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ABSTRACT

The development of preferentially oriented crystalline surfaces of Pt with rough topographies in
alkaline solution, produced by the application of periodic square wave potential treatments, is described.
The influence of the different electrical variables is studied systematically and the characteristics of the
different growth modes are followed through voltammetry in the H-atom electrosorption potential range
and SEM micrographs, These effects are explained in terms of a strong OH™ ion-metal surface
interaction which favours the formation of hydrous Pt oxide layers. The electroreduction of the latter
yields Pt overlayers with distinguishable growth modes and preferred crystalline orientations.

INTRODUCTION

It is already well established that the surface morphology of Pt electrodes can be
modified substantially by means of pericdic perturbing potential treatments [1-3].
In acid electrolytes single stage treatments can, under certain conditions, produce a
definite type of preferred crystalline orientation (pco) at the Pt surface [4-6]. For
other conditions, treatments comprising two successive stages, namely, a first one
where a hydrous metal oxide layer is accumulated on the electrode surface through a
periodic potential treatment, and a second one involving the electroreduction of the
hydrous Pt oxide layer, can furnish both pco and surface roughness development [7].
In this case, the roughness geometry is considerably dependent upon the operating
conditions selected for the electroreduction of the hydrous Pt oxide layer [7-9].
However, procedures involving both a single stage and succesive stages were
developed by using exclusively acid electrolytes and focussing the attention on those
parameters defining the electrical perturbation, despite the fact that the solution
composition, as established before [10), is also an additional variable which deserves
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further investigation. The present paper is devoted to a study of the changes in the
surface morphology of Pt electrodes, including both the development of pco and the
growth modes of rough Pt overlayers, caused by periodic potential treatment in
alkaline solutions. On the basis of the reaction mechanism already advanced for the
development of pco and roughness of Pt in acids [7,9], one can predict that the
treatment in alkaline solution operates exclusively throughout the two successive
stages referred to above. Furthermore, the possibility of producing changes in the Pt
surface morphology in base solution also becomes relevant in the following two
respects. Firstly, the high concentration of OH ™ ions and the relatively strong
interaction of the OH™ ions with the Pt surface offer the possibility of circumvent-
ing the possible interference of traces of active surface impurities in the develop-
ment of these processes. Secondly, as in base solution the overlapping of the
H-adatom and OH-adsorbate potential ranges is greater than in acid solution [11],
the influence of H-adatoms in the morphology changes of Pt in alkaline solutions
should become more remarkable than in acids.

The present work describes for the first time the changes in surface morphology
of Pt in alkaline solutions promoted by a square wave perturbing potential applied
over a wide range of potential windows. The development of peo, and the growth of
Pt overlayers through the potentiostatic electroreduction of hydrous Pt oxide layers,
are reported.

EXPERIMENTAL

The Pt working electrodes are microspheres grown at the tip of a Pt wire by
melting one extreme of it in an oxygen + gas torch flame [12]. The geometric areas
of the resulting polyfacetted Pt microspheres were comprised in the 0.01-0.04 cm?
range. The counter electrode was a large Pt plate of about 20 cm® geometric area
placed into a glass compartment connected directly to the rest of the cell to
minimize the ohmic drop. The potential of the working electrode was measured
against a reversible hydrogen electrode in the same electrolyte solution (HESS). The
electrolyte solution was 1 M NaOH prepared from triply distilled water and Merck
chemicals (p.a. quality). The electrode arrangement in the cell was optimized to
obtain the lowest chmic drop and the best primary potential distribution compatible
with the experiments, The electronic setup for the square wave potential treatments
and the conventional voltammetry measurements was the same as used in previous
works [7,13]. Runs were made at 25°C.

Two types of experiments were performed comprising different combinations of
perturbing potentials.

(i) Experimenits of type I mvolved the following sequence of operations. Firstly, a
repetitive triangular potential scan at 0.1 V /s, between 0.05 and 1.50 V, was applied
to the system to achieve a reproducible and stable voltammogram. The latter was
used as reference. Then, a time-symmetric repetitive square wave potential {RSWP)
treatment was applied to the working electrode in the same solution during a certain
time (¢) between lower ( £}) and upper (E,) potential limits at a frequency f. For
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this purpose the following parameters were selected: —0.1 V< E <01 V; 05

< E, <26 V; 01 kHz < f< 6 kHz. Finally, another voltammogram was run as
indicated above either in the 0.05-0.60 V range or in 0.05-1.50 V range, to follow
the changes produced by the electrochemical treatment as compared to the refer-
ence. SEM micrographs of the Pt electrode surface resulting after the electrochem-
ical treatment were obtained ex-situ in the conventional way.

