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CO adsorption and desorption (“stripping”’) on Pt(111) elec-
trodes modified by irreversibly adsorbed bismuth have been stud-
ied. The presence of CO adsorbed on the Bi-Pt(111) electrode
modifies the redox peak of the adsorbed bismuth, suggesting the
presence of a CO-Bi mixed adlayer. Using the CO stripping charge
after appropriate correction, the values of CO coverage for the
different bismuth coverages were calculated, as well as the propor-
tions of linear and bridged-bonded CO. Unlike in UHV environ-
ments, the presence of bismuth on the surface favors the linear
configuration of the adsorbed CO. At @y = 0.15, the CO popula-
tion is almost entirely constituted linear CO, regardless of the CO
coverage. Transient CO stripping demonstrates that the presence
of bismuth on the surface enhances CO oxidation through bismuth-

mediated oxygen transfer. ¢ 1995 Academic Press, Inc.

INTRODUCTION

Carbon monoxide is a small molecule that adsorbs on
many different metal surfaces. Because of its simplicity,
it can be considered as a test molecule for adsorption. In
UHYV, this molecule has been widely studied both on
unmodified Pt(111) surfaces (1-6) and on adatom-modified
Pt(111) surfaces (7, 8). Interest in the behavior of this
molecule in electrochemical environments has arisen only
recently, when electrode preparation techniques suitable
for bare single-crystal electrodes (9) and modified single
crystals were developed (10).

On Pt(111) electrodes, the CO molecule can adsorb
mainly in two different configurations; namely either in
alinear form, in which the CO molecule is bonded through
the carbon atom to one platinum atom, or in a bridged-
bonded configuration, in which the molecule is bonded
to two adjacent platinum atoms (11-16). In addition,
multibonded CO has also been detected for saturation CO
coverages and electrode potentials near hydrogen evolu-
tion (15, 17). In situ IR studies have demonstrated that
the ratio between the populations of the different configu-
rations depends on the CO coverage and potential (13,
15). For instance, a transformation from multibonded CO
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to bridge-bonded CO is observed as the electrode poten-
tial moves from 0.1 to 0.4 V (15).

On the other hand, Pt(111) electrodes can be easily
modified by bismuth, using the irreversible adsorption
dosing technique (10). This method provides bismuth-
modified electrodes with different bismuth surface con-
centrations, whose bismuth coverage can be calculated
using electrochemical methods. The maximum stable cov-
erage attainable with this technique is 0.33 (10), but higher
coverages can be achieved (18, 19). Using these modified
electrodes, the oxidation of formic acid (20) and methanol
(21) and poison formation from formic acid and methanol
(22) have been studied.

To our knowledge, only one study has previously been
made of CO adsorption on bismuth-modified Pt(111) elec-
trodes in perchloric acid medium (23). In this work, in
which CO adsorption was studied using in situ Fourier
transform infrared (FTIR) spectroscopy, it was found that
at the highest bismuth coverage studied (0.21), CO is
adsorbed almost exclusively as linearly bonded CO, irre-
spective of the CO coverage. Based on variations in CO
absorbance and in the relative populations of linear and
bridged-bonded CO with the bismuth coverage, a micro-
scopically mixed structure for the CO-Bi adlayer was pro-
posed.

In the present work, CO adsorption and oxidation have
been studied on Pt(111) electrodes with bismuth cover-
ages ranging between 0 and 0.33, using purely electro-
chemical methods. The vaniations in the voltammetric
profile of the modified electrode allow the influence of
CO in the bismuth adlayer to be determined and a possible
structure for the CO-Bi adlayer to be proposed. The CO
stripping charge after appropriate corrections (24) serves
to calculate CO coverages and the relative populations of
the CO configurations. In this correction, the bismuth
oxidation charge and the charge of the unusual states (the
voltammetric features that appear between 0.3 and 0.5 on
unmodified Pt(111) electrodes (25)) have been subtracted
from the uncorrected CO oxidation charge. Comparison
with the IR results (23) has been useful to verify the
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electrochemical method of CO coverage calculation. Fi-
nally, the influence of surface bismuth on the CO oxida-
tion kinetics has also been studied.

METHODS

Pt(111) electrodes have been oriented within +3', cut
and polished down to 0.25 um with diamond paste from
small single crystal beads according to the technique of
Clavilier et al. (26). All coverages have been defined as
the number of adsorbed species per platinum atom. All
potentials have been measured versus the reversible hy-
drogen electrode (RHE).

