
1730 J. Am. Chem. Soc. 1987, 109, 1730-1733 
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Platinum Surfaces. A Direct Ex-Situ Determination of the 
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Abstract: A direct scanning tunneling microscopy ex-situ determination on the nanometer scale of the topography of elec
trochemically highly activated platinum electrodes is presented. A correlation between catalytic activity and surface mi-
crotopography becomes evident. This result gives support to a structural model for the activated electrode surface. In the 
model, a volume with a pebble-like structure allows electrocatalytic processes to occur practically free of diffusion relaxation 
contributions under usual voltammetric conditions. 

Catalytic activity and surface roughness are of the outmost 
importance in heterogeneous catalysis, including electrocatalysis. 
The term roughness usually implies the existence of both ma-
cropores (macroroughness), which to a great extent are responsible 
for additional diffusional relaxation,1 and micropores (micro-
roughness), which concern the effective catalytic area.2 Despite 
the close relationship between microroughness and catalytic ac
tivity, many real systems involve complex macro- and micropore 
structures which make the direct determination of microroughness 
a difficult task. A new approach to overcome this drawback is 
forseen by using metal surfaces which offer large catalytic activity, 
negligible micropore diffusional relaxation, and distribution of 
active sites very close to that of the starting material.3 This is 
the case, among others, with platinum electrodes in acid solutions, 
which have been subjected to a relatively fast square potential 
cycling, over a potential range such that a hydrous metal oxide 
multilayer is formed and immediately afterwards is electroreduced 
to yield a substantially increased active area. The new surface 
maintains the energy characteristics of the different processes, 
as can be seen in the corresponding electrochemical spectra for 
the hydrogen and oxygen adatom electroadsorption/electrode-
sorption.3 This type of electrode appears very suitable for having 
its surface structure characterized on a nanometric scale by means 
of the scanning tunneling microscope (STM). This instrument, 
which was recently developed,4'5 possesses simultaneously high 
horizontal and vertical resolution and furnishes three-dimensional, 
real space images of the surface of solid materials, by working 
either under vacuum or atmospheric pressure and at room tem
perature.6,7 

The present work reports, for the first time, the microtopography 
of electrochemically activated platinum electrodes as determined 
by STM in air at atmospheric pressure and room temperature. 
These electrodes are of particular interest in electrocatalysis as 
platinum is employed, for instance, in fuel cell and water elec
trolysis technology.2,8 

Results 
Voltammetric Data. In order to stress the difference between 

macro- and microroughness, we show the different electrochemical 
data of both surfaces. As an example of macroroughness we 
present the electrochemical spectra for the electroadsorption and 
electrodesorption of hydrogen and oxygen adatoms on platinized 
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platinum electrodes in acid solution (Figure la). The voltam-
mogram even at a slow potential scan rate such as 0.2 V/s is 
completely distorted as compared to that of bright polished 
platinum1 (Figure lb). On the other hand, platinum electrodes 
resulting from the repetitive square wave potential treatments 
(RSWPS), as described in the Experimental Section, maintain 
the energy characteristics of the different processes, and in addition 
exhibit a substantial increase in the voltammetric charge for the 
different electrochemical reactions occurring within the potential 
range of thermodynamic stability of bulk water.3 

