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ABSTRACT 

The development of preferred ortented (PO) platmum surfaces. etther [(lOO)poPt] or [(lll)poPt], m 

acid soluttons results from the contributions of electroadsorptton/electrodesorption processes and 

electrodissolutron/electrodeposition of platinum. In the case of [(lOO)poPt], the overall reaction tmphes 

no appreciable roughemng, whereas for [(lll)poPt] the voltammetrtc charge increases slightly after the 

preferred orientation treatment. Runs were made wtth pertodtc potential scans, either triangular or 

rectangular, under condttions corresponding to the optimal condttions for development of the [(lOO)poPt] 

and [(lll)poPt] surfaces. The amount of net soluble platinum as determined by chemtcal analysts 

increases linearly wtth the duration of the periodic potential perturbation applied to the platinum 

polycrystallme electrode. The net amount of dissolved platinum produced at perturbation frequencies 

required for the development of the preferred orientation is nearly two orders of magmtudes smaller than 

that found under conventtonal tnangular potential voltammetry. The results offer the posstbihty of 

mterpretmg the electrochemical faceting of platinum electrodes in actd electrolytes. 

INTRODUCTION 

In the last decade numerous publications have dealt with voltammetric tech- 
niques used extensively to study electroadsorption and electrodesorption of different 
species on noble metal electrodes but in most of these works relatively little 
attention has been concentrated on changes in the electrode surface structure caused 
by both the different electroadsorption/electrodesorption processes taking place 
during the potential scanning and the proper electrodissolution of the base metal. 

Early radiochemical data [1,2] showed that the steady-state rate of platinum 
dissolution is approximately equal in various inorganic acids. The approximate 
current density value at 1.0 V was estimated as lop9 A/cm’. The rate of the reaction 
decreased with time at constant potential, presumably because of the adsorption of 
oxygen. A much greater rate of electrodissolution was found under periodic poten- 
tial perturbation techniques covering the potential range where there was no 
equilibrium coverage of adsorbed oxygen [3,4]. 
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The electrodissolution of platinum in perchloric and sulphuric acid solutions was 

also studied by applying the RRDE technique [4]. The potential of the platinum 
disk was cycled between 0.45 and 1.45 V, and gold or platinum rings, held at various 
potentials, were used to monitor any formation of soluble species. The quantity of 
metal in solution amounted to 4.5 x 10M3 pg/cm2 per cycle. 

The potential cycling of a platinum electrode between 0.41 and 1.46 V in 1 M 
sulphuric acid dissolves 30 PC/cm’ on each 40 mV/s per cycle [3]. This amounts to 
an average electrodissolution current of 4 X 10p7A/cm2 that is nearly two orders of 
magnitude greater than in the steady state, despite the fact that the electrode is at 
potentials below the corrosion region for most of the cycle. In this case, the quantity 
of metal in solution is 5.5 X 1O-3 pg cm-’ cycle-‘. a figure which compares 
favourably with the one reported above [4]. The anodic to cathodic charge dif- 
ference (Q, - Q,) on repetitive triangular potential cycling for platinum electrodes 
can be explained by metal electrodissolution. The charge of the latter amounts to 1% 
of the total anodic charge passed in the oxygen adsorption region. 

There is convincing evidence that there are changes in the surface topography 
brought about by anodic-cathodic treatments of platinum electrodes. Generally 

there is roughening of the surface of platinum wires and foils, but smoothing has 
also been reported for the application of some potential programmes. even for 
nominally smooth platinum electrodes [5,6]. Roughening has been explained in 
terms of the redistribution of surface metal atoms brought about by forming and 
breaking Pt-0 bonds. It takes place only when more than one oxygen atom is 
associated with each surface platinum atom on the anodic step [6]. Ellipsometric 
data [7] suggest that the second adsorbed oxygen resides below the uppermost layer 
of platinum atoms, which would aid reconstruction of the surface on desorption. 
More recently, electrodissolution, roughening and sintering effects were found for 
palladium in acid by using RRDE [8] and thin-layer techniques [9] at relatively low 

voltammetric sweep rates. It should be noted that surface metal roughening due to 
adsorption has also been established in gas-phase studies [lo]. 

