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Abstract 

A description of solid surfaces of interest for electrochemical reactions which is based on the analysis of scanning 
tunneling microscopy images is presented. Real single-crystal surfaces are better described as weakly disordered surfaces, in 
contrast to strongly disordered surfaces. Under certain conditions both anisotropic and isotropic strongly disordered surfaces 
exhibit fractal properties. The rationale of rough surfaces can be attempted by applying the dynamic scaling theory to 
analyze STM profiles. Examples from regular to irregular solid surfaces are given covering from real single-crystal and 
faceted metals to columnar structured and branched metal surfaces. Roughness caused by adsorbates and electropolymer 
coatings are also considered. 
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1. Introduction 2. Ordered and weakly disordered surfaces 

A solid surface always exhibits at room tempera- 
ture some type of disorder. The characterization of 
surface disorder in surface science and, in particular, 
in electrochemistry is of outmost importance for the 
interpretation of experimental data on surface reac- 
tions in terms of models derived from statistical 
mechanics and quantum chemistry [1]. 

This work presents a systematic description of 
solid electrode surface disorder in the nm and /xm 
range which is mainly based upon data derived from 
scanning tunneling microscopy (STM) [2,3], atomic 
force microscopy (AFM) [4,5], and scanning electron 
microscopy complemented with electrochemical data. 

* Corresponding author. Fax: +54  21 254642. 

The use of single-crystal surfaces represents a 
decisive step forward in understanding electrochemi- 
cal systems [6-8], although several questions about 
the actual definition of these surfaces arising from 
surface science still remain a matter of discussion 
[9]. In this respect, studies using AFM and STM 
techniques reveal that single-crystal surfaces used in 
electrochemistry are considerably distinct from ide- 
ally smooth solid single-crystal surfaces [10,11]. Per- 
haps, the C(0001) surface is one of the solid surfaces 
approaching relatively large defect-free domains. For 
instance, STM and AFM images for C(0001) sur- 
faces show domains in the /zm size range without or 
with only one or two steps atomic height. The 
C(0001) surface exhibits a large stability and, with a 
few exceptions, an extremely low surface reactivity, 
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making it favorable to get atomic resolution even in 
air. Accordingly, the surface disorder introduced by 
adsorbates is considerably low. By a simple exfolia- 
tion C(0001) behaves as a clean and atomically flat 
surface for studying a number of electrochemical 
reactions of electrocatalytic interest, such as Pt, Ag, 
and S electrodeposition by in situ and ex situ STM, 
combining surface imaging with data resulting from 
electrochemical and surface analysis techniques 
[12,13]. For these deposits, steps act as active sites 
for the nucleation and growth of the new phase (Fig. 
1). For the growth of Pt and Ag electrodeposits from 
aqueous acid solutions containing dissolved metal 
ions, the kinetics of the metal phase growth ap- 
proaches a Volmer-Weber type mechanism [12]. At 
the early stages of growth, STM images show some 
crystals 50 nm in average size which are extremely 
smooth. Atomic resolution STM images at these 
domains can be achieved. 

On the other hand, S electrodeposits on C(0001) 
can produce different surface structures depending 

on the applied potential and the degree of surface 
coverage by S atoms. STM images of some of these 
lattices at the monolayer level show the "atomic 
roughness" introduced by the adsorbed S atoms 
(Fig. 2), which can be considered as a chemically 
induced defect on the C(0001) surface. 

The above picture changes considerably for a 
number of metal single-crystal surfaces usually em- 
ployed in electrochemical kinetic research work [8]. 
From our experience, and also from different data 
reported in the literature [10,14], the surface order in 
these cases is usually constrained to a surface area in 
the order of a few nm 2. Structural defects such as 
monoatomic steps, multiple atomic height steps, 
kinks, corners, atomic clusters, pits, mountain and 
valley structures can commonly be detected when 
these surfaces are imaged in the nm range (Fig. 3). 
Otherwise, the relatively high surface mobility of 
metal atoms at the metal electrode/solution interface 
at room temperature, especially for soft metals [15], 
favors adsorbate (either anion or organic molecule)- 

Fig. 1. STM topographic image of a C(0001) surface with a sulphur agglomerate largely covering a step defect of the substrate. Tunneling 
current 1 nA; bias voltage 60 mV. 
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induced surface atom rearrangements [14]. Further- 
more, reconstructed and unreconstructed surface do- 
mains can coexist with structural defects leading to 
highly heterogeneous surfaces. Thus, it is not surpris- 
ing that the voltammetric response of these surfaces, 
can hardly be distinguished from those more disor- 
dered surfaces resulting from either the electrochem- 
ical faceting of single-crystal metal surfaces prepared 
in aqueous environment by the application of an 
adequately selected periodic potential routine [16] or 
films deposited from metal vapor on a foreign sub- 
strate such as mica [17]. 