The degree of activation of the new electrode surface can be 
followed through the ratio of the voltammetric charge at 0.2 V/s, 
both before and after the RSWPS treatment, to either the hy
drogen or oxygen adatom monolayer electroadsorption/electro-
desorption processes (Figure 1). In addition to the increase in 
voltammetric charge, the new electrode surface also shows a 
significant change in the distribution of current peaks which was 
assigned to a change in the contribution of the different crys-
tallographic planes of platinum,9"15 as confirmed by x-ray dif-
fractometry.3 This can be immediately seen in Figure lb where 
the ratio of weakly to strongly adsorbed hydrogen adatom elec-
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Figure 1. Electrochemical spectra resulting from the application of a 
repetitive triangular potential scan taken at a rate v with different elec
trodes in acid solutions, at 25 0C. a: (1) Platinized platinum (400X 
activation) in 1 M HClO4, v = 0.2 V/s (full trace); (2) platinized plat
inum (400X activation) in 1 M HClO4, v = 0.002 V/s (dotted trace); 
(3) bright pc platinum (blank) in 1 M HClO4, v = 0.2 V/s (dashed 
trace). Note the large increase in charge for voltammograms 1 and 2 
as compared to 3, and the different behavior at 0.2 and 0.002 V/s, for 
the same electrode. The voltammogram of platinized platinum is influ
enced by diffusional relaxation at pores, b: (1) Bright pc platinum 
(blank) in 0.5 M H2SO4, v = 0.2 V/s (full trace); (2) electrochemically 
activated pc platinum (30X activation) in 0.5 M H2SO4, v = 0.2 V/s 
(dashed trace). The change in the relative height of hydrogen adatom 
electroadsorption and electrodesorption current peaks as compared to the 
blank should be noticed. This is an indication that some preferred 
crystallographic orientation of grains at pc platinum has been produced 
by the electrochemical treatment. 

trodesorption peaks, at =0.15 and «0.25 V, respectively, is en
hanced. This is expected for the development of a (100)-type 
preferred oriented platinum surface, and it has also been observed 
by STM.16 Potentials are referred to the reversible hydrogen 
electrodes in the same electrolyte solution. 

STM Imaging. STM patterns of untreated and treated spec
imens were obtained. The untreated specimens refer to either the 
metal surface (plate) as received (virgin specimen) or after it had 
been melted, quenched in water, and cleaned in acid (bead-
shaped), or after it had been subjected to several repetitive tri
angular potential scans at 0.2 V/s in the 0- to L5-V range (blank 
specimen). Occasionally, for a straightforward comparison of 
results and to avoid any peculiarity due to the independent 
treatment of the specimens, one portion of the same surface was 
left blank and the rest of it was subjected to the RSWPS treat
ment. It should be noticed that the voltammetric responses of 
the different specimens before and after the STM measurements 
were the same. 

The STM patterns of the blank become independent of the 
thermal treatment (at the nanometer scale range) and shape and 
size of the specimen, as checked for plate and bead-shaped 
platinum electrodes. The first thing one observes is that the surface 
of the blank (Figure 2a) is much smoother than that of the virgin 
specimen, which means that the voltammetric cycling at 0.2 V/s 
has already caused smoothing of the surface after about 100 
potential scans between 0 and 1.5 V. 

(16) Gomez, J.; Vazquez, L.; Bar6, A. M.; Garcia, N.; Perdriel, C. L.; 
Triaca, W. E.; Arvia, A. J. Nature (London) 1986, 323, 612 

\ 

z. 

3 3 6 A 

Figure 2. STM patterns: (a) blank pc platinum electrode surface (the 
smooth surface exhibits a corrugation of «50 A); (b) treated platinum 
electrode surface (40X activation). Three different morphologies are 
distinguished, namely, dome-like (central region), parallel-ridge (various 
regions), and deep corrugated structures (lower right region). AYmeans 
the total length scanned by the slow Y piezo. 

Platinum specimens were subjected to RSWPS treatments to 
yield 40-, 60-, and 100-fold increases in voltammetric area. STM 
patterns of these specimens were then obtained by scanning 
different surface regions under various magnifications. The treated 
platinum surfaces exhibit a nonhomogeneous topography; an il
lustrative picture of this is presented in Figure 2b. The inho-
mogeneity phenomenon is presumably related to different domains 
in the hydrous platinum oxide layer structure resulting during the 
RSWPS treatment which reflects the polycrystalline characteristics 
of the starting material. The nonhomogeneous topography of 
treated platinum is characterized by the following three main 
morphologies. 

