98 Surface Science 181 (1987) 98-106
North-Holland, Amsterdam

SCANNING TUNNELING MICROSCOPY OF PLATINUM ELECTRODE
SURFACES WITH DIFFERENT PREFERRED CRYSTALLOGRAPHIC
ORIENTATIONS

L. VAZQUEZ, J.M. GOMEZ RODRIGUEZ, J. GOMEZ HERRERO,
AM. BARO, N. GARCIA

Departamento de Fisica Fundamental, Universidad Auronoma de Madrid, Cantoblanco,
28049 Madrid, Spain

J.C. CANULLO and A.J. ARVIA *

Instituto de Investigaciones Fisicoquimicas Teéricas y Aplicadas, Universidad Nacional de La Plata,
Sucursal 4, Casilla de Correo 16, 1900 La Plata, Argentina

Received 1 August 1986; accepted for publication 15 September 1986

We have used scanning tunneling microscopy to study the surface microtopography of
platinum electrodes preferentially oriented by a procedure denoted as electrochemical faceting.
The treated specimens show clear reoriented patches on the surface in the form of steps with
well-defined orientations separated by terraces of different sizes. The microscopic data obtained
by STM correspond well with voltammetric analysis.

1. Introduction

Preferred crystallographic orientations of polycrystalline platinum elec-
trodes can be electrochemically obtained by the application of a relatively fast
symmetric periodic signal in the order of a few kHz, between two potential
limits lying within the range of the thermodynamic stability of bulk water
[1,2]. This technique has been successfully applied to develop (100), (110) and
(111)-type preferred orientations starting from either polycrystalline or single
crystal specimens [3]. The development of different surface structures can be
followed through the characteristics of the H-adatom electroadsorption—elec-
trodesorption spectra and their direct comparison to those reported in the
literature for the corresponding single crystal platinum electrodes.

The new surface structure resulting after prolonged treatment [1,2] can be
observed by scanning electron microscopy (SEM) at a relatively low magnifi-
cation (xX2000). Typical faceting patterns are observed for the different
crystallites according to their direction in space [3-5].

* Visiting professor from the Universidad Nacional de La Plata, Argentina.

0039-6028 /87 /$03.50 © Flsevier Science Publishers B.V.
(North-Holland Physics Publishing Division)



L. Vazquez et al. / STM of platinum electrode surfaces 99

The topography of the preferred oriented platinum surfaces can be studied
with higher resolution by the application of scanning tunneling microscopy
(STM). Recently we reported for the first time on the use of STM to measure
the surface topography of preferred oriented platinum electrodes on the
nanometer scale [6]. An STM study of electrochemically activated Pt elec-
trodes has also been performed [7].

This paper presents a comparative study of (110), (100) and (111) preferred
oriented platinum as measured by STM. In spite of big inhomogeneities in the
data, we have found topographic features characteristic of well-defined ori-
ented faces. The oriented patches have different sizes but can be as large as
1 pmX1 pm. The microscopic observation of these structures gives some
insight into the development of stable surface structures, and about the
electrodissolution—electrodeposition process and represents a first attempt to
correlate the macroscopic electrochemical data with microscopic observations
by STM.

2. Experimental

Polycrystalline platinum specimens with preferred orientation in the (110),
(100) and (111) directions were prepared as described elsewhere [1-3]. Their
electrochemical characteristics were checked before and after the STM ob-
servations by following voltammetrically the response of the H-adatom elec-
troadsorption—electrodesorption reactions in 1M H,SO, at 25°C. No voltam-
metric changes were observed either due to the storage period or because of
the STM operation.

Untreated polycrystalline platinum electrode surfaces were taken out of the
same wire or plate to be used as a blank experiment, after they had been
mechanically polished to a mirror surface with the finest grade alumina
powder. STM images were obtained at room temperature and 10~° Torr with
a third generation STM instrument [8}]. It consists of a tunneling unit sus-
pended by springs and provided with viton and eddy current dampers. The
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.

3. Results

Due to the large inhomogeneities observed on the electrodes we recorded
wide scans in the order of 1 um X 1 pm to get a representative sampling of the
electrode surface. As a general result, the electrofaceting treatment produces a
surface topography smoother than that of the blank (fig. 1). In addition some
of the regions show features characteristic of well-defined orientations. In the
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Fig. 1. STM image corresponding to the untreated polycrystalline (pc) Pt electrode showing a very
corrugated surface.
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Fig. 2. STM pattern of a (110)-type faceted pc Pt electrode. The picture shows (i) steps as deep as

100 A oriented in two different directions, (ii) flat regions with a wavy structure due to the

development of steps which show up as parallel ridges, (iii) two wells separating the different flat
regions
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following we report the features for the (110), (100) and (111) orientations.
The STM image of the (110) preferred oriented platinum (fig. 2) shows very
well-defined steps as high as about 100 A. Each step separates wide flat
terraces extending up to 0.2-0.3 pm. The orientation of the steps is along two
different directions that form an angle of approximately 120°. Furthermore,
other flat regions can be observed showing a wave shaped structure with a
corrugation of about 20-50 A. These structures are related to the development
of steps which show up as parallel ridges in the image. In the middle of the
image two similar types of irregularities can be noticed consisting of abrupt
walls forming a sort of well of at least about 100 A depth. Probably this type
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Fig. 3. (a) STM pattern of a (100)-type faceted pc Pt electrode. The picture shows the characteris-

tic ridges corresponding to the development of steps. The picture shows that the oriented patches

are quite small in size (submicrometer). The boundaries show up as grooves and wells. (b) One of
the patches taken at higher magnification.
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Fig. 4. STM pattern of a Pt(100) single crystal.

of accidents which are often seen in treated specimens reflect the remaining
influence of the grain boundaries of the underlying bulk structure.

