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"ABSTRACT

A new electrochemical procedure to obtain platinum electrode surfaces with preferred orientations
from bulk polycrystalline platinum is presented. The procedure involves the application of repetitive
potential sweeps at high frequencies to a polycrystalline platinum electrode under carefully selected
potential perturbation conditions. The electrochemical response of the surface structures achieved after
the treatment approach closely those repor:=d in the literature for determined types of platinum single
crystal faces.

INTRODUCTION

Monooriented metal surfaces are obtained from a properly cut single crystal
[1-4], from thin layer metal deposition on an inert substrate [5,6], and from the
metal surface reconstruction promoted by the interaction of either an ion or an
electron beam with the crystal surface [7,8]. Recently, reconstruction of noble metal
surfaces was achieved by applying repetitive potential perturbations of preselected
characteristics. Thus, the application of repetitive square wave potentiai sweeps
covering the oxide multilayer electroformation and eleciroreduction pciential range
at different-frequencies yields a metal surface which. in the case of platinum [9],
exhibits a preferential orientation of grains and for gold, probably approaches the
equilibrium polycrystalline metal surface struc.ure [10]. When the procedure involves
the application of a repetitive triangular potential sweep to a polycrystalline platinum
electrode in the potential range of H- and O-adaiom electroadsorption/
electrodesorption at suitable potential sweep rates and switching potentials, changes
in its electrochemical response in the direction of monooriented platinum electrode
surfaces are observed |11]. The development of this simple technique offers for the
first time the possibility of obtaining - electiochemically solid electrodes with a
relatively well-defined.surface structure. '

Obviously, the development of electrochemical technigues to manage the elec-
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trode surface structure is of the utmost importance for the reliable study of the
electrode processes at solid electrodes, but, on the other hand, it also shows that data
obtained with different relaxation techniques must be handled carefully because of
the simultaneous modification of the clectriide surface structure throughout the
duration of the experiment. Examples of the latter are most of the voltammetric
results on noble metal electrodes in the p:tential range ~f H- and O-adatom
electroadsorption /electrodesorption [12,13].

The present paper refers to the electrocherrical preparation of platinum electrode
surfaces with preferred orientations from puiycrystalline platinum. Depending on
the preparation procedure, two types of :lectrode surfaces are obtained. The
voltammogram of the first type of electroce surface in the H- and O-adatom
electroadsorption/electrodesorption potentizl range approaches closely that of the
platinum (100) single crystal surface, while for the second type of electrode surface it
is similar to that of a platinum (111) single cx/stal surface after it has been cycled a
few times through the anodic oxide regior: at 2 low potential sweep rate. The
electrochemical characteristics and stability of the two types of electrode surfaces as
well as the influence of the different param::ters which pertain to the developed
technique are considered.

EXPERIMENTAL

Runs were made with commerciaily available polycrystalline platinum (Johnson
Matthey Co.) working electrodes, either wire or plate shape, of ca. 0.15 cm?
geometric area. The working electrodes were subjected to a pretreatment which
comprised :he following successive steps: (i) immersion in hot aqua regia for about 2
min; {ii) repetitive rincing in triply distilled water; (iii) immersion in a solution
similar to that used i1 the electrolysis cell; (iv) application of an asymmetric
triangular poteatial sw:ep (v, =200 V/s; v. = 0.1 V /s) between 0.04 and 1.50 V for
approximately 10 min. The latter stage produces a slight electropolishing of the
metal surface which exhibits a very reproducible electrochemical behaviour. The
potential of the working electrode was measured against a hydrogen reference
electrode in the same acid electrolyte soliiiion. A large-area platinum counter-elec-
irode concentrically surrounding the working electrode (ca. 50 cm®) was used. The
electrodes were placed in an electrochemical cell designed for a low resistance.