Seemingly, the influence of a rather small density 
of surface defects at the so-called "well-defined 
surfaces" could explain the discrepancy between the 
electrochemical behavior of single-crystal metal elec- 
trodes in aqueous environment and that of single- 

crystal surfaces in contact with a gas phase under 
ultra-high-vacuum (UHV) conditions [9,18,19]. A 
typical example results from the comparison of the 
P t -H  atom interaction in both systems [6,20]. Thus, 
the degree of surface coverage of P t ( l l l )  by H 
atoms attained under UHV conditions [20] is ex- 
tremely low and differs considerably from that ob- 
served for H atoms at the P t ( l l l ) / a c i d  solution 
electrochemical interface at room temperature [6]. 

According to the preceding description, it appears 
that the usually called smooth metal surfaces in 
electrochemistry could be better described as weakly 
disordered irregular surfaces [21,22]. Reproducible 
topographies of this type can be obtained with a 
preferred crystallographic orientation either with a 
real surface area almost similar or drastically differ- 
ent from that of the starting material [23]. For this 

E 

0 1.5 nm 3.0 nm 

Fig. 2. Atomic resolution constant height STM image (top view) (3 × 3 nm 2) showing a C(0001) domain (lower portion) and a sulphur 
domain (upper portion). The sulphur submonolayer was produced by electroadsorption from a 10 -3 Na2S + boric acid-sodium borate 
buffer solution, pH 8, at 298 K. Tunneling current 1 hA; bias voltage 2.1 mV. 
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purpose electrofaceting [16] and electroroughening 
procedures, which are easily applicable to either a 
polyfaceted single crystal or a polycrystalline metal 
[23], have been described in the literature [16,24]. In 
the case of Pt, each surface topography resulting 
from these procedures leads to a specific H-atom 
electroadsorption voltammogram in a particular acid 
solution [23]. 

3. Strongly disordered systems 

Continuous strongly disordered metal surfaces can 
be prepared by physical and electrochemical meth- 
ods leading to the development of either anisotropic 
or isotropic strongly disordered surfaces [22,24,25]. 
This type of surface is important for producing high 
surface area metal electrodes, for establishing the 

concept of roughness, structural and kinetic models 
for surface roughening, and for providing more reli- 
able criteria for the evaluation of solid electrocatalyst 
active surface area. 

3.1. Anisotropic surface disorder 

An anisotropic strongly disordered topography is 
closely approached by a columnar-structured metal 
surface produced at growth rates in the 0.1-100 nm 
s-~ range under a surface reaction control. This is 
the case of metal deposits made on a smooth sub- 
strate by either vapor deposition [17] or metal ion 
electrodeposition from dissolved metal ions in solu- 
tion [26] or hydrous metal oxide layer electroreduc- 
tion in aqueous solution [23,24]. 

A number of columnar-structured metal surfaces 
exhibit a self-affine fractal surface and a non-fractal 

Fig. 3. STM image (scan lines) of a Pt single crystal which was prepared from a polyfaceted Pt single crystal by cutting normally to the 
[111] direction and flame annealed for 5 min at ~ 1470 K. Tunneling current 3 nA; bias voltage 240 mV. 
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mass. In this case, the degree of  surface disorder can 
be quantitatively approached by means of  the dy- 
namic scaling theory [27]. Accordingly, ~, the inter- 
face width, scales as 

t ,  h) octal(x), (1) 
where L is the substrate length, a is the characteris- 
tic surface roughness exponent, f (x)= (h) /L '~/~, 
f(x) = const for x ~ ~, and f(x) =x ~ for x ~  0. ~: 
is defined by 

2 1/2 
~ ( L ) = ( ( 1 / N ) E [ h ( x l ) - ( h ) ]  ) , (2) 

where h(x~) is the deposit height measured along the 
x-direction at the position x i, and ( h )  is the average 
height of  the sample formed by N points. After a 
certain critical time or thickness has been reached, 
Eq. (1) becomes 

(3) 

The exponent a ,  the static scaling exponent, is a 
relevant quantity in the theory because it is a mea- 
sure of the surface disorder and is related to D s, the 
local fractal dimension of  the self-affine surface, 
through 

D s = d - o~, (4) 

where d is the deposit growth dimension. For the 
range 0 < t~ < 1, a increases as the degree of  sur- 
face disorder decreases. 

