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ABSTRACT

The furst stages of the electrooxidation of CO previously adsorbed on polycrystalline Ptin 1 M HCIO,
at 25°C were investigated by means of the tniangularly modulated triangular potential sweep technique.
Runs were made with a Pt surface covered either partially or completely with adsorbed CO over a wide
range of frequency and amplitude of the modulating signal Reactions between the strongly and the
weakly bonded adsorbed oxygen-containing adsorbed species with the linear and the bridge forms of
adsorbed CO were followed via the voltammetric measurements. The kinetics of the various possible
processes are discussed in terms of previous results on the voltammetric electrooxidation of adsorbed CQ
and on the early stages of O-electroadsorption on Pt. CO adsorption on Pt produces a change m the
apparent electrode capacity which is interpreted in terms of the structure of the inner part of the electrical
double layer.

INTRODUCTION

The electrooxidation of CO on Pt electrodes in acid solutions is a complex
electrocatalytic process which involves the participation of several adsorbed inter-
mediates, namely different CO species and those resulting from the upd discharge of
water [1-9]. For slow voltammetric sweeps, the electrooxidation occurs at relatively
low potentials when CO readsorption is avoided [4]. Otherwise, when the Pt surface
is covered by oxygen-containing species the reaction takes place at higher positive
potentials and, under certain conditions, becomes diffusion-controlled [10]. A differ-
ent situation arises when the electrooxidation involves CO previously adsorbed on
Pt. This reaction, which is of interest because of its close relation to the electrooxida-
tion of poisons formed during the electrooxidation of organic fuels, occurs at
potentials where electroadsorbed oxygen-containing species are produced from
water. This voltammetric electrooxidation reaction appears as a complex irreversible
electrocatalytic process which depends on the electrolyte composition, the crystallo-
graphic characteristics of Pt and on temperature [11-13}. The current transients for
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this reaction are consistent with a reactant pair mechanism [3] where the heteroge-
neous chemical reaction between adsorbed CO and the surface oxygen-containing
species takes place at the edge of growing two-dimensional islands of the platinum
oxide [5]. The proper number of adsorbed reactants offers, in principle, various
alternative reactions as initial stages of the electrooxidation of CO previously
adsorbed on Pt. It is well established that there is a multiplicity of voltammetric
peaks associated with O electroadsorptions [14,15] and that adsorbed CO itself
involves a linear and a bridge structure on polycrystalline Pt [3,9,16,17].

This work furnishes new data related to possible reactions entering the reactant
pair mechanism. For this purpose the electrooxidation of CO previously adsorbed on
polycrystalline Pt was carried out in the potential range where oxygen-containing
adsorbed species are produced, by using relatively fast voltammetric sweep rates.
The electrochemical characteristics of the reaction intermediates were followed by
means of triangularly modulated voltammetry, which allows fast quasi-reversible
pseudo-capacitive processes [18-20] to be detected when proper time windows are
used. Working conditions were chosen carefully to avoid any influence of CO
readsorption during the voltammetric runs [3.9].

EXPERIMENTAL

Runs were made at 25°C in a conventional three-compartment glass electrolytic
cell. The working electrode consisted of a polycrystalline Pt wire (Johnson Matthey
Chem. Co.) of 0.471 cm? area and roughness factor of 1.6, which was treated in the
following way: (i) polishing with 0.3 pm alumina suspension in water; (ii) immersion
in hot 98% H,SO,; (iii) rinsing first in boiling water which had been distilled three
times and then in water vapour at 100°C to eliminate traces of sulphuric acid. The
counter-electrode was a Pt wire spiral of large area. A Hg/Hg,50,/H,SO, refer-
ence electrode was used. This electrode was adequately shielded to avoid ionic
diffusion from the reference electrode to the solution in the working electrode
compartment. The potentials in the text are referred to the SHE.

A 1 M HCIO, solution, prepared from 70% HCIO, (Merck p.a.) and triply
distilled water, was used as the electrolyte having a relatively small influence on
anion adsorption. The electrolyte was used either under N, saturation (blank runs)
or under CO saturation at a pressure of 1 atm.