Runs were made at 25°C in the following, electrolyte solutions: (i) 1 M H,SO;;
(ii) 1 M H;PO,; (il) 5 X 107? M HCIO,. The electrolyte solutions were preparred
from a.r. grade chemicals and triply distilled water free cf organic impurities. The
platinum electrode surfaces with preferred orientations were obtained by subiecting
the polycrystalline platinum to repetitive {riangalar poiential sweeps (KTPS) be-
tween the £, and E, switching potentials at th: potential sweep rate v during the
time . Values of E,, E,, v and ¢ were adjusted according to the purpose of each run.
The shape of the triingular signal was increasingly distorted according to v and the
shift from linearity at (£, + E_;)/2 was ca. 10% at 10000 V /s.
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RESULTS

Development of platinum electrode surfaces with a high contribution of (100)-like sites

When the switching potential values of the RTPS are fixed at £,=0.04 V and
.= 1.50 V, the main clectrochemical reactions taking place at the platinum
electrode are those related to the H- and O-adatom electroadsorption and elec-
trodesorption with a decrzasing participation of ageing effects as the frequency (f)
of the triangular potential sweep increases.

A comparison of the conventional stabilized voltammogram for polycrystalline
platinum run at 6.1 V /s with that obtained under the same conditions after the
electrode is subjecicd to RTPS at a relatively low frequency (v=100 V/s or
J=10.034 kHz) for 20 min (Fig. 1) shows no remarkable changes in the volitammo-
gram shape except for a slight variation in the distribution of the broad current
peaks associated with the O-electroadsorption process. The height ratio of the
H-adatom desorption current peaks (peaks la and Ila) remains practically constant.
Thus, the polycrystalline platinum surface characteristics are maintained. In con-
trast, a considerable increase in the electrode active area, as measured through the
corresponding electroreduction charge of the O-monolayer, is observed. In this case,
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Fig. 1. Stabilized voitummogiams (third cyclej run at 0.1 V/sin 1 M H,SO; at 25°C. ( ) After 20
min of RTPS at 100 V /s between 0.04 and 1.50 V; (------ ) untreated polycrystalline platinum electrode.
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the O-electrodesorption charge ratio, R, is about 13. This means that under the
above-mentioned conditions the main effect of the RTPS treatment is t¢ produce an
increase in the active surface area. However, wken the above-mermntioned potential
perturbation conditions last for 2 h, the charge increase, R = 20, is alco accompanied
by an increase in the peak 1Ia to peak Ia height ratio, which suggests a relative
increase in the contribution of (100)-like sites to the overall polycrystalline electrode
response. :

When the frequency at the RTPS is increased by one order of magnitude
(f=0.34 kHz), after =2 h, the voltammogram run immediately afterwards at
v=20.1 V/s (Fig. 2) tends, particularly in the H-adaiom potential range, towards
that depicted in the literature [3,14-18] as the elecirochemical response of the
platinum (100) single crystal surface. i.e. peak Ila, at ca. (.25 V, renders the greatest
current contribution at the expense of peak la. Likewise, a relative increase of the
first broad current peak related to the O-electrcadsorption is noticed. Furthermore,
in this case, the O electrodesorption current peak potential lies at a value slightly
more positive than that found in the conventional voliammogram for polycrystalline
platinum in the absence of the electrochemical treatnient, The RTPS at 1000 V /s,
besides changing the shape ol the voltammo_ram, also produces an appreciable
charge increase, but in this case to attain » R value close to 6 a continucus 2 h
1zatment should be applied to the polycrystalline electrode.

As the frequency of the RTPS is raised to 0.68 kHz for a constant ¢ value the
trend to approach the electrocchemicnl characteristics of the (100) singie crystal
surface is more evident and the increase in the electrode active area is gradually
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Fig. 2. Stabilized voitammograms (third cycle) run at 0.1 V/sin 1 M H,S0, at 25°C. ( )After2 h

of RTPS at 1000 V. /: between 0.04 and 1.50 V; (------ ) unireated polycrystalline platinum electrode.
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inhjbited. Thus, after 2 h of RTPS at 2000 V /s the increase in the clectrode active
area furnishes a limiting value of R close to 3 and the voltammogram shape at
v=0.1 V /s (Fig. 3) remains stable on further R "PS at the same frequency. But
when the elecirode is subjected to RTPS at 0.1 V /s between 0.04 aud 1.50 V for ca.
30 min, the electrociiemical response tends to return gradually to that of polycrystal-
line platinum. The electrochemical response similar to that of the platinum (100)
single crystal surface can be recovered by repeating the RTPS at 2000 V /s for 1 h.