Despite the data presented above, there has been no extensive study on the 
influence of the characteristics of the potential sweep on the rate of electrodissolu- 
tion of metals under a periodically changing potential. The matter appears very 
attractive as it may become relevant for an understanding of the mechanism 
associated with both roughening and preferred crystallographic orientation of noble 
metals in acids promoted by fast periodic potential perturbations [ll-141. The three 
effects. namely. sintering. roughening and preferred orientation, are observed at 
different frequency windows of the periodic potential perturbation [6,11]. Preferred 
orientation of polycrystalline platinum, particularly the development of the (100) 
preferred oriented surface, implies practically no roughening [ll-141. 

This paper attempts to evaluate the net amount of soluble platinum produced in 
acid from a polycrystalline platinum electrode perturbed by either a fast triangular 
or square-wave potential signal under the optimal conditions. reported recently [14], 
required to transform the polycrystalline platinum electrode surface into either a 
(100) preferred oriented platinum [(lOO)poPt] or a (111) preferred oriented platinum 
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[(lll)poPt] electrode surface. In addition, these results offer the possibility of 

interpreting the initial stage of the preferred orientation effect and its propagation 
into the “bulk” of the metal, to such an extent that surface faceting patterns can be 
observed by SEM at a relatively low magnification [13]. 

EXPERIMENTAL 

The electrochemical cell consisted of two glass compartments. One of them was a 
cylindrical compartment of ca. 10 cm3 to house the working electrode and the 
counter-electrode. The second compartment was used to place the reference elec- 
trode. The working electrode was made of a polycrystalline platinum wire (Johnson 
Matthey, Specpure grade) of apparent area ranging from 0.16 to 0.33 cm’. The 
electrode tip was sealed in a small glass bead to assure a good current distribution. 
The working electrode was electropolished as indicated elsewhere [12] and stored in 
Milli Q water until use. A large-area graphite (National, spectroscopically pure) 
counter-electrode was placed parallel to the working electrode to minimize ohmic 
drop effect. A reversible hydrogen electrode (RHE) in the same electrolyte solution 
(1 M H,SO,) was employed as the reference. Potentials in the text are referred to 
the RHE scale. Runs were made at 25°C in 1.0 M H,SO, prepared from 98% 
H,SO, (Merck, p.a.) and Milli Q water. 

The experimental procedure consisted of three stages: (i) application of the fast 
periodic potential perturbation to the polycrystalline platinum electrode immersed 
in 1 M H,S04 to develop the preferred orientation and to accumulate soluble 
platinum species in the electrolyte solution; (ii) voltammetric characterization of the 
preferred oriented surface after stage (i) at 0.1 V/s in fresh 1 M H,SO, within the 
H-adatom electroadsorption/electrodesorption potential range; (iii) chemical analy- 
sis of soluble platinum accumulated in the electrolyte solution. 

The following periodic potential signals were applied to the polycrystalline 
platinum electrode during a certain length of time t: (i) repetitive triangular 
potential scanning (RTPS) in the 0.05-1.45 V range at 3.57 kHz; (ii) RTPS in the 
0.55-1.35 V range at 3.00 kHz; (iii) repetitive square-wave potential scanning 
(RSWPS) in the 0.21L1.28 V range at 4.00 kHz; (iv) RSWPS in the 0.70-1.40 V 
range at 3.00 kHz. Conditions (i) and (iii) favour the development of [(loo) poPt]. 
whereas conditions (ii) and (iv) promote [(lll)poPt] [11,12,14]. For RSWPS, the 
duration 7, and 7U of the lower (E,) and the upper (E,) potential limits, respec- 
tively, were adjusted as convenient. Most of the runs correspond to symmetric 
periodic potential perturbations, but runs involving application of asymmetric 
periodic perturbations, using ~,/7, ratios equal to 3.00 and 0.33 at 3.12 kHz, were 
also made. 

The net amount of soluble platinum produced during the fast potential scanning 
was determined spectrophotometrically by firstly oxidizing all soluble platinum to 
Pt(IV) with bromine and secondly reacting it with SnCl, solution [15,16]. Analytical 
data were obtained in triplicate for the duration of the fast periodic potential 
perturbation comprising between 5 and 120 min. Evaluation of the amount of any 
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possible platinum electrodeposited on the graphite counter-electrode was done by 
dissolving the deposit in aqua regia and following the same analytical procedure. 
Under the experimental conditions of the present work, this correction was less than 
5%. a figure which is smaller than the reproducibility of results. p’articularly those 
obtained at the lower soluble platinum concentrations. 