The first part of the potential perturbation programme (Fig. 1) consisted of a
number of repetitive triangular potential scans (RTPS) between £ = —0.03 V and
E =14V at 10 V/s in order to obtain a reproducible and stable voltammogram.
This was followed by a potential step at E, during the time 7, for CO adsorption
from the electrolyte solution on the Pt electrode. The value of E_ was fixed at 0.38
V. a potential at which there was practically no interference of either H or O
adatoms on Pt. The values of 7 covered the 0—20 s range so that CO coverages in the
range 0-1 were obtained [9]. Then, the electrode was subjected to a linear potential
sweep guide from E, up to E, at the potential sweep rate v,. which was
triangularly modulated (TMTPS). The frequency of the modulating signal is given



139

Potential
m
W

Eec

Fig. 1. Potential-time programme. (I) RTPS pretreatment at 10 V /s; (II) CO adsorption period during
time 7: (I1I) voltammetric recording as shown in Figs 2, 4 and 5.

by the ratio v, /24, where v, is the potential sweep rate in V/s and A4, is the
amplitude of the modulating signal in V. TMTPS parameters were set as follows:
v,=1V/s:33V/s<v, <333 V/sand 20 mV < 4,, < 200 mV. The value of v, was
the lowest one compatible with negligible readsorption of CO during the voltammet-
ric run. The TMTPS voltammograms run in the positive direction were immediately
followed by a single linear potential scan in the reverse direction at v =10 V /s.

Experiments were carried out with two Tacussel function generators (GSATP)
coupled to a fast rise time potentiostat (Tacussel PIT 20-2X). The complex voltam-
mograms were displayed on an oscilloscope screen. Further details of the TMTPS
technique are given in refs. 18 and 19.

RESULTS
Voltammetric runs in the absence of CO

The TMTPS voltammograms of polycrystalline Pt reported in the literature in 0.5
M H,SO, [18] show that the initial stage of O electroadsorption is a reversible
process. These voltammograms depend on v,, v,,, A,, and the electrolyte composi-
tion. Therefore, the TMTPS voltammograms of Pt in 1 M HCIO, were run under
exactly the same conditions used later in the presence of CO adsorbed on Pt.

The TMTPS voltammograms run in 1 M HCIO, in the absence of adsorbed CO,
for v,=1V/s, v,=33 V/s and 4, =20 mV (Fig. 2), show a non-faradaic charge
which is nearly constant in the 0.4-0.6 V range (the double-layer region) and three
relatively fast conjugated pseudocapacitive contributions, namely one with well-de-
fined anodic (Ia) (ca. 0.84 V) and cathodic (Ic) (ca. 0.80 V) current peaks and
another two more poorly defined, whose conjugated pair of current peaks are at ca.
0.98 V (peak II) and ca. 1.27 V (peak III), respectively. These current peaks are
related to conjugated surface processes occurring in the early stages of upd discharge
of water yielding adsorbed OH and reversible adsorbed O species on a bare Pt
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Fig. 2. TMTPS profiles run from negative to positive potential obtained at ., =0. v, =1 V/s. ¢, =33
V/s. and A4, = 20 (a) and 200 mV (b).

surface site as represented by the following formal reactions [14,15,18-20]:
Pt+ H,O2Py(OH)+H"+e" (1)
P{OH)2 P{O)* + H + ¢~ (2)

where the parentheses denote adsorbed species and the asterisk an active adsorbed
oxygen atom which, during the time the potential perturbation lasts, is unable to
participate in ageing processes [21,22].

The voltammetric anodic charge, Q,. in Fig. 2a is practically equal to the
corresponding cathodic charge, O, as is expected for a reversible system under a
low A, value [19]. The value of Q, (50 pC/cm?), however, is only a fraction of that
expected for an O-electroadsorbed monolayer on polycrystalline Pt. As A4, in-
creases, peaks la and Ic move in the positive and in the negative direction,
respectively, whereas peak Ilc apparently remains at the same potential (Fig. 2b). In
this case, peak la tends towards a greater overlapping with peak Ila. and peak Ilc
becomes a shoulder of peak Ic. The gradual increase in A, allows the more
irreversible electrochemical processes occurring at higher potentials to be picked up.
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Fig. 3. Potential difference. AE,, between peaks Ia and Ic obtamned for different values of v, as a
function of 4.: v, =1 V/s. (a) 6., =0: (b) b =0.52. v, =33 (@), 50 (). 75 (4) and 100 V /s (O)

Consequently, the peak multiplicity spreads out, the overall voltammetric response
becomes more irreversible, the difference between the anodic and cathodic charges
of each modulating cycle increases, and the difference, AE,, between the potentials
of peaks Ia and Ic increases linearly with A_. independent of ¢,, as predicted by
TMTPS theory [19] (Fig. 3a). It is also noticed that as A, increases, the E /I display
of each modulating cycle shows different Al/AFE slopes associated with determined
potential ranges (time windows). This indicates the occurrence of coupled chemical
and electrochemical surface processes [19].