Values of  a for solid surfaces can be derived 
from different methods based on the analysis of 
STM or AFM images [28-30]. Thus, a log ~:(L) 
versus log L plot of Eq. (3) for both weakly disor- 
dered surfaces such as single-crystal faceted metal 
surfaces and vapor-deposited films grown at high 
substrate temperature (T~ = 630 K) (Fig. 4) results in 
a single linear regime with a -~ 1, whereas for those 
surfaces grown under a surface reaction control in 

Fig. 4. STM image (scan lines) of vapor-deposited gold on glass (T s = 600 K). Tunneling current 3 nA; bias voltage 40 mV. 
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the absence of surface diffusion, such as the surface 
of conducting polymer coatings (Fig. 5) it results 
a =  0.35. This figure is close to the value of a 
predicted by the Kardar, Parisi and Zhang surface 
growth model (KPZ) [31]. The motion equation for 
this model is 

(Oh~St)  = v V 2 h  + ( A / 2 ) ( V h )  2 + "q, (5) 

where h is the height of the surface at time t above 
the specified substrate site, the A term determines the 
average growth velocity which may depend on the 
tilt of the surface, the v term has a smoothing effect 
on the surface, and r/denotes the white noise due to 
fluctuations in the growth rate which makes the 
surface rough. 

On the other hand, a log ~(L) versus log L plot 
for vapor-deposited gold surfaces grown at a low 
temperature (T~ = 298 K) (Fig. 6) exhibits two linear 
regimes leading to a ( I )  and a(I I )  values, depending 
whether L is greater or smaller than ds, the average 
columnar size. Accordingly, as shown in Table 1 for 
different systems, for L < d s, ( a ( I ) )  = 0.9, whereas 
for L > d~, ( a ( I I ) )  = 0.4, in agreement with the 
KPZ model. 

The dynamic scaling analysis of surface profiles 

Fig. 5. STM image (top view) 280× 280 nm 2 of a poly-o-tolui- 
dine coating on a gold single-crystal substrate. Electropolymeriza- 
tion was run at a constant potential (E=0.35 V versus a 
Hg/Hg2SO4/O.5M H2SO 4 reference electrode) in a 0.5M 
H 2SO4 + 0.65M o-toluidine aqueous solution at 298 K. 

of gold films produced by electroreducing hydrous 
gold oxide layers in acid solution at 298 K [32] also 
fit Eq. (3) yielding for L < d s, ( u ( I ) )  = 0.9, and for 
L > ds, ( a ( I I ) )  = 0.5 [33]. This value of ol(II), 
however, cannot be straightforwardly explained by 
the growth models available at present. Nevertheless, 
the columnar size itself imposes an inner cutoff to 
the self-affine behavior of the surface. 

The properties of the above described irregular 
metal surfaces immersed in a conducting solution as 
well as those of any other metal depend on the 
substrate-ion and substrate-solvent interactions 
which are obviously specific to each electrochemical 
system. Thus, there is a topography change in a 
vapor-deposited gold film grown at T~ = 298 K when 
it is immersed in aqueous 0.5M H 2 SO4 + 0.5M NaC1 
solution at 323 K, which reflects in the gradual 
change in the log ~(L) versus log L plot approach- 
ing a single linear regime with c~ = 0.9. In this case 
the gold surface becomes increasingly ordered and 
the topography change can be interpreted through the 
proper surface mobility of gold atoms. In fact, the 
surface mobility of metal atoms can be enhanced not 
only by increasing T s but also by the presence of 
adsorbable species in the environment [34,35]. 
Therefore, gold surface roughness relaxation is in- 
duced by chloride ions present in the solution. The 
adsorption of these anions on gold increases the 
value of the average surface diffusion coefficient of 
gold atoms from D = 10  - 1 4  c m  2 S - 1  for CNaCl = 0 
to D = 10-11 cm 2 s-1 for CNaCl = 0.05M at 298 K 
[34,35]. 