For the sake of comparison and in order to check the analytical procedure, runs 
were also made to evaluate the amount of soluble platinum produced under 
conventional voltammetry at a low potential sweep rate. namely, 0.040 V/s, 
approaching the conditions already reported in the literature [3]. 

RESULTS 

The voltammograms resulting after applying the symmetric fast periodic per- 
turbation treatment to the polycrystalline platinum electrodes (Figs. 1 and 2) are 
similar to those already reported for either [(lOO)poPt] or [(lll)poPt] in 1 M H,SO, 
at 0.1 V/s [ll-141. Furthermore, the first negative scan corresponding to the 

development of [(lll)poPt] shows a large cathodic current peak at 0.1-0.3 V, 
probably related to the electroreduction of a surface oxide [17.18], which distorts the 
H-electroadsorption current peaks (Fig. 2). The second potential scan approaches 
the stabilized voltammetric response of [(lll)poPt] in 1 M H2S0, at 0.1 V/s. 

The integral amount of soluble platinum per unit electrode area and per cycle 
( mpt) found in the electrolyte solution after applying the different periodic potential 
perturbations is summarized in Table 1. For a particular set of experiments, the 

Fig. 1. Voltammograms run at 0.1 V/s in 1 M H,SO, at 25°C. (- ) After 2 h RSWPS at 4.00 kHz 

between 0.21 and 1.28 V; (1) and (3) denote the first and thud cycles, respectively. (- - -) 

Electropohshed polycrystalhne electrode. 

Fig. 2. Voltammograms run at 0.1 V/s m 1 M H,SO, at 25’C. (- ) After 30 min RSWPS at 3.00 

kHz between 0.70 and 1.40 V; (1) and (3) denote the first and third cycles, respectively. (- - -) 
Electropolished polycrystalline electrode. 
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TABLE 1 

Amount of soluble platinum per cycle under different potenttal perturbation conditions 

Preferred 

orientation 

(100) 

(111) 

Potential 

perturbation 

RTPS 

RSWPS 

RTPS 

RSWPS 

Time/mm 

5 

15 

30 

60 

120 

15 

60 

120 

30 

30 

LO6 mpt/ 

PLg cm -2 cycle-’ 

0 

7 i3 

11 &2 

14 +2 

13 &2 

2.5 + 1.7 

1.5+0.4 

1.3kO.3 

11 +6 

13 +4 

value of mpt is about 10-5-10-6 pg cme2 cycle-’ and is approximately indepen- 
dent of t. Under symmetric potential perturbation conditions, either RTPS or 
RSWPS, which promote [(lOO)poPt], mpt increases linearly with t (Fig. 3). The 

values of mpt resulting under different potential perturbation conditions are given 
in Table 2. 

Voltammetric runs at 0.1 V/s in 1 M H,SO, were also made after applying 
asymmetric RSWPS, which promotes the [(lOO)poPt] surface. Thus, for E, = 0.25 V, 
E, = 1.25 V, f = 3.12 kHz and t = 30 min, either for r,,/r, = 3.00 or rJr, = 0.33, the 
voltammograms of the resulting surfaces run at 0.1 V/s show no appreciable 
changes with respect to those depicted in Fig. 1, except for a less remarkable 
development of the preferred orientation. However, after the RSWPS treatment for 
7”/7, = 3.00, nzpt is ca. 50 times greater than that corresponding to the symmetric 
RSWPS (Table 3). Otherwise, when TJT, = 0.33, no soluble platinum was detected 
in solution. 

60- I 1 

? 
!ij 40- 

3 
9 I 

; 20- 

P 

o_, 9 
! P 
I 1 I. 