(ii) Experiments of type IT were initiated by running conventional voltammetry to
obtain the reference current--potential profile as indicated for type I experiments.
Later, a thick hydrous Pt oxide layer was accumulated onto the electrode surface by
applying a symmetric RSWP with E, =23 V, E, =0V, f=0.62 kHz and =13
min. Finally, the oxide layer was electroreduced under a constant potential step set
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Fig. 1. Voltammograms run at 0.1 V/sin I M NaOH, 25° C, and SEM micrographs after 10 min RSWP
treatment (E, =19V, E, =0V, f=0.62 kHz). (a) ( ) Stabilized voltammogram run between 0.05
and 0.60 V; (------ ) unireated polyfacetted Pt microsphere. (b) Transition from the first negative
potential scan 1o the stabilized voltammogram (nm=10th cycle). (c) SEM micrograph of the treated
surface, scale: 1 pm.
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in the range 0.3 to —0.1 V, in order to produce an electroreduced Pt overlayer. The
voltammogram of the resulting Pt overlayer was obtained as indicated for type I
experiments., These data were also complemented with SEM micrographs.

Comparison of the voltammmogram resulting after the REWP treatment with the
reference voltammogram allows us to estimate both the development of a certain
degree of pco, and the relative change in the electrode roughness (R), as follows.
The degree of pco was evaluated in terms of the height ratio of the voltammetric
electrodesorption peaks related to weakly (&) and strongly (#,) bound H-adatoms.
For the reference (untreated) Pt surface, the A, /h; ratio was 0.58. On the other
hand, the value of R was determined as the charge ratio, R = Q¥ /0QH, where QY
and Q} refer to the H-adatom electrosorption charges resulting for the treated
electrode (T) and the reference one (R), respectively.

RESULTS

Type I experiments

These runs were made by applying RSWP treatments with f=0.62 kHz, E, =0
V,1.6 VS E, <235 Vand ¢=10 min. For £, <17 V, no appreciable changes in
the voltammogram of the treated sample as compared to the blank can be observed.
The blank voltammogram (Fig. 1a) in the H-adatom potential range exhibits two
pairs of approximately reversible adsorption/ desorption peaks, A}/A; and h3/h3,
with a separation in the peak potentials of about 0.12 V. However, remarkable
changes can be seen in the voltammogram of the treated Pt surface at £,=19 V
(Fig. 1a) as both R and h,/h, increase. Accordingly, after the electrochemical
treatment the value of R becomes 1.5 and the contribution of the strongly bound
H-adatom reactions is now enhanced considerably (4./h; = 1.4). Furthermore, Fig.
1b shows that only a few cycles at 0.1 V /s are necessary to attain complete
electroreduction of the O-containing surface species formed at £,=19 V. The
SEM micrograph of the resulting Pt overlayer (Fig. 1c) exhibits a rather regular
spike-like structure growing in a preferred direction. The best definition for the
spike-like type of structure emerges for £,=2.0 Vand E,=2.1 V. In this case, the
electrochemical [acetting for E, = 2.0 V becomes surprisingly clear and homoge-
neous domains appear, distributed concentricaily around one of the crystallographic
poles of the spherical microelectrode (Figs, 2b—d). The corresponding voltammo-
gram of the resulting surface shows an increase in both R and the h,/h; ratio
(R=24, h,/h, =1.6) (Fig. 2a). Otherwise, for E, = 2.1 V various domains with
different morphologies can be observed over the entire microsphere, all the domains
exhibiting a definite pco (Figs. 3b-d). Furthermore, the voltammogram of the
treated surface (Fig. 3a) shows again a considerable increase in R (R =2.1),
whereas the #,/h, ratio attains the maximum value (f,/h, =1.7) (Fig. 4). The
situation changes rather drastically, however, when E > 2.1 V. Then, the Pt
overlayers present relatively large values for the 4,/h; ratio and a dramatic increase
in R (Fig. 4). For E, =273 V, the surface of the Pt overlayer is now made up of
small sticking spherical globular structures (Fig. 5b), and the corresponding voltam-
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Fig. 4. Dependence of R and h,/h; on E, derived from stabilized voltammograms run at 0.1 V /s
between (.05 and 0.60 V in 1 M NaOH, 25°C, after 10 min RSWP treatment (E, =0 V, f = 0.62 kHz).