The experimental protocol is as follows:

(i) Irreversible adsorption of bismuth is carried out
spontaneously by immersion of the clean Pt(111) electrode
in a Bi(Il)-containing solution, as has been described
elsewhere (10). This modified electrode is characterized
in the test electrolyte (0.5 M sulfuric acid solution free of
Bi(III) species) in a potential range that assures the stabil-
ity of the electrode substrate structure as well as the
bismuth adsorbed on the surface (0.06-0.85 V). The bis-
muth coverage is calculated from the charge of the surface
redox process of the adsorbed bismuth, assuming that
bismuth exchanges two electrons, or from the platinum
adsorption charge (10) using the equations

_ 20
Oni = 241 L]
b
@Bi=§<l—§““1—l), (2]

where Qp, is the bismuth oxidation charge (Fig. 1B, light
shadowed area), QB the platinum adsorption charge of
the electrode covered by bismuth (Fig. 1B, dark shadowed
area), and 241 uC cm™? the platinum adsorption charge
of the unmodified Pt(111) electrode for a monoelectronic
surface adsorption process involving all surface platinum
atoms (1.5 X 10'5 atoms cm™~?). Both equations give the
same coverage within experimental error. The maximum
stable bismuth coverage attainable with this method in
the potential range studied is 0.33, implying that bismuth
blocks three platinum adsorption sites. This value coin-
cides with the mean value obtained by Shibata and co-
workers for polycrystalline electrodes (27).

(ii) Afterwards, CO adsorption is carried out from a
CO saturated solution in 0.5 M sulfuric acid at open circuit
as described in Ref. (28). Depending on the desired CO
coverage, the adsorption time ranges from 2 s to 2 min.
After CO adsorption, the electrode is immersed in the test
electrolyte and the CO contained in the droplet attached to
the electrode is dispersed by argon bubbling.
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(iii) The voltammetric profile between 0.05 and 0.5 V
is recorded to point out the CO blocking and then CO is
desorbed (stripped) from the electrode surface, with the
upper potential limit at 0.85 V to avoid any electrochemi-
cal desorption of the bismuth adlayer. After CO stripping,
anew voltammogram is recorded. This allows comparison
of the initial and final states of the electrode in the en-
tire experiment.

RESULTS AND DISCUSSION

Evidence of a Bi-CO-Mixed Adlayer on Pt(111)

Figure [ shows the results of the CO stripping experi-
ment obtained for four different bismuth coverages on
a Pt(111) electrode. After CO adsorption, all platinum
adsorption sites have been blocked and only capacitive
processes of double layer charging—discharging can be
detected in the region 0.06-0.50 V, giving a flat voltamme-
tric profile in this region.

On clean Pt(111) surfaces, the onset of CO oxidation
is at 0.75 V (excluding small prewaves at around 0.6 V
(Fig. 2)). The presence of bismuth has shifted the onset
of CO oxidation to a lower potential value (0.6 V). This
potential value is also the onset for bismuth surface oxida-
tion on the Pt(111) electrode, but as Fig. 1 shows, the
surface redox peak of bismuth does not appear at its usual
potential (0.625 V). In contrast, a split peak appears in
the region 0.70-0.85 V, which corresponds to the CO
oxidation process and other surface processes. After CO
oxidation, the reduction peak of the surface bismuth can
be observed at its usual potential. Hence, bismuth has
been oxidized along with the adsorbed CO, and the oxida-
tion process between 0.60 and 0.85 V has to be attributed
to the joint oxidation of bismuth and CO (Fig. 1B). How-
ever, the first reduction peak of the surface bismuth is
lower than that appearing in the subsequent scans (Fig. 1).
This indicates that part of the bismuth adatoms have al-
ready been reduced. One possible explanation of this fact
is that the oxidized bismuth is providing the oxygen neces-
sary for CO oxidation. When the scan is reversed at
0.85 V, the residual CO is oxidized to CO, by the surface
Bi(II), and the Bi(Il) is reduced to Bi®, thus diminishing
the amount of Bi(II) that can be reduced at 0.625 V. This
hypothesis will be confirmed later.

As has already been mentioned, the CO oxidation oc-
curs ina split peak. As neither peak involves higher charge
than the bismuth oxidation charge, neither can be strictly
assigned to this process, and the splitting must be attrib-
uted to kinetic complications induced by the presence
of bismuth on the surface, as will be discussed later.
Occasional CO oxidation prewaves may occur, as found
for unmodified Pt(111) electrodes (24) (Fig. 2).