When the RTPS treatment is carried out at 3000 V /s (f=1 kHz) for 2 h, the
electrochemical characiteristics of the resulting surface electrode are similar to those
described after applying the RTPS at 2000 V /s. However, at this frequency the
platinum surface with a preferred orientation can also be obtained after only several
minutes of RTPS without an appreciable increase in the electrode active surface
area. When this electrode is subjected to RTPS at 0.1 V /s between 0.04 and 1.50 V
for 15 min, surface reconstruction is again observed.

The RTPS treatment at 10000 V /s ( f = 3.42 kHz) applied for only a few minutes
yields a surface structure whose voltammogram at 0.1 V /s approaches closely that of
the platinum (100) single crystal surface. Furthermore, the voltammogram shows no
increase in the active electrode area (Fig. 4). After 2 h of RTPS at 0.1 V /s between
0.04 and 1.50 V, a very slight reconstruction of the electrode surface and a small
increase in the electrode active area are noticed. This suggests that the increase in the
electrode active area can be related to the development of a small fraction of new
facets including defects (kinks, steps, etc.). )
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Fig. 3. Stabilized voitammograms (third cycle) run a1 0.1 V/sin 1 M H,S0, at 25°C. ( ) After 2 h
of RTPS at 2000 V /s between 0.04 and 150 V; (------ ) untreated polycrystalline platinum electrode.
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Fig. <. Stabilized voltammograms (third cycle) run at 0.1 V/s in 1 A H,SO; at 25°C. ( ) after 6
min of RTFS at 10000 V/s between 0.04 and 1.50 V; (------ ) untreated polycrystalline platinum

elecirode.

The platinum surface resulting aftear RTPS at 10000 V /s for 15 min shows no
change in electrochemical response at 0.1 V /s after holding the potential at 2.2 V for
5 mia.

Development of platinum electrode surfaces with a high contribution of (111)-like sites

When the switching potentials of the RTPS are fixed at £,=040 V and
E,=1.60 V, i.e. in the O-adatom potential range, after only 5 s of RTPS at 2000
V/s (f=0.83 kHz), the voltammogram run immediately afterwards at 0.1 V /s
between 0.04 and 1.50 V (Fig. 5) is much more similar to that of a platinum (111)
single crystal surface after it has been cycled a few times through the anodic oxide
region at a relatively low v (e.g. 0.1 V/s) [2-4,16-18] and is also similar to that
resulting from a platinum (111) single crystal surface subjected to argon ionic
bpombardment [19]. Thus, the corresponding conjugated reversible current peaks at
0.11 V, a relative increase in the height of the second broad current peak associated
with the O-electroadsorption, and a shift of the O-electrodesorption current peak
towards more negative potential values are observea. In this case, a slight increase in
the electrode: active area is noticed. But when the potential perturbation at 2000 V /s
lasts for 30 s, then the voltammogram run immediately afierwards at 0.1 V /s
between 0.04 and 1.50 V shows a partial reconstruction of the electrode surface and
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Fig. 5. Stabilized voltammograms (third cycle) run at 0.1 V/s in 1 M H,S0;, at 25°C. ( ) After 5's
of RTPS at 2000 V /s between 0.40 and 1.60 V; (------ ) untreated polycrystalline platinum electrode.

an increase of the electrode active area ( R = 3). Surface reconstruction is enhanced
by further RTPS at 10000 V /s. in this case, after 15 s of RTPS the electrode active
area increases approximately ten-fold with respect to the initial active area of the
polycrystalline platinum electrode.

Influence of electrolyte conposition and organic impurities

The preparation of platinum electrode surfazes with preferred orientations by
application of RTPS at 10000 V /s is, in general, independent of the composition of
the three acid eléctrolytes employed in the present work (Fig. 6). The minor
influence of the electrolyte composition is a reasonable result because at the high
frequencies employed the rate of the anion adsorption/desorption process is proba-
bly too small to respond to the rapid change of the periodic triangular potential
sweep. Nevertheless, it should be mentioned that the voltammetric definition ob-
tained in H,SO, and H3;FO, solutions is better than that observed in HCIO,
sclutions.