0 40 80 
t/mln 

120 

Fig. 3. Amount of dissolved platinum against the duration of the potential perturbation. (0) RTPS 
(E, = 0.05 V. E, =1.45 V, f= 3.57 kHz). (0) RSWPS (E, = 0.21 V, E, =1.28 V. f= 4.00 kHz). 
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TABLE 3 

Dependence of the amount of soluble platmum on the symmetry of the RSWPS d 

Upper and lower 

potenttal hmits 

E, =1.25 V 3.00 189k12 

1.00 4+ 1 

E, = 0.25 V 0.33 0 

E, =1.40 V 3.00 lo* 4 

1 .oo 23+ 7 

E, = 0.70 v 0.33 72+ 8 

’ RSWPS charactenstics: f = 3.12 kHz; I = 30 mm. Working electrode area = 0.33 cm’. 

On the other hand, for RSWPS conditions which favour the development of 
[(lll)poPt], the voltammetric response at 0.1 V/s is remarkably dependent on the 
symmetry of the potential perturbation signal. Thus, for E, = 0.7 V, E, = 1.4 V, 
f= 3.12 kHz, t = 30 min and r,,/~, = 3.00, the voltammogram of the resulting 
surface (Fig. 4) shows a decrease in the development of [(lll)poPt] as compared to 
that obtained under a comparable symmetric RSWPS (Fig. 2). In this case, no 

appreciable change in the roughness of the resulting surface is noticed, and mpt is 
lower than that found for a comparable symmetric RSWPS (Table 3). 

0 02 0.4 0.6 0 0.2 
E/v 

OL 0.6 
E/v 

Fig. 4. Voltammograms run at 0.1 V/s in 1 M H2S0, at 25’C. (- ) After 30 min asymmetrtc 

RSWPS (T”/T, = 3) at 3.12 kHz between 0.70 and 1.40 V. (- ~ -) Electropohshed crystallme 

electrode. 

Fig. 5. Voltammograms run at 0.1 V/s m 1 M HISO, at 25°C. ( -) After 30 mm asymmetrtc 
RSWPS (7”/7, = 0.33) at 3.12 kHz between 0.70 and 1.40 V: (1) and (2) denote the ftrst and second 

cycles. respecttvely (- - -_) Electropolished polycrystallme electrode. 



286 

Likewise. for an asymmetric RSWPS with E, = 0.7 V, E, = 1.4 V. f = 3.12 kHz, 

t = 30 min but Q-,/T, = 0.33, the voltammogram at 0.1 V/s run afterwards exhibits 

additional distinctive features (Fig. 5). Thus, the first negative scan shows a large 
cathodic current peak at ca. 0.3 V which masks the current peak corresponding to 
the strongly adsorbed hydrogen [17.18], but the second potential scan approaches 
the stabilized voltammetric response of [(lll)poPt]. In this case, an appreciable 
increase in the voltammetric charge as compared to that of the initial polycrystalline 
platinum electrode is observed, and the value of r?z pt is higher than that found under 
comparable conditions using the symmetric perturbation. 

DISCUSSION 

The lower and upper potential limits of the fast potential perturbations which 

produce either [(lOO)poPt] or [(lll)poPt] surfaces are located at the negative and at 
the positive potential sides, respectively, of the equilibrium potential of the follow- 

ing reactions: 

Pt” + 2 e- ti Pt E; = 1.19 V (1) 

Pt(OH) + H+ + e- * Pt + Hz0 E; = 0.85 V (2) 

Pt(OH)2+2H++2e-ePt+2H,0 E,“=O.98V (3) 

PtO, + 2 H+ + 2 em G Pt(OH)? E4” = 1.10 V (4) 

PtOl + 4 Hf + 2 e- s Pt’+ + 2 H,O E; = 0.84 V (5) 

Pt0,+4Hf+4 e-F?Pt+2H10 Et = 1.04 V (6) 

Despite the fact that the experiments were run under a relatively high frequency 
treatment far from equilibrium, the above-mentioned redox potentials were consid- 
ered. as a first approximation. as operational values. The potential value of reaction 
(1) is shtfted to less positive values when the dissolved ion is complexed, so that the 
metal is inherently less stable [19]. Reaction (2) is the initial reversible stage of 

platinum surface electrooxidation yielding adsorbed OH species from the upd 
discharge of water [20], the corresponding ET value being estimated from triangu- 
larly modulated voltammetry [21]. The potentials EP and Ei are calculated from 
thermodynamic data of the bulk species [22.23]. The value of Et is taken from 
literature [19] and El is estimated from reactions (3) and (5). 