Voltamimetric runs with CO previously adsorbed on Pt

The voltammetric electrooxidation of CO preadsorbed on Pt in 1 M HCIO, was
performed at two degrees of surface coverage, namely 8-, = 0.52 and ., =1. CO
adsorption was realized from 1 M HCIO, under CO saturation by holding the
electrode at E = 0.38 V for 7, = 3.6 s for 6., =0.52 and for ~, =20 s for 4., =1.
The E_ and 7 values were selected from previous investigations on CO electrooxida-
tion in acid electrolytes [9,13].

A multiplicity of anodic current peaks was previously reported [9,13] in the
electrooxidation of adsorbed CO on Pt in acid when 0 < ., < 1. This result was
assigned to the presence of at least two energetically distinguishable CO reactants on
the Pt surfaces, namely a bridged CO-Pt structure, (CO)g. and a linear CO-Pt
structure (CO), . The electrooxidation potential range of (CO), is more positive than
that of (CO)y. As 8., — 1, only (CO), is found since each adsorbed CO molecule is
bonded to a single surface Pt atom [9].

The surface concentration ratio of (CO)y and (CO), can be estimated from
previously published kinetic data [9]. For .-, = 0.52, one obtains §&, = 0.34 and
6L, = 0.18, while for 6., =1, 88, =0 and 8}, = 1 are obtained.

The TMTPS voltammograms run in the presence of adsorbed CO (Fig. 4) for a
constant v, also depend on v,,, 4., and, in addition, on .. For 6., =0.52 (Fig.

g
4a), the double-layer region extends into the 0.39-0.70 V range and the irreversible
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Fig. 4. TMTPS profiles obtained after adsorption of CO for .o =0.52 (a,c) and =1 (bd). v, =1
V/s:(ab) A, =20mV, v, =33 V/s; (cd) 4,,=80 mV, v, =100 V/s.

electrooxidation of adsorbed CO begins at a potential which practically coincides
with the threshold potential of reaction (1). The irreversible process which is
assigned to the first stage of (CO)y electrooxidation is associated with the disap-
pearance of the reversible peaks of reaction (1). This is clear evidence that adsorbed
OH participates as an intermediate in the (CO), electrooxidation. When part of the
adsorbed (CO), has been oxidized the cathodic peak at ca. 0.85 V (Ic), which
characterizes reaction (1), starts to appear. Later, as the potential of the guide ramp
enters the 0.95-1.05 V range the voltammogram shows another irreversible anodic
current associated with (CO), electrooxidation, and finally, at potentials higher than
1.05 V. as the electrooxidation of adsorbed CO is completed, the TMTPS voltammo-
gram coincides with that for Pt in 1 M HCIO, in the absence of adsorbed CO.

When the TMTPS voltammograms for -, = 0.52 imply increasing values of 4,
(Fig. 4c), other possible irreversible steps following the first stage of (CQO), electro-
oxidation are detected. In this case, the current corresponding to the first electro-
oxidation stage overlaps with peak la related to the upd electrooxidation of water.
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This overlapping is revealed clearly through the dependence of AE on 4, (Fig. 3b)
at low A4,,. The negative values of AE, resulting at 4,, =20 mV indicate that when
(COy) electrooxidation is completed, the reversible electroadsorbed OH inter-
mediates are formed during the modulated cycling at more positive potentials and
are detected in the potential range which characterizes reaction (1).

The TMTPS profiles obtained for 8., =1 also depend on v, and A, (Figs.
4b-4d). For v,, = 33 V/s and A4, = 20 mV, a net irreversible anodic current appears
as a sharp peak at 0.94 V, followed by a voltammetric contour from 1.0 to 1.45 V
which is comparable to that already described in the absence of CO. However, when
v, =100 V/s and A4, =80 mV, an anodic current loop is observed as ¢, moves in
the positive direction. This loop, which is observed more clearly at relatively large
values of A4, is directly related to the establishment of reversible reaction (1) once a
fraction of the free Pt surface becomes available for this reaction.