(1) A relatively high-density structure (Figure 3a,b) which 
appears either as high or low domes localized in certain regions 
which are randomly distributed over the surface (Figure 3c). This 
structure is described here as a pebble-like structure. The tran
sition from low to high dome structures occurs rather abruptly 
(Figure 3c). For a 40X increase in voltammetric charge the 
average radius of the domes is «100 A (Figure 3a). The top of 
each dome is relatively flat with corrugations no more than 1 A 
high (Figure 3 a). The prevalence of this morphology suggests 
that the structure of activated platinum electrodes results from 
the piling up of small nearly "rounded" platinum crystallites 
produced through the slow electroreduction of the hydrous oxide 
layer grown under the RSWPS treatment. 

Recently we have incorporated an IBM PC computer for data 
acquisition and image processing. We have taken 256 scans of 
the region shown in Figure 3a. The data analysis and processing 
are given in Figure 4a,b. The structure clearly shows channels 
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Figure 3. Details of the dome-like structure for treated platinum elec
trode surfaces: (a) 4OX activation, (b and c) 6Ox activation. 

(white regions in Figure 4b) surrounding the different domes. We 
believe that this randomly piled pebble-like structure penetrates 
into the bulk of electroreduced platinum, and is responsible for 
the increase in catalytic activity as discussed later. 

(2) Flat regions with parallel ridge-like structures (Figure 2b), 
which resemble the structures previously observed in the metal 
surface electrorccrystallization associated with the development 

260 A 

260 A / 

!90 

Figure 4. Processed image from STM patterns depicted in Figure 3 with 
the Y axes lying in the horizontal position. The right-side portion of this 
figure corresponds to Figure 3a. The number of scans in this figure is 
larger than in Figure 3: (a) top view at 10° elevation, the same mag
nification for the three axis; (b) space view. Insert: fourier transform 
of data showing that there is neither a significant noise nor any periodic 
structure. 

of (100)-type preferred oriented platinum.16. For a 4Ox increase 
in voltammetric charge the distances between adjacent ridges and 
their average height are about 330 and 40 A, respectively (Figure 
2b). 

(3) Localized surface regions with large and deep corrugations 
(Figure 2b). The density of this structure substantially increases 
according to the duration of the RSWPS. 

In conclusion, the STM patterns furnish for the first time direct 
information about the microtopography of active platinum elec
trodes measured ex situ on the nanometer scale. They also indicate 
a correlation between the activation of the electrode and the change 
in surface topography. 

Discussion 
In order to explain the surprisingly large and electrochcmically 

monitorable increase in activity of treated platinum electrodes, 
we have to think of an increase in the number of reacting sites 
without a significant change in energy distribution. The increase 
in the number of reacting sites can be achieved in three different 
ways, namely, by increasing the surface roughness, by promoting 
close-packed crystallographic structures, and by creating a volume 
structure which is equally accessible to reactants. According to 
our data neither the first nor the second possibility by themselves 
explains the large increase in activity of the treated specimens. 
The contribution of roughness, as numerically calculated from 
the data-processed STM patterns depicted in Figure 4, only ac
counts for an area increase factor of about 1.07 for the specimen 
involving 4OX activation. The figure 1.07 is obtained by comparing 
the above-mentioned calculated area with that of a perfect plane. 
It is worth remarking that this figure does not substantially in-
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crease with other surface geometries. For example, if we take 
spherically shaped domes and arrange them in the most compact 
way, the area increase factor is 1.7. Likewise, the development 
of (lOO)-type preferred oriented platinum, even under 100% ef
ficiency, would contribute less than 20% real area increase. 
Therefore, the development of the catalytic activity in the volume 
of the electroreduced platinum crystallites must play the most 
important role, as may be concluded from the surface microto-
pography. 

On the basis of these results, the behavior of activated platinum 
electrodes can be explained by admitting that each pebble-like 
crystallite can be represented by a sphere of 100 A average radius. 
The sphere ensemble is made by piling up the spheres in a volume 
defined by the geometric electrode area times the average thickness 
of the electroreduced platinum layer. This thickness can be 
obtained from the corresponding oxide electroreduction charge; 
its value for a 100 times activation can be estimated as 5 X 103 

A. This volume structure should be wetted by the electrolyte 
solution, making the entire surface of each sphere equally ac
cessible to reactants through interconnected inner channels. The 
number of spheres of 100 A radius per cm2 which can be acco
modated within the volume of the active electrode is about 1012. 
Therefore, provided that the entire surface of each sphere is 
catalytically active, the large activation factor, of the order of 102, 
deduced from the voltammetric charge at 0.2 V/s can be im
mediately understood. 