The equilibrium potential values of reactions (l)-(6) indicate that within the 
potential range of the fast periodic potential perturbation, redox processes associ- 
ated with different oxidation states of platinum are thermodynamically possible. 
Furthermore, the formation of soluble platinum may imply a series of reactions 
similar to those usually reported in simple metallic corrosion in acid electrolytes: 

Pt + HZ0 = Pt(OH) + H+ + e- (7a) 

Pt(OH) --) Pt(OH)++ e- (7b) 

Pt(OH) + + H++ Pt” + H,O (7c) 
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Soluble platinum either as Pt(I1) or Pt(IV) may result from the hydrous hydroxide 

and oxides involved in reactions (3) and (4)-(6) according to: 

Pt(OH), + 2 H+ + Pt2+ + 2 H,O (8) 

and 

PtO, + 4 H+ + Pt4+ + 2 H,O (9) 

The Pt(I1) and Pt(IV) species may exist as complex ions. The amount of soluble 
Pt(I1) and Pt(IV) and their relative concentrations can be estimated from the 
corresponding equilibrium constants. 

Reactions such as (3)-(5) have been considered to explain the roughening of 
platinum electrodes under repetitive potential perturbations at relatively low fre- 
quencies [5,6,24]. The excess charge (Q, - Q,) was assigned to loss of PtO from the 
surface to the solution phase [5,6]. The importance of platinum dissolution and 
redeposition in the process of roughening of platinum electrodes on potential 
cycling has also been demonstrated [24]. In any anodic-cathodic treatment, metal 
dissolves anodically and a fraction of it is redeposited on the cathodic step. This 
process is equivalent to surface evaporation and selective condensation and is 
expected to produce a clean, fresh metal surface [24]. It should be noted that neither 
roughening nor sintering has been observed as significant effects in the frequency 
range where the preferred orientation effects are produced [II]. 

During the development of the preferred oriented platinum surfaces for symmet- 
ric perturbations. the amount of metal going into solution per cycle is remarkably 
less, by about 2-3 orders of magnitude, than that reported during RTPS at 0.04 V/s 
[3,4]. This decrease in the amount of net electrodissolution of platinum per cycle 
under fast symmetric potential perturbations suggests that the local electrodissolu- 
tion/electrodeposition processes occur very fast. Accordingly, it is possible to 
estimate the root mean square displacement, a, of dissolved ionic platinum species 
from the metal surface at E, during the time T,, through the equation 3 = (2D7, )’ ’ 
= (207,)1’2 [25] (Table 2). For RTPS, rU is taken as the time for which the applied 
potential exceeds 1.1 V and 7, is taken as the time for which the applied potential is 
more negative than 0.4 V. The value of D was estimated as 5 x lop6 cm’/s because 
neither Pt(II) nor Pt(IV) soluble species nor their concentrations during cycling are 
known. and no experimental value of D for those species was found in the 
literature. 

From the small value of & it is inferred that under RSWPS most of the platinum 
dissolved at E, is impeded to diffuse out to the bulk solution and. therefore. it is 
redeposited during the negative half-cycle at E,. For the same E, and E, values. the 
x/m,, ratio turns out to be approximately frequency-independent. 

From the influence of the mass transport rate on the electrochemical reaction. the 
ac modulation of the applied potential implies a decrease in the average thickness. 
6,. of the Nernst diffusion layer which is directly proportional to the square of the 
period of the ac signal [26]. The decrease in the value of 6, favours the develop- 
ment of smooth metal electrodeposits. 
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The dependence of mpt on T”/T, depends on whether the [(lOO)poPt] or the 
[(lll)poPt] surface is obtained, namely on the E, and E, values at the optimal 
frequency (Table 3). In the development of [(lOO)poPt], as the 7,/r, ratio increases 
mpt increases. This means a larger amount of soluble platinum species goes into the 
solution as 7, > 7,. presumably because the perturbation conditions in this case 
imply practically no hydrous oxide phase formation. Conversely, in the development 
of [( 111 )poPt], ~lzr, decreases as the T,/T, ratio increases. There is a correlation 
between the decrease m nzpt and the decrease in the voltammetric electroreduction 
charge found after the RSWPS treatments, at ca. 0.3 V in the first scan (Figs. 2, 4 
and 5). This suggests that for 7, > 7” the asymmetric perturbation favours the 
roughening of the surface through the formation of a hydrous oxide layer. 