mogram shows a notable increase in R (R = 65) and a large value of the k,/h; ratio
(hy/h, =1.7) (Fig. 5a). It is interesting to observe that in this case the resulting
metal surface becomes very active for both molecular hydrogen evolution and
electrooxidation as large cathodic and anodic currents appear at potentials lower
than 0.2 V. This type of globular structure is much better defined for £, >23 V
(Fig. 6e) and, in this case, the increase in R becomes more significant than that of

E/V

Fig. 5. Voltammograms run at 0.1 V/sin 1 M NaOH, 25° C, and SEM micrographs after 10 min RSWP
treatment (E, =23V, E;=0V, f =062 kHz). (a)( } Stabilized voltammogram run between (.05
and 060 V; (------ ) untreated polyfacetted Pt microsphere. (b) SEM micrograph of the treated surface,
scale: 10 pm.
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Fig. 6. Vollammograms run at 0.1 V /s in 1 M NaOH, 25° C, and SEM micrographs after 10 min RSWP
treatment (E, =235V, E, =0V, f =062 kHz). (a—d) Transition from the first negative potential scan
to the stahilized voltammogram: (a) 1st cycle; (b) 55th cycle; {(¢) 110th cycle; (d) ( ) 330th cycle,
stabilized voltammogram; {- - - - - - ) untreated polyfacetted Pt microsphere. () SEM micrograph of the
treated surface, scale: 1 um.

the h,/h, ratio, the latter remaining practically constant (Fig. 4). Furthermore, for
E, =235V, potential cycling at 0.1 V /s between 0.05 and (0.6 V shows that the
complete voltammetric electroreduction of the relatively thick oxide layer formed at
E, can be achieved only after a relatively prolonged potential cycling time (Fig.
ba—d).

The characteristics of the Pt overlayer resulting from the electroreduction of this
type of oxide layer are largely dependent upon the selected electroreduction condi-
tions, as was the case for similar experiments already reported for Pt in acid
solutions [7,8,14]. The experimental data described further provide additional infor-
mation about the influence of the electroreduction conditions on the characteristics
of the Pt overlayer.
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Type I experiments

The electroreduction, at E, =03 V, of hydrous Pt oxide layers accumulated
under the following conditions: £,=23 V, E, =0V, =062 kHz, =3 min,
furnishes Pt overlayers which show a clear globular structure distributed nearly
uniformly over the entire microsphere (Fig. 7b), the corresponding value of R being
about 134 (Fig. 7a). Furthermore, the voltammogram of the treated surface also
shows an increase of the contribution of the weakly bound H-adatom reactions as
compared to the blank. Although the globular structure is maintained for other
values of E, (Fig. 7d), the value of R decreases as E, is set progressively more
negative, R reaching a value of about 30 when E, = —0.1 V (Fig. 7c). Likewise, as
E, is set stepwise more negative, the sponge-like structure becomes progressively
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Fig. 7. Voltammograms run at 0.1 v/s in 1 M NaOH, 25°C, and SEM micrographs after 3 min RSWP
treatment (E, =23V, E, =0V, f=0.62 kHz) followed by potentiostatic electroreduction at £, =0.3 V
(a,b) and E, = —0.1 V (c,d). (a,c) ( } Stabilized voltammograms run between 0.05 V and 0.6 V;
(------ ) untreated polyfacetted Pt microsphere. (b,d) SEM micrographs of the treated surfaces, scale: 10
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more compact, a fact which correlates with the trend in the decrease of the
corresponding values of R as derived from the voltammograms. Furthermore, the
voltammograms of the electroreduced Pt overlayers show an increase of the A, /k,
ratio as £, becomes more negative, i.e.,, h,/h) =06at E, =03V, and h,/h, =095
at £.=—-01V.

Runs were also made under conditions where a very thick Pt oxide layer is
formed by applying a RSWP treatment between E£,=235 V and E,=0 V at
f=0.62 kHz for +=3 min. The SEM micrographs of this oxide layer before
electroreduction show cracks, presumably produced by the vacuum treatment of the
specimens (Fig. 8a). In principle, the Pt oxide layer appears as a rather homoge-
neous layer except for the occurrence of a small number of cylindrical pits of about
5 pm diameter which are probably associated with centres which are either prefer-
entially attacked or particularly active for oxygen evolution during the positive
half-cycle of the periodic potential treatment (Fig. 8b). The thickness of this layer,
as seen in Fig. 8b, is about 10 um, and except for its outer skin, no discontinuities
can be seen in the bulk of the oxide layer. At larger magnifications the elecirode
surface shows a globular structure (Fig. 8c). When the thick oxide layer formed
under the above conditions is electroreduced at E, = (1.13 V, the SEM micrographs
of the resulting Pt overlayer show certain well defined geometric domains on the Pt
microsphere (Fig. 9b--d). The corresponding voltarnmogram of the electroreduced
Pt overlayer (Fig. 9a) shows a remarkable increase in both R (R =25} and the
h,/hy ratio, (hy/hy = 1.4).