For either 6.5 =0.52 or 8., =1, the backward shift of the voltammograms of
each modulating cycle as the guide ramp progresses appears very clearly for large 4,
values (Fig. 5). In this sense. the influence of 6, in defining the shape of the
voltammetric contour becomes relatively less important than either 4, or v,,,.
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Fig. 5. TMTPS profiles obtained after adsorption of CO for 8., = 0.52 (a) and -, =1 (b). v, =1V /s,
A, =200 mV and v, =33 V/s.
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Fig 6. Dependence of the double-layer capacity on 6, (,. Geometric electrode area = 0.471 em®.

Further interesting features of the TMTPS voltammetric profiles are also found in
the electrical double-layer potential range. The value of the electrode capacitance
estimated from the anodic to cathodic current gap in the 0.4-0.6 V range decreases
linearly with 8, (Fig. 6), and for a constant value of 8§, it is nearly independent of
the frequency of the modulating signal in the 100-2500 Hz frequency range.

DISCUSSION

TMTPS fast voltammetry data related to the electrooxidation of CO preadsorbed
on Pt indicate that the overall reaction under this condition consists of at least two
different processes with the participation of various oxygen-containing species and
forms of adsorbed CO. Each reaction takes place within a definite potential range.
These conclusions from TMTPS voltammetry were envisaged earlier through con-
ventional voltammetry [3.9]. The present data provide not only additional detailed
information about the various reactions but also some quantitative data about the
mean half-life time of the reacting species, as discussed below. For a rational
discussion of the results it is convenient first to consider those obtained in the
absence of adsorbed CO, in order to distinguish the possible existence of weakly and
strongly bound oxygen-containing species on polycrystalline Pt, and second to
consider their participation in an adsorbed reactant pair type mechanism in the
electrooxidation reaction of adsorbed CO.

The reversible electroadsorption / electrodesorption of oxygen-contaiming species

At low 4, . TMTPS voltammetry shows at least three reversible pairs of peaks
(Ia/Ic. Ila/1lc and Illa/Illc) (Fig. 2a) in the 0.7-1.3 V range. As A, increases, a
change in the slope of each modulating cycle and the overlapping of peaks la and 11a
are observed. Likewise, when the time spent during each modulating cycle (A4, /v,,)
is greater than 2.5 10" % s, the reversible couple at ca. 0.98 V defined as peak
Ia/IIa is no longer detected.

The voltammetric peak multiplicity in the 0.8-1.0 V range can be assigned to
distinguishable strongly bonded (OH), and a weakly bonded (OH), species on
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polycrystalline Pt, as is the case for H-adatom electroadsorption /electrodesorption
[23-25]. From the present results and those reported earlier in the literature, one can
conclude that the distribution of peaks la and Ila depends on the electrolyte
composition in a way which, to some extent, is similar to that corresponding to H
electroadsorption on polycrystalline Pt. This suggests that the type of electroad-
sorbed species prevailing on a particular crystallographic plane is determined
principally by the initial H,O /Pt adsorption configuration [26-28].

On the other hand. the conjugated current peaks Illa/Illc are assigned to the
reversible O-electroadsorbed species [21]. The latter undergoes ageing processes
under conventional low potential sweep rate voltammetry [21,22].

The fast voltammetric electrooxidation of adsorbed CO on polvcrvstalime Pt

From previous work [9.13] it is known that two forms of adsorbed CO on Pt can
be distinguished voltammetrically, namely, the bridge (CO)y and linear (CO),
forms. In conventional voltammetry these adsorbed CO species are electrooxidized
in the 0.8-1.1 V range. The electrooxidation of both CO species is expressed by the
following overall fast irreversible reaction:

[Pt] (CO)+P(OH) = (x+1) Pt+CO, + H' + e~ {3)

where x =1 for (CO)_ species and x = 2 for (CO),, species.

When the Pt surface is partially covered by adsorbed CO the electrooxidation
reaction begins as soon as Pt(OH)_ is formed and immediately consumed through a
two-adsorbed-species reaction (Figs. 4a and 4b). As (CQO), is depleted, then the
cathodic current contribution related to reaction (1) appears only when the potential
of the guide ramp reaches that of the current peak associated with the electrooxida-
tion of (CO); (Fig. 4c). This is direct evidence that (CO), electrooxidation proceeds
via P{OH)_, according to the reaction:

[Pt],{CO)y + [Pt](OH), — [Pt], +[Pt].+ CO, + HF + ¢~ (4)

where the brackets denote reacting sites at the Pt surface and the parentheses
indicate adsorbed species. Reaction (4) involving two adsorbed species is consistent
with data from open-circuit measurements, where it was found that the open-circuit
reduction of P{O) species is enhanced by the presence of adsorbed CO [29]. and
with gas phase results, where it was demonstrated that O-adsorbed species cannot
co-exist with adsorbed CO species unless 8., < 0.03 {30].