In contrast, the presence of traces of organic impurities. i solution, which are
detecied through the stability of the RTPS voltammogrim at 0.1 V/s in the
H-adaitom potential range, obstructs thie development of platinum surfaces with
preferred orientations. The effect of organic impurities appears similar to the
levelling effect of organic additives in metal electrocrystallization [20]. Gn the other
hand, the preparation of platinum surfaces with preferred orientations depends
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Fig. 6. Stabilized voltammograms (third cycle) run at 0.1 V/sin 1 M H,PO, at 25°C. ( y After 10
min of RTPS at 10000 V /s between 0.04 and 1.50 V; (------ ) untreated polycrystalline platinum
electrode.

likewise on the history of the initial polycrystalline electrode, inciuding the mechani-
cal pretreatment of the metal.

DISCUSSION

The present results reveal that the application of a relatively fast RTPS (0.034
kHz < f < 3.42 kHz) produces two different effects at the electrode surface, namely,
an increase in the electrode active area and the development of a preferred
orientation. Apparentiy, the former prevzils at a relatively low frequency range and
the latter predominates at a relatively high frequency range.

Previous results on noble metal electrcdes [11] and those reported here indicate
that the RTPS applied within the potential range of H- and O-adatom electroadsorp-
tion/ electrodesorption in acid elcctrolvtes produces different effects accordingly to
the v (or f) employed. Tnus, at low v values, of the order of 0.001-0.1 V /s, as
usually employed in conventional voltammetry, the H- and O-adatom electroadsorp-
tion/electrodesorption processes during the initial potential scanning are accompa-
nied by base metal electrodissolution and metal ion electrodeposition together with
siniering [21,22]. The overall effect produces a small change in the electrode active
surface area. At an intermediate v range,i.e. in the range 100-1000 V /s, sintering is
no longer an appreciable effect so that the remaining ones, namely, the electrodisso-
lution and the electrodeposition of the base metal during the potential cycling,
render a considerable increase in the electrode active area. Finally, at a v as high as
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10000 V /s the prevailing effect is the development of a preferred orientation at the
surface, with a regligible influence on the electrode active area.

The present results show that the frequency threshold for producing a preferred
orientation at the platinum surface is ca. 0.5 kHz. This figure coincides with that of
the repetitive square wave potential sweep which was able to produce a preferential
orientation of grains at polycrystalline platinum electrodes, and its reciprocal was
associated with the half-life time of the adsorbed OH species on platinum [9,10].
Therefore, it is reasonable to relate the metal surface modification to the occurrence
of the initial revarsible underpotential electrooxidation of water on platinum where
the Pt(O%i),, species is formed [9]. When the probablz rate constants of the various
stages involved in the O-electroadsorption are considered [23], it is concluded that at
frequencies greater than 0.5 kHz, either (O)Pt formation or ageing effects of the
O-adsorbed monolayer can be ignored. The latter processes are relevant when
relatively slow repetitive triangular potential sweeps are applied to platinum elec-
trodes in acid electrolyte into the region of oxide formation. In this case, when single
crystal electrodes are used, it results in oriented but atomically stepped surfaces [24].

The explanation of the development of surfaces with a preferred orientation can
be thought of in terms of a dynamic lattice model, where the surface atoms of
platinum are oscillating principally in a direction perpendicular to the electrode
surface according to the potentiodynamic induced water electrooxidation reaction.
This causes a periodic separation of metal atoms in the first lattice planes which
exceeds the bond length of any crystal structure yielding a jelly-like metal atom
lattice which subseguently is able to accommodate preferred orientations. According
to the present results, the type of orientation apparently depends whether the
corresponding E, switching potential lies in H-adatom potential range or not. In the
former case, the presence of H-adatoms interacting with the metal lattice probably
facilitares the formation of a surface structure with a high contribution of {(160)-like
sites, while in the absence of H-adatoms the densest structure, namely, that corre-
sponding to the predominance of (111)-like sites, is formed. The participation of
H-adatoms in defining the resulting preferred orientation can be equally related to
the structural characteristics of water in each case. From the physical standpoint, the
effect of RTPS at frequencies in the range 0.5 kHz < f< 5 kHz resembles that of
electron bombardment of the crystal surface with the appearance of scft surface
phonons [7.8]. However, at present it is speculative to advance a more complete
mechanistic interpretation of the metal surface monoorientation. Further results
which are being obtained with other systems will serve for this purpose ‘n the near
future. This does not impoverish the practical importance of the technique developed
in the present paper for managing platinum electrode surfaces on a more sound
structural basis.
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