DISCUSSION

The electrochemical facetting and roughenimng of Pt in base solutions require
firstly the accumulation of an oxide layer through the application of a RSWP
treatment, at a certain frequency within a potential range which is defined by an
upper, E,, and a lower, E,, potential limit, and subsequently, the electroreduction
of the anodic layer under controlled potential conditions. The formation of rela-
tively thick oxide layers after the RSWP treatment justifies, as a first exploratory
approach, taking the equilibrium potentials calculated from thermodynamic data of
bulk compounds as reference values, despite the fact that either the oxide layer
formation, or its electroreduction, or both processes take place under non-equi-
librium conditions (Table 1). The useful values of £, are more positive than the
equilibriumn potentials of the redox couples involving Pt oxides and hydroxides
[15,16]. It should be noted that in this case the useful values of £, are considerably
greater than those required in acid solutions, but the values of E, as well as the
RSWP frequency are not appreciably different from those already established in
acids [7,9]. Nevertheless, in the former case the optimal frequency is slightly lower
than in the latter.

The fact that the useful values of £, are positive with respect to those assembled
in Table 1, can be taken as a first indication that the electrochemical facetting and
roughening of Pt in alkaline solutions implies predominantly the participation of
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TABLE 1
Standard electrode potentials (vs. RHE) of different Pt /Pt oxide redox couples at 25°C

Reaction E°/V Reference
(DPIOH+H" +¢~ = Pt+H,0 0.85 15
(DPWO+2H +2e” =Pt+H,0 0.98 16
(3) PO, +2H" +2 e~ =PIO+H,0 1.045 16
(4 PtO, +4 H +2 e~ = Pt2* +2H,0 0.84 16

oxide electroformation / electroreduction processes rather than metal electrodissolu-
tion/ metal electrodeposition, as was the case for acid solutions [9]. Therefore, the
periodic perturbing potential should promote the formation of a hydrous Pt oxide
layer through the initial Pt/OH™ ion interaction in alkaline solutions. One should
expect that the resulting anodic layer contains an excess of OH™ ions which, besides
stabilizing the hydrous structure of the oxide layer, favours its growth through the
soluble Pt** species produced during the electroreduction half-cycle, according to
reaction (4) (Table 1), particularly when the value of E, is sufficiently positive to
make possible the formation of P(IV) species. The presence of an excess of OH ™
trapped within the hydrous Pt oxide matrix grown in alkaline solutions is consistent
with the presence of Na™ [17]. The type of oxide which is accumulated during the
electrochemical treatment can be electroreduced completely during the successive
potential cycling at low potential sweep rate covering the H-adatom potential range,
as can be seen, for instance, from the sequence of voltammograms shown in Figs. 1b
and 6a—d.

Let us first consider the possible structure of the hydrous oxide Pt layers.
According to results reported in the literature [18,19] the structure of the hydrous Pt
oxide layer accumulated during the fast perturbing potential treatment in aqueous
solutions can be described in terms of at least two different types of oxide layer. The
first layer, in contact with the metal surface, is usually a compact monolayer [17,20],
with a composition ranging from PtOH to PtO - H,0 or (O0)Pt(OH),, depending on
the preparation conditions, The second layer, which can grow to produce a thick
film, i3 considered as a hydrous, low diffraction index [21], low density material
[19,22} which has been formulated as [PtO,(OH),(H,0),]*~ or [Pt{OH))}*~ [18.19],
although there is evidence that, in turn, this thick hydrous Pt oxide layer involves
two distinguishable components, as can be seen from its potentiostatic electroreduc-
tion [8}. This is in agreement with a previous observation derived from the
electroreduction of thick acid-grown Pt oxide layers, indicating a probably heteroge-
neous structure for these layers [23]. X-ray photoelectron spectroscopy revealed that
Pt(IV) specics are present in the thick oxide layer structure formed at high
potentials [24-26). Earlier investigations of the growth of the second oxide layer in
acid media [27} have shown that the optimal £, value for it is about 2.3 V (RHE),
In this case the corresponding optimal potential window ranges from 2.1 10 2.5 V. It
has also been demonstrated clearly that the hydrous Pt oxide layer grown in alkaline
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solutions does not differ significantly in structure and composition from the
acid-grown deposit [18,19]. The composition of the thick oxide layer has been
described as essentially the anion of platinic acid, H,Pt{OH), [19], since this acid
and its salts have been characterized in the bulk state by X-ray techniques [28). In
the case of thick oxide layers formed in alkaline solutions, the first layer is
electroreduced voltammetrically at 0.6 V [18,19], whereas the thicker layer, which
appears under low f and high E_ limits as a yellow film, is not reduced above 0 V
(RHE) during the negative sweep, although part of the material existing beneath the
yellow hydrous film is presumably electroreduced at 0.25 V [19]. This result is io
some extent opposite to that found in the present work, where the electroreduction
process gives no erratic currents in the H-atom adsorption region.