The change from the columnar (self-affine) sur- 
face to the faceted surface induced by changing T s 
can be interpreted by using Villain's model [36]. The 
corresponding surface height (h) growth rate equa- 
tion is 

(Oh/Ot)  = vV2h + A(Vh) 2 + K V 2 ( V 2 h )  

+ o'V2(Vh) 2 + F +  r/, (6) 

where F is the net deposition flux, and r/ is the 
&function correlated noise. The v- and A-containing 
terms appear when desorption is operative [37]. The 
v-containing term is related to the surface tension 
[38], and the A-containing term to the dependence of 
growth rate on A, the local tilt [39], whereas the K- 
and o--containing terms are related to surface diffu- 
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Fig. 6. STM image (scan lines) of vapor-deposited gold on glass (T~ = 298 K). Tunneling current 3 nA; bias voltage 40 mV. 

sion [36]. Note that for K = 0 and tr = 0 Eq. (6) 
leads to Eq. (5). 

When surface diffusion becomes irrelevant Eq. 

(6) leads to a = 0.4 as predicted by the KPZ model. 
On the other hand, when surface diffusion is opera- 
tive, g and o" are non-zero, crossover phenomena 

Table 1 
Average surface roughness exponents derived from the dynamic scaling theory for various experimental systems 

Surface T~ Environment t a T¢ ( a ( I ) )  (ot( l I))  
(K) (s) (K) 

Au (v) 298 P < 10 -4 Torr - - 0.90 + 0.07 0.40 + 0.05 
Au (v) 298 H : S O  4 104 323 0.90 _+ 0.07 0.43 + 0.04 
Au (v) 298 HeSO 4 + 0.01M NaCI 104 323 0.90 J: 0.07 0.55 + 0.07 
Au (v) 298 HeSO 4 + 0.5M NaCI 104 323 0.90 ± 0.07 0.56 ± 0.06 
Au (v) 673 P < 10 -4  Torr - - 0.90 ± 0.07 - 
Au (e) 298 H2SO 4 - 298 0.90 ± 0.07 0.49 ± 0.07 
Au (e) 298 H 2 SO4 104 323 0.80 ± 0.05 - 
Au (sc) . . . .  0.99 _+ 0.03 
Pt (e) 298 H2SO 4 - - - 0.5 ± 0.1 
Pt (e) 298 n 2 s o  4 104 323 - 0.5 ± 0.1 
Au(sc)/poly-(o-toluidine) 298 H2SO 4 - 298 0.85 ___ 0.05 0.33 + 0.05 

v, vapor; e, electrodeposit; sc, single crystal; P,  pressure; T~, substrate temperature; Te, environment temperature; ta, ageing time. 
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may occur as observed for vapor-deposited gold 
films for T~ = 298 K. On the high temperature limit 
(T s = 673 K), models in which particles are ran- 
domly deposited onto a substrate and subsequently 
relax to kink sites maximizing the number of satu- 
rated bonds, can be used to describe the surface 
topography [40,43]. Thus, a continuum model incor- 
porating surface relaxation [42,43] developed for the 
molecular beam epitaxial growth at high temperature 
leads to o~ = 2 / 3  rather than a = 0.9 in 3D growth, 
as obtained from the experimental data. On the other 
hand, in a 3D space the value a ~ 1 is predicted by 
the 3D growth model presented in Ref. [36], whereas 
the model presented in Ref. [37] leads to intermedi- 
ate values, and in generic cases the system shows 
either a completely smooth surface (c~ = 0) or o~ - 1 
[42-44]. 

The value a ~ 0.9 means that surface restructur- 
ing may be too strong to remove all surface irregu- 
larities yielding large facets with a smooth texture. 
However, for high T~ and t ~ ~, the growth of 
faceted crystals could lead to a completely smooth 
surface. Thus, the value a = 0.9 for high T s can be 
assigned to a transient regime of the growing sur- 

face, and then a crossover to the Edwards-Wilkin- 
son (sedimentation model) scaling [44] ( a  = 0) could 
be expected. 

Self-affine fractal metal electrodes may exhibit 
anomalous adsorption behavior according to the size 
of the adsorbate. This can be demonstrated by scal- 
ing the electrode surface with adsorbates (yardsticks) 
of different cross-sections. Thus, for aged electrode- 
posited columnar gold electrodes ( a  = 0.8) im- 
mersed in aqueous 0.5M H2SO 4 +0 .1M 1,10- 
phenantroline at 298 K, the degree of surface cover- 
age by this molecule decreases sharply as the elec- 
trode real surface area increases, whereas it remains 
unchanged when smaller adsorbates such as glucose 
or CO 2 [45] are used. Results from 1,10-phenantro- 
line adsorption reflect the influence of excluded vol- 
ume regions in the proper electrode structure due to 
small and deep intercolumnar voids with a diameter 
in the order of the adsorbate cross-section. In this 
case void walls become unaccessible sites for the 
1,10-phenantroline adsorption. 