The images of the (100)-type preferred oriented platinum surfaces show
very clear domains of crystallographic orientations as described m detail in a
recent publication [6]. Typical examples of the corresponding topographies are
depicted for low (fig. 3a) and high (fig. 3b) resolution, respectively. The
structure of this orientation is to a large extent comparable to that already
described for the (110)-type preferred oriented platinum. For the purpose of
comparison we also measured the surface topography of a Pt(100) bulk single
crystal in order to show the strong similarity with the electrochemically
faceted specimen (fig. 4). The bulk single crystal had been previously used in
surface science experiments in UHV and subsequently stored in the air
atmosphere.

The STM images of (111)-type preferred oriented platinum exhibit a
structure rather more complex that the one previously described. In principle
the surface is constituted of two distinguishable regions. One of them is similar
to that already reported for the (110) and (100) preferred crystallographic
orientations, although in the present case it shows at least three definite
directions (fig. 5a), the corresponding angles being consistent with the (111)
trigonal symmetry. These patches, as compared to those observed for the (110)
and (100)-type preferred orientations are much smaller in size. Another region
is made out of a set of peaks of triangular shape which presumably correspond
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Fig 5. (a) STM pattern of a (111)-type faceted pc Pt electrode. In addition to the ridges similar to

those of (110) and (100)-type faceted pc Pt, structures in the form of sharp triangles are developed,

probably related with the formation of 3D crystallites. (b) One of the patches taken at higher
magnification.



104 L. Vazquez et al. / STM of platinum electrode surfaces

to three-dimensional polyhedrical crystallites of different heights ranging from
50 to 400 A. In this case due to the abrupt changes produced by these
structures the image could be distorted by the proper tip shape and /or time
constant of the feedback response.

A higher resolution STM image (fig. 5b) shows a finer structure of the (111)
preferred orientation. The image shows well-defined steps 50 A deep, oriented
in three different directions. These steps constitute boundaries among differ-
ent flat terraces. Each terrace shows a structure similar to that described
before, i.e. well-defined orientations and triangular structures.

4. Discussion

STM provides the topographic images of small flat surface regions on the
nanometer scale which usually cannot be observed by other techniques. STM
images reveal that electrochemical faceting produces, in general, very smooth
surfaces. Some of the regions show features characteristic of well-defined
orientations such as aligned steps of a few atomic diameters height separated
by flat terraces of different sizes. Other regions show deep valleys separated by
rounded top hills. This topography presumably reflects the underlying bulk
structure of the starting material. The STM topographies resulting for the
three types of preferred oriented platinum surfaces present their peculiarities
which in a much lower scale correlate with the corresponding SEM micro-
graphs reported previously [3-5]. This is the case, for instance for the stepped
surfaces observed for (110) preferred oriented platinum, the predominant
parallel ridge structure observed for (100) preferred oriented specimens and
the spike-like structure which appears typical for the (111)-preferred orienta-
tion.

Electrochemical faceting produced through fast periodic perturbation treat-
ment covering potential limits no greater than those associated with the
thermodynamic stability of bulk water, implies at least two concurrent electro-
chemical processes, namely the electroadsorption/electrodesorption of OH-
species and the electrodissolution /electrodeposition of soluble platinum species
[9]. The occurrence of these two reactions under optimal conditions for
electrochemical faceting are given by the frequency value of the periodic
potential which must be at least in the order of a few kHz. In this case the fast
cyclic OH-species electroadsorption /electrodesorption is responsible for the
initial steps of platinum electrodissolution, so that the cyclic electrodissolu-
tion /electrodeposition of soluble platinum species can be regarded as a
process occurring within a pulsating diffusion layer whose thickness decreases
according to the frequency of the cyclic potential [10]. Therefore, under these
circumstances one should expect the diffusional processes to occur very fast so
that the rate limiting process is the electrodissolution /electrodeposition of
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Fig. 6. STM image of a 50 A thick platinum film deposited on cleaved mica at room temperature.

soluble platinum. This process is sensitive to the reacting characteristics of the
different sites of the metal surface. Therefore, the electrodeposition turns out
to be a very selective process.

The different behaviour of the cyclic deposition process under electrochem-
ical faceting conditions can be well understood by comparing the electrode
surface with that obtained by a 50 A thick platinum film vacuum deposited on
top of a freshly cleaved mica surface at room temperature (fig. 6). The image
shows the so-called columnar structure which is characteristic of this metal
growing condition [11], namely the substrate temperature is well below the
melting temperature of the depositing material. Columns are formed around
initial nuclei because of the small diffusion rate of the deposited atoms which
does not allow covering of the intercolumnar regions. This is in contrast with
the electrochemical treatment explained before, where due to the high frequency
potential sweep, the process is controlled by the proper electrodeposition of
platinum at surface sites.

The remarkable clearcut and flat step structures which are observed in the
STM images for the three types of preferred oriented platinum can be
understood through the electrochemical mechanism described above by taking
into account the combined effect of the electrodissolution of platinum mainly
at corners, that is, at sites where metal atoms are most loosely bound to the
lattice, and the electrodeposition process undergoing preferentially at kink
sites. The overall effect leads to an increase in the length of the steps and the
development of extended terraces.

In summary, we report on a measurement of the surface topography of
electrochemically faceted electrodes by STM. The data show features char-
acteristic of the development of well-defined orientations and constitute an
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attempt to correlate microscopic observations at the nanometer scale with
macroscopic voltammetric data.
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