It is remarkable that the presence of small amounts of
bismuth already exerts an influence on the CO stripping
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CO stripping experiment for a Pt(111) electrode with different bismuth coverages at maximum CO coverage. (A) 85; = 0.01, (B) Og; =

0.10, (C) ©g; = 0.14, and (D) O = 0.20. (a) Stripping of the adsorbed CO, (b) recovery of the adsorptive properties of the electrode after the

CO stripping (dashed line). Scan rate 50 mV s™'

process. Voltammetric CO oxidation on clean Pt(111)
(Fig. 2) occurs in a sharp peak around 0.83 V. In contrast,
the presence of bismuth at @p; = 0.01 (Fig. 1A) gives a
broader and split peak at potentials around 0.75 and 0.80
V. This differs from the earlier observations of Chang
and Weaver (23), where no significant differences in CO
oxidation induced by the presence of bismuth were re-
ported. In this latter work, HC1O, medium was used as
supporting electrolyte. In HCIO,, CO oxidation occurs at
more negative potentials and the shift of the CO oxidation
has masked the effect of bismuth on CO oxidation.

in all voltammograms. For explanation of shadowed areas, see text.

Coadsorbed CO and bismuth can present two different
surface structures; either with segregated domains, where
CO and bismuth are adsorbed on different islands with
higher local coverage than the corresponding overall cov-
erage, or in a microscopically mixed adlattice. The poten-
tial shift of the onset of the CO stripping suggests the
second explanation to be the more suitable. The influence
of CO adsorption on the bismuth redox peak allows one
to gain insight into this issue. As has been pointed out
(10), the oxidation of the surface bismuth involves the
presence of an oxygenated species, probably Bi(OH), or
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FIG. 2. CO stripping experiment for an unmodified Pt(111) electrode
at maximum CO coverage. (a) and (b) as in Fig. 1.

BiO. In 0.5 M H,SO,, water must supply the oxygen
involved in the oxidation of the bismuth at 0.625 V. If the
CO-Bi adlattice were constituted by segregated domains,
the local coverage of the bismuth islands would be higher
than the mean value and the influence of the CO in the
bismuth adlayer would be limited to the border between
the segregated domains. This being so, the presence of
CO on the surface would only affect the bismuth adatoms
near the border of the island. The rest of the bismuth
island, where no influence of the CO adatoms is expected,
would have an oxidation mechanism similar to that ob-
served at the local bismuth coverage inside the island.
This local coverage would be probably near 0.33, which
is the maximum stable coverage of bismuth on Pt(111)
electrodes. At ®g = 0.33, all platinum adsorption sites
have been blocked by the adatoms, but the redox peak
appears at its usual value (0.625 V) (10). As the redox
peak does not appear at its usual potential values, CO
is affecting the electrochemical behavior of all bismuth
adatoms and a mixed adlayer is proposed as the most
probable structure of the Bi—-CO adlayer.

Partial desorption of CO also supports the idea of a
mixed adlayer. If the scan is reversed at the beginning of
CO oxidation, the bismuth reduction peak can be seen in
the subsequent positive-going scan along with part of the
platinum adsorption sites which have been restored. At
medium and high bismuth coverages, partial desorption
of CO only partially restores the bismuth oxidation-
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reduction peak which appears at its usual peak potential
of 0.625 V (Fig. 3). This suggests that the surface bismuth
oxidation at the usual potential value only occurs in the
zones where CO oxidation has taken place. Also, the
beginning of CO oxidation has to occur through points
where CO and bismuth are in contact. Once the CO is
stripped in the surroundings of the bismuth adatom, some
free adsorption platinum sites are created. Only those
bismuth adatoms without lateral interactions with CO ad-
sorbed molecules can be oxidized at the usual potential
values. Therefore, the presence of lateral interactions
modifies the potential for the bismuth and CO oxidation
processes. The presence of bismuth can also have an
influence on the amount of adsorbed CO, but in any case
the CO stripping charge at upper potential limit should
involve all the adsorbed CO molecules.