On the other hand, the development of irregular 
surfaces may exhibit a transition which occurs dur- 
ing the new phase growth and which can be exempli- 

Fig. 7. STM image in the topographic mode (top view) of a polyaniline domain on vapor-deposited gold on glass (T, = 600 K). The average 
size of the ordered structure is 0.50 × 0.65 nm 2. Tunneling current 7 nA; bias voltage 20 mV. 



386 A.J. Aruia, R.C. Saluarezza / Surface Science 335 (1995) 378-388 

fied by the electroformation of  a conducting polymer 
coating on a smooth metal substrate. For polyaniline 
conducting films grown from aqueous 0.5M H2SO 4 

+ 0 . 1 M  aniline solution up to 2 - 3  nm thick, a 
structure made of  ordered parallel monomer chains 
forming a rectangular array of  about 0.50 × 0.65 
nm 2 is observed (Fig. 7) [46]. In this case for image 
size, typically 20 nm 2 domains, the corrugation of  
the deposit is in the order of  0.1 nm (Fig. 7), a figure 
which is close to that reported from STM data for 
the corrugation of  adsorbed benzene on different 
metal substrates [47]. Thus, the electropolymer coated 
surface can be described as atomically smooth be- 
cause in this case roughness is largely due to the 
proper charge density periodicity of polyaniline 
monomers. 

When the amount of  electrodeposit is increased 
leading to a film of  10 nm in average thickness, 
monomer chains are replaced by a fiber-like struc- 

ture about 2.5 nm wide. Finally, when the film 
thickness is in the /xm range, globular structures 
form disordered domains leading to a rough surface 
(Fig. 5) with a = 0.35, a figure close to the predic- 
tions of  both the Eden [27] and KPZ [31] growth 
model. 

3.2. Isotropic disordered systems 

Ideally isotropic strongly disordered surfaces are 
approached by branched metal electrodeposits com- 
prising dense radial, dendritic and diffusion-limited 
aggregation (DLA-like) deposits [48]. This type of 
electrodeposit can be obtained at growth rates higher 
than 100 nm s -1, typical values are ( 1 - 3 ) ×  10 -3 

cm s - l ,  under mass transport control. 
DLA-like electrodeposits exhibit surface fractal 

and mass fractal properties which are characterized 
by D~, the surface fractal dimension, and Din, the 

Fig. 8. A DLA-like pattern of a copper electrodeposit produced at the center of a quasi-2D cylindrical cell 15 cm in outer diameter and 0.1 
mm in height, from a 0.4M CuSO 4 aqueous solution at 298 K. A 15 V constant potential was applied between the anode and the cathode of 
the cell. 
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mass fractal dimension, respectively. For a 3D-grown 

object D S = D M = 2.5, whereas Ds = D M = 1.7 in a 
2D space. A typical DLA-l ike  pattern of  a copper 
electrodeposit  grown in a 2D electrochemical cell is 
shown in Fig. 8. 

Dendritic electrodeposits can exhibit values of  D~ 
and D M close to or lower than those corresponding 
to theoretical D L A  patterns. Otherwise, dense radial 
electrodeposits are only surface fractals with either 
D s = 2.5 for a 3D-grown object, or D s ~ 1.7 for a 
2D-grown object. In both cases it results in D M = d, 
ie. an Euclidean mass. A typical 2D-non-fractal mass 
silver electrodeposit  can be obtained at the early 
stage of growth as seen in Fig. 9. Subsequently, 
various transitions in the morphology of  the deposit  
can be distinguished. 

Pattern selection depends on the relative contribu- 
tion of mass transport processes (migration, diffusion 

and convection) [49,50]. When convection and mi- 
gration contribute to the growth process dense radial 
patterns are usually developed, whereas when they 
become negligible DLA-l ike  patterns can be ob- 
served [51,52]. Often the object macroscopic shape, 
and accordingly the radial growth rate, depend mainly 
on the migration and surface reaction contributions, 
whereas the object microscopic pattern where most 
of  the deposit  mass is accumulated, can be modeled 
by diffusion leading to D M values compatible with 
DLA models. 
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