 
(smooth electrode surface), n = 0.95, whereas for 
R > 10, n 2 0.72. 

Self-similar and self-tine fractal surfaces have 
been theoretically and experimentally explored with 
the purpose of explaining the “anomalous” values of 
CPA and establishing a relationship between n and 
D,[30, 311. Different models assuming that the elec- 
trolyte conductivity is finite and the capacitance 
density is uniform along the surface lead to equation 
(16), although the relationship between n and D, 
depends on the model. Le MehautC[30] and Nyikos 
and Pajkossy[31] relate n and D, for a 3D-surface 
through equation : 

n = (l/D,) + 1. (17) 

This type of relationship has also been found by 
computer simulations by Meakin and Sapoval[32] 
for a variety of ramified fractals, and experimentally 
confirmed for Ag dendritic deposits with D, = 
2.5[3_^]. On the other hand, Liu has proposed[34]: 

n=3-D S) (18) 

and other relationships have also been reported for 
model electrodes (159, 160). For self-tine fractal 
surfaces as electrodeposited Au with R > 10 and 
D, 1 2.5 none of these relationships exactly 
holds[29]. 

Table 2. Expected and measured n values for Au electrodes[17,26] 

Electrode D. n(expected) n(measured) 

Polyfaceted Au single crystal 2.00 0.50 0.49 
Fast grown electrodeposits 2.45 0.73 0.76 
“Aged” fast grown electrodeposits 2.15 0.58 0.62 
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Fig. 12. Log o C vs. log o plots for electrodeposited Au 
iilms with different R values in lO_’ M H,SO, at 298 K 

(from[29]). 

A perturbative approach to the frequency disper- 
sion problem indicates that only suitable rough sur- 
faces display anomalous impedance. This problem 
strongly constrains any relation between I), and n. 
Thus, with exception of model electrodes of DLA 
surfaces no general conclusion can be drawnf35). 

3.4. Molecular adsorption on siabi&ed columnur gold 
electrodes 

At constant concentration and temperature, the 
equilibrium surface coverage degree on a stable solid 
substrate is determined by the substrate-adsorbate 
and adsorbate-adsorbate specific interac$ions, the 
applied potential and topographic features, which 
include irregularity size and their distribution at the 
substrate, and adsorbate size and shape.. 

The influence of topographic features on molecu- 
lar adsorption can be determined by adequately 
selecting solid substrate topographies with the same 
crystallographic characteristics, and adsorbates of 
different sizes, excluding any interference of faradaic 
reactions. Then, for certain adsorbate/substrate 
irregularity size (A/s) ratios the influence of unac- 
cessibie substrate areas (excluded volume), and even- 
tually fractal surface characteristics should be 
noticed. This adsorption approach is equivalent to 
scaling the substrate surface with a yardstick consist- 
ing of the proper adsorbate species, either an atom, a 
molecule, or a radical species. Accordingly, for a par- 
ticular rough surface, three limiting possibilities can 
be found (Fig. 13), namely, when A/S 3 0, the entire 
substrate surface becomes accessible to the adsorbate 
(case 1); when 0 < A/S c 00, the existence of 
excluded volume and surface fractality manifest (case 
2); when A/S=+ co, then roughness contribution 
tends to disappear as only neighbour tips of the 
rough topography are accessible to adsorption, ie 

b 

C 

Fig. 13. Schemes of monoIayers of adsorbed species (white) 
on a rough surface. The ratio of the contour def&d by the 
centers of adsorhad species and the proper surfaoz contour 
provides information about the available adsorption 

surface area, and the contribution of excluded areas. 

the rough surface approaches the behaviour of a 
smooth surface (case 3). In the ZD-space (Fig. 13) the 
excluded volume is represented by the difference 
between the real surface contour and the contour 
defined by the centres of adsorbed species. 

The three possibilities can be approached for a 
number of reactions. Examples of case 1 are H- 
electrosorption on rough Pt[36], O-electrosorption 
on rough Pt and A~[375 CO-adsorption on rough 
Pt[38], CO,-electroadsorption on rough Pt[39], Cd- 
and Pb-upd on Ag dendrites[40], and glucose- 
electroadsorption on rough Au[41-431. In all these 
the surface roughness factor determined by the elec- 
troadsorption charge becomes independent of the 
yardstick size (Fig. 13). 

An example of case 2 is the adsorption of l,lO- 
phenanthroline on stabilized rough Au electrodes 
with D I z 2.2[44]. The voltammograms of the stabil- 
ized fractal gold electrodes (R = 52) recorded at 
0.1 Vs-’ in 0.1 M HClO, show the typical shape of 
the polycrystalline gold with peaks A and C corre- 
sponding to the formation of the gold oxide mono- 
layer and iift;:ectroreduction, respectivel;l~~. 
14a)[37J. l,lO-phenanthroline 
adsorption at E = 0.1 V the voltammograms exhibit 
a number of subtle differences (Fig. 14b). Although 
adsorption/desorption peaks are not apparent in the 
double layer region, it is clear that l,lO-phenanthrol- 
ine has some influence on gold oxidation. However, 
the magnitude of the oxidation current does not 
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Fig. 14. Voltammograms of Au electrodes (R = 1) run at 0.1 Vs-’ and 25°C in (a) 0.1 MHCIO,, and (b) 
0.1 M HCIO, + 5 x lo-*M (l,lO)-phenanthroline. 

appear to be affected to a large extent and remains 
independent of the l,lO-phenanthroline concentra- 
tion as observed for related compounds[45]. Hence, 
it appears that in the 0%1.8V (vs. nhe) range l,lO- 
phenanthroline oxidation is precluded. Therefore, 
the charge decrease in current peak B in the absence 
and in the presence of l,lO-phenanthroline can be 
attributed to the partial blocking of the electrode 
surface by the adsorbed organic molecules. 