On the other hand, taking into account that XPS analysis of thick and thin oxide
layers formed on Pt electrodes in sulphuric acid are characterized as P(({OH), as the
main species [29--31] in addition to the fact that XPS data even below about 24 V
also show the existence of an oxide layer which contains Pt in a lower formal
oxidation state [24,25,32,33], one can conclude that the RSWP in the optimal
frequency and potential window ranges operates according to the following reac-
tions.

Let us first consider the reactions occurring during the anodic half cycles of the
RSWP, which can be described as follows:

Pt+ OH =Pt(OH) + e~ (1)
Pt{OH) + x OH +y H,0O

=Pt{OH), z HyO+{x 1) OH +(y~z) H,0+¢" {2)
Pt{OH), -z H,0+ (x ~1) OH +{y -z} H,0

=P{OH),- (z-2)H,O0+(x—3HOH +(y-z+2)H,0+2¢" (3)

Reaction (1) implies the formation of a P({OH)} monolayer in alkaline solution.
Reaction (2) corresponds to the second oxidation stage of Pt, yielding a hydrous Pt
oxide layer containing a concentration of trapped OH™ and Na* ions lower than
that of the bulk, in agreement with XPS data {17]. Reaction (3) refers to the third
oxidation level of Pt, preducing a hydrous Pt oxide layer as in reaction (2), except
for the higher oxidation state of Pt. When the potential is held at a high positive
potential for a prolonged time, the PW{IV) species can lose water and produce
Pt(3, - 4 H,0 according to:

Pt{OH), (2 —2) H,O0 - PtQ,-4 H,0 + (z —4) H,O (4)
Pto, -4 H,0 - PtQ,- (4 - p}y H,O + p H,O (5)
Reactions (4) and (5) account for the yellowish oxide layer observed under slow
electrochemical perturbation conditions. The rate of a reaction such as (3) is
expecied to be rather slow, as it involves nucleation-and-growth mechanisms as

found for Cu and Ag oxide layers and salts [34]. Therefore, whether the hydrous Pt
oxide layer is formed by one, two or three different types of layers should depend
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on the potential perturbation conditions employed in the preparation, which would
provide different time windows for the occurrence of each reaction depending on
the corresponding rate constants. The reaction sequence (1} to (5) implies a change
in the Pt oxide to water ratio in the composition of the anodic layer which is
consistent with recent ellipsometric data [21].

On the other hand, the reactions occurring during the negative half-cycles of the
RSWP can be interpreted as follows:

Pt(OH),- (z-2) H, O+ (x—~3)OH +(y—-z+2)H,0+2e”

= Pt**(H,0); + (x +1) OH +(y — 6) H,O

=Pt(OH),-z H,0+ (x —1) OH +(y — z) H,0 (6)
Pt(OH), -z HyO+2e =Pt +2O0H +z H,0 (N

Reaction {(6) should predominate at high values of f and should contribute to the
accumulation of the oxide layer and to an increase of the amount of Pi(II) species in
the oxide layer. This reaction shows that the formation of Pt(OH), goes through a
soluble Pt** species. The latter has been detected through rotating ring-disk
electrode experiments [35], Otherwise, reactions (6) and (7) contribute simulta-
neously when the complete electroreduction of the anodic layer takes place at
potentials higher than 0 V.

Although in the present case the presence of the hexahydroxy platinic acid anion
is not completely discarded, the structure and composition suggested for the
hydrous Pt oxide layer formed under electrochemical treatment seems to be more
adequate for correlation to the surface analysis data.

The formation of the electroreduced Pt overlayer in alkaline soletions, as in the
case of acid solutions, implies a phase change which assists the transfer of Pt** ions
from the oxide layer to the metal surface and its location at the lattice. Whether this
process takes place at a constant volume or at the maximum volume change, a
rough or a smooth Pt overlayer can be produced [36]. It is also observed that as
reaction (7) takes place in the H-atom electroadsorption potential range, the {(100)
type pco should be favoured as the presence of H-adatoms on the surface impedes
the development of the highest density crystalline arrangements.
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