The cathodic pseudo-capacitance maximum, (C,, )y = 1;./8,,. reflects the capabil-
ity of (OH)_ species to follow the modulating signal. In order to evaluate the amount
of adsorbed OH which is able to follow the potential modulation in the presence of
adsorbed CO, (C,4)y vs. 2, plots were considered. A linear (C )y vs. In ¢,
relationship was found (Fig. 7) for both 6., =0 and 8., = 0.52. The straight lines
have different slopes but a common intersection point at 7, =1.1 x 10°% 5. The
extrapolated value of ¢, corresponding to (C,4),, =0 must be related to the
minimum time to produce a detectable amount of adsorbed (OH), species. The slope



Fig 7. Maximum adsorption pseudo-capacitance of peak Ic (calculated as I, /v,) vs t,=A4, /¢,
plotted for 8., = 0 (filled symbols) and for 8, = 0.52 (open symbols). ¢, =33 (O). 50 (O), 75 () and
100 V/s ().

of the straight line varies inversely with the amount of adsorbed CO, as expected for
a chemical surface reaction consuming the intermediate which follows the potential
modulation.

The TMTPS voltammograms run at 8., = 0.52 also show the electrooxidation of

(CO), species in the potential range where the reversible couple assigned to peak
Ila/Ilc in the blank is observed. This means that (CO), electrooxidation proceeds
via Pt{OH),, intermediates according to the reaction:
[Pt](CO), +[Pt](OH), — [Pt] +[Pt], + CO, + H + e~ (5)
In this case, once the guide ramp exceeds the potential range of (CO), electrooxida-
tion, the TMTPS becomes coincident with that of the blank unless 4, is sufficiently
large to detect reaction (1) occurring at low overpotentials.

The TMTPS voltammetric response for 6., =1 indicates that a single CO
adsorbed species, namely (CO), ., participates in the initial reaction. In this case, a
large overpotential is required to start CO electrooxidation since there are probably
very few Pt sites available for Pt(OH) formation. It is probable that the initial
reaction proceeds via a denucleation mechanism, that is, once a single Pt(OH) is
formed it reacts with the nearest (CO), according to reaction (5), hence creating two
free Pt sites, which in turn are able to form (OH) species.

No evidence of adsorbed CO conversion from the B form to the L form as the
reaction proceeds is noticed. This reaction appears as a very slow process in the time
scale of the present experiments in agreement with results reported earlier [9].

It is also clear that the presence of adsorbed CO decreases the capacity (Cj,) of
the electrical double layer considerably. This change can be exclusively assigned to
the inner part of the double layer structure. Provided that the values of Cj, which
appear to be almost independent of the applied potential in the 0.38-0.65 V range,
are given by the equation C, =¢,/47d (where ¢, is the dielectric constant at the
inner part of the double layer, and d corresponds to the distance between the planes
defining the condenser associated with it), the decrease in C}, can be assigned either
to a decrease in €, or an increase in d. The constant capacity observed for a constant
8., value at frequencies greater than 100 Hz suggests that the dependence of C;; on
8., is probably related to changes in .
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In conclusion, TMTPS voltammetry applied to the electrooxidation of CO
previously adsorbed on polycrystalline Pt in acid shows that the first stage in the
electrooxidation process requires OH electroformation from water. Two adsorbed
states of OH species related to the configurations of the water molecules at the
various crystallographic planes of Pt participate in the overall reaction. Depending
on the value of 8., two different forms of adsorbed CO must also be considered 1n
the electrooxidation process. Therefore, reactions between strongly and weakly
bonded adsorbed OH with the linear and the bridge forms of adsorbed CO are
distinguished voltammetrically. These results confirm the previous finding on the
mechanism of the voltammetric electrooxidation of adsorbed CO in the absence of
readsorption of CO from the solution, and contribute to an understanding of the
initial large anodic polarization of the reaction.
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