On the other hand, the specific capacitance (C,) vs. 
potential (E) plots for smooth and rough Au elec- 
trodes obtained in 0.1 MHCIO, and 0.1 MHCIO, 
+ xM l,lO-phenanthroline (5 x 10e4M < x < 5 x 
10m3 M) differ markedly due to the l,lO-phenanthol- 
ine adsorption. Thus, the curves are shifted by a con- 
stant value towards lower C,. Furthermore, in the 
0.2-0.7V potential range the minimum in the plots 
and the hump at -0.2V observed in the supporting 
electrolyte-containing solution tend to disappear. 
The increase in the l,lO-phenanthroline concentra- 
tion (c) results in the progressive decrease in C, . 

The degree of surface coverage (0) by l,lO-phenan- 
throline can be easily estimated from the reduction 
in Q, , the 0-electrodesorption voltammetric charge, 
with respect to the value resulting from supporting 
electrolyte-containing solutions. For this purpose, 0 
is defined by 0 = 1 - (92/Q=), where Qr and Q, are 
the electroreduction charges after and before l,lO- 
phenanthroline electroadsorption, respectively. 

The 0 vs. c plots (adsorption isotherms) for colum- 
nar Au electrodes with R values in the 1 < R < 55 
range are displaced towards lower 6 values as R 
increases (Fig. 15). The adsorption isotherms seems 

to fulth a Frumkin-type isotherm: 

fit = 0 exp(-2a0)/(1 - e), (19) 

where a is a complex interaction parameter, and /I, 
the adsorption coefficient, is given by: 

In B = -AG’/RT, (20) 

AGO is the free energy of adsorption, T is the absol- 
ute temperature and R is the universal gas constant. 

Accordingly, the In e/(1 - 0)~ vs. 6 plots give 
straight lines which exhibit increasing slopes as R 
increases but yield the same p value for 0 = 0. 
The estimated AGO values for the columnar 
electrodes with different R values give 
AGO = -26 f lSkJmol-‘, indicating a weak l,lO- 
phenanthroline/gold interaction. On the other hand, 
the a values change from a z - 10 to a E - 14, as R 
increases from 1 to 55. The negative sign in the para- 
meter a could indicate repulsion between the 
adsorbed molecules. However, it is difficult to see the 
physical origin of these phenomena. Conversely, this 
parameter should reflect the presence of excluded 
volumes in the rough stabilized Au surface. The 
molecular size of l,lO-phenanthroline calculated 
using the MM2 method is z lo- l4 cm2, and 
accordingly, the molecule radius should be r,,, z 4 
x 10m6cm. Although this value appears to be small 

when compared to rP z 3 x lo-‘cm, from STM 
results, it is possible that the organic molecule 
probes the small side tail of the pore size distribution 
as no excluded volume effects were detected using 
CO,[39] and glucose[41-431. Thus, it is reasonable 
to assume that a number of pores cannot be reached 
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Fig. 15. 0 vs. c plots for (1,lOkphenanthroline adsorption in O.lMHCIO, at 25°C on columnar Au 

electrodes with different R values at a constant potential, E = 0.75 V (vs. rhe). 

by the organic molecules which leads to a decrease 
in the available adsorption area. Finally, an example 
of case 3 can be approached through the adsorption 
of a molecule with an average size larger than the 
average pore size of the electrode surface. This is the 
case of the adsorption of thymol blue [44], a mol- 
ecule with an average cross-section greater than 
10-‘4cm2 on a stabilized rough Au electrode 
in an aqueous solution. In this’ case, the surface 
coverage referred to the overall surface is markedly 
decreased as expected from the present model as 
AfS=>co. 

4. CONCLUSIONS 

New topographic approaches based on the fractal 
geometry supported by surface imaging at atomic 
and nm levels make the gap between ideal and real 
surfaces either continuous or discontinuous much 
narrower. The use of fractal geometry allowed us to 
obtain relevant information about the degree of 
surface disorder, the surface growth mechanism, and 
to predict the kinetics of electrochemical reactions at 
these surfaces. This description of the topography of 
irregular solid surfaces can explain a large number of 
frequent kinetic deviations in the behaviour of real 
systems from simple laws. 

A quantitative description of roughness can be 
accomplished by the application of the dynamic 
scaling theory to STM images of rough metal sur- 
faces. 

The knowledge of the dynamics of rough solid 
surfaces provides new ways for handling the proper- 
ties of these surfaces including their stability in dif- 
ferent environmental and working conditions. 

The possibility of producing electrode materials 
with pre-established concentration of particular 
reacting sites, topography and degree of dispersion 
can be envisaged from the present approach of the 
irregular surface topography. 

Columnar and dendritic electrodeposit surfaces 
can be taken as models to study irregular solid sur- 
faces with anisotropic and isotropic strong disorder. 
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