For an average thickness of about 103 A and diffusion coef
ficients of the order of 10"6 cm 2 / s as expected for most ions in 
aqueous solutions, it is obvious that, even at the rate of 1 V/s , 
the contribution of diffusional relaxation should become negligible. 
Hence, under usual voltammetric conditions, this type of platinum 
electrodes, in contrast to conventional platinized platinum (Figure 
la) , should offer practically no anomalous voltammetric response 
(Figure lb) . 

The proposed simple model explains the important fact that 
the electrocatalytic activation remains practically the same for 
electrochemical processes occurring in different potential ranges 
with reactants and intermediates of different sizes, as is the case 

I. Introduction 
Over the past 15 years, detailed spectroscopic investigations 

of matrix isolated atoms and small clusters have provided much 
insight into catalytic processes occurring on metal surfaces.1 

Nevertheless, it is still extremely difficult to build up a concen
tration of a single chemical species although some progress has 
been made by cryophotoclustering techniques.2 There are obvious 
attractions to working in the gas phase since one can avoid the 
complications arising from solvents or from matrix effects.3 
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for hydrogen and oxygen adatom electroadsorption/electrode-
sorption,3 adsorbed ethylene electroxidation,17 and reduced carbon 
dioxide electroxidation.18 

Experimental Section 
Preparation of the Platinum Electrodes. The preparation of the ac

tivated platinum electrode surfaces was made by following the technique 
already described in the literature.3 It consisted of a repetitive square 
wave potential signal (RSWPS) at 2.5 kHz between 0 and 2.3 V applied 
for a certain time to polycrystalline (pc) platinum electrodes (geometric 
area ranging from 0.1 to 2 cm2). The electrodes from Specpure quality 
Johnson Matthey Chemical Ltd. and Engelhard 99.99% purity were 
immersed in either 1 M HClO4 or 0.5 M H2SO4, at 25 0C. During the 
RSWPS treatment a relatively thick hydrous platinum oxide layer was 
formed, whose thickness depended on the duration of RSWPS. Imme
diately afterwards the hydrous oxide multilayer was electroreduced at 
0.01 V/s, yielding the new platinum surface. 

Evaluation of Platinum Electrode Roughness. The initial true electrode 
area was determined through the hydrogen adatom monolayer charge 
resulting from conventional voltammograms run with triangular potential 
sweeps at 0.2 V/s between 0.01 and 1.40 V in 0.5 M H2SO4 at 25 0C. 
The average hydrogen adatom monolayer charge was taken as 210 
MC/cm2.9-12 The relative increase in the electrode real surface area was 
evaluated as the ratio between the hydrogen electroadsorption monolayer 
charge before and after the RSWPS treatment. 

STM Measurements. STM data were taken at a tunneling voltage of 
-10 mV (tip negative) and a tunneling current of 5 nA. A typical 
scanning frequency was 0.1 Hz. Vertical sensitivity was in the subna-
nometer range whereas lateral sensitivity was kept in the nanometer 
range. 
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Molecular beam expansion combined with mass spectrometry 
is a well-established technique to investigate optical and chemical 
properties of metal clusters in the gas phase. Experiments, 
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Bonding Capabilities of Nickel Cluster Ions: 
Synthetic Chemistry in a Molecular Beam 
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Abstract: Nickel cluster ions, size-selected by quadrupole mass spectrometry, were treated with carbon monoxide to yield 
in the gas phase nickel-carbonyl complexes of the type Nin(CO))^+ and Ni„C(CO);+ where n ranges from 1 through 13 and 
k and / vary as a function of the cluster size n. The stoichiometry of these clusters correlates extremely well with the 
electron-counting rules proposed by Lauher. 
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