It is already known that the presence of irreversibly adsorbed oxygen atoms 
(aged electroadsorbed oxygen atom) slows down the electrodissolution of the base 
metal. This type of adsorbed oxygen-containing species is unlikely to be formed in 
the working potential range under the fast RTPS: instead, the reactive oxygen- 
containing species participates in the overall process. This means that platinum 
electrodissolution and electrodeposition are facilitated as each potential scan covers 
positive and negative potentials with respect to that of the reversible Pt/Pt(II) redox 
system. 

On the basis of the present discussion it is unlikely that the mechanisms proposed 
for platinum roughening can be straightforwardly applied to explain the effect of 
preferred orientation. Thus, the first mechanism [3] postulated that platinum 
dissolution may proceed either by direct dissolution of the metal: 

Pt + Pt’+ + 2 e- 

or via an intermediate surface oxygen species, e.g.: 

(10) 

Pt + Hz0 + [PtO]* + 2 H+ + 2 e- (loa) 

[PtO]* + 2 H+ + Pt2+ + H,O (lob) 

and the complementary electrodeposition should occur in the reverse direction. This 
mechanism explains why adsorbed oxygen inhibits dissolution, but it ignores the 
formation of the adsorbed OH species which plays a critical role in the initiation of 
the process of development of preferred orientation and of H adatoms in defining 
the type of prevailing preferred orientation [27,28]. The distinction between ad- 
sorbed OH, active adsorbed 0 and aged 0 species is necessary in order to 
understand the initiation of the process. 

Another mechanism for roughening is based on the reaction 

PtO, + 4 H’ + 2 e- + Pt’+ + 2 H,O (11) 

but the corresponding argument both for roughening and preferred orientation is 
weakened by the fact that the oxygen layer on Pt cannot be identified with a phase 
oxide having the thermodynamic properties of PtO, [4]. Nevertheless, it is likely that 
when conditions. such as those involving a relatively high positive upper potential 
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limit in the fast periodic potential perturbation, are chosen so as to enhance the 
(111) preferred orientation [17], reaction (11) may also become increasingly im- 

portant in the development of preferred orientation. 
The present results and those reported previously indicate that the initiation and 

propagation of faceting of polycrystalline surface comprise the electroadsorption/e- 
le~trodesorption of OH and 0 species. the electrodissolution/electrocrystallization 
of platinum, the electroadsorption/electrodeso~tion of H adatoms and, at high 
positive upper potential limits. the electroformation of a hydrous oxide species 
(PtO,?) and its partial or complete electroreduction at the lower potential limit. 

The mechanism of the electrochemical faceting can be summarized as follows. 
During the positive half-cycle the first electrooxidation step comprises electroad- 
sorption reactions at active sites of the platinum surface. probably at grain 
boundaries and mechanically produced defects, yielding OH adsorbed species, and 
simultaneously shifting the platinum atoms from their initial positions at the lattice. 

The following electrooxidation reaction may produce non-aged adsorbed 0 atoms 
on the same sites. The propagation stage implies the formation of soluble platinum 
species through ionic equilibria involving different species such as Pt(OH),, and 
Pt(OH)+ and leaving fresh sites for the continuation of the ele~troadso~tion 
reaction. 

During the negative half-cycle the reverse reactions are accompanied by the 
reaccommodation of platinum atoms in the metal lattice. The presence or absence of 
H-adatom electroformation during the negative stage presumably defines the type of 
faceting achieved by the electrochemical fast periodic perturbation treatments. 

In this context one would expect that the difference in the potential of zero 
charge (E,,,) of the different crystallographic planes of the polycrystalline metal 
should play a decisive role in defining the relative contribution of each process 
involved in the electrochemical faceting, as is discussed in a forthcoming publication 
[29]. Unfortunately, in this respect there are no data available to verify the influence 
of E,,=, on the preferred orientation of pol~~crystalline platinum by fast periodic 
potential perturbations. 
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