Some modifications of the electrode properties occur
after CO oxidation (Fig. 4). The recovery factor, §,, (ratio
between the charge of the platinum adsorption states after
and before CO adsorption and oxidation) is always greater
than 1, as a result of partial desorption of bismuth. The
bismuth desorption is generally small, and it is only sig-
nificant when the initial bismuth coverage is greater than
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FIG. 3. Partial desorption of CO experiment for a Pt(111) electrode

with @y, = 0.14 at maximum CO coverage. (a) Initial electrode state
after CO adsorption, (b) partial CO stripping, (c) voltammogram of the
electrode after the partial stripping and stripping of the remaining CO
(dashed line), and (d) voltammogram of the electrode after total CO
stripping (dashed-dotted line).
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FIG. 4. Voltammogram of a Pt(111) electrode with Og; = 0.11 before
CO adsorption (dashed line) and after CO stripping (full line).

0.20. Hence, adsorption of CO is competitive with adsorp-
tion of bismuth. The presence of a mixed adlayer Bi-CO
on Pt(111), which probably has an ordered structure, may
require that some bismuth adatoms be desorbed to reach
a more stable structure. This should occur especially at
high bismuth coverages where the surface is almost com-
pletely blocked by bismuth.

When the electrode was initially prepared, the relation-
ship between the charge of the platinum adsorption states
and the bismuth redox charge (10),

08 + 30p; =241 uCcm 2, 3]

is always fulfilled. After CO oxidation there is always less
Qg charge than that corresponding to this QB as a result
of a diminution of the charge beneath the bismuth redox
peak. Parallel to this diminution, there is a broadening of
the region between 0.7 and 0.85 V in the voltammogram.
This behavior can be due to the formation of an alloy,
resulting in the modification of the initial properties of the
electrode. In any case, the alloy formation is restricted
to small regions, since the difference of Q5 + 3/2 Qp; with
respect to the beginning of the experiment is always lower
than 10%, although occasionally higher differences may
be found.

Additional evidence of the presence of mixed adlayers
is found studying nonsaturation CO coverages. For the
sake of comparison, two different bismuth coverages have
been chosen and different CO coverages have been ob-
tained by changing the CO dosing time. As the CO adsorp-
tion induces the small changes in the modified electrode
stated above, irreversible adsorption of bismuth on a
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fresh, flame-annealed electrode was always carried out
prior to every experiment. The bismuth coverages chosen
were Og; = 0.05 = 0.01 and O = 0.15 * 0.01. Coverages
higher than 0.20 are not suitable for these experiments
since bismuth desorption at high CO coverages is more im-
portant.

Figure 5 shows the voltammetric profiles corresponding
to two different CO coverages for O = 0.05. At low CO
coverages (Fig. 5A), the bismuth redox peak appears at
its usual potential. Therefore, no lateral interactions are
detected between CO and the bismuth adlayer. At these
stages mixed adlayers should not be formed. As observed
with unmodified Pt(111) surfaces (28), the CO stripping
process is shifted to lower potential values as compared
to the saturation coverage (fully blocked surface).

If the CO electrode surface becomes more blocked by
adsorbed CO (Fig. 5B), the bismuth redox peak begins
to shift to higher potential values and involves lower
charge than in the initial voltammogram. Lateral interac-
tions become important and the CO peak splits. At these
CO coverages, the mixed adlayer is probably formed. The
shift of the bismuth redox peak toward more positive
potential values suggest increasing lateral interaction of
the bismuth adatoms with the adsorbed CO, but not so
important as to prevent bismuth surface oxidation prior
to CO stripping. This implies that part of the bismuth
adatoms are not completely surrounded by CO and the
mixed adlayer is not entirely formed.

For @g; = 0.15, the behavior is the same (Fig. 6). Only
at near-saturation CO coverages can an interaction be-
tween the CO and bismuth adsorbed on the surface be de-
tected.

The presence of mixed adlattices has also been pro-
posed in in situ FTIR (23) studies. In this latter case
the interaction Bi—-CO was proposed after studying the
influence of bismuth adatoms on the v distribution as
compared to the unmodified Pt(111) surfaces. In our cases
the presence of mixed adlayers has been suggested by
studying the variation of the bismuth redox peak with
the potential. The mixed CO-Bi adlattice has also been
suggested for this system in UHV (7), although direct
comparison with UHV environments is not always
straightforward.

CO Charge Measurements

The most important problem in performing a quantita-
tive analysis of the CO coverage is to determine the cor-
rection which has to be applied to the charge measure-
ments of the CO stripping process. In this work, the
criterion described in Ref. (24) has been followed and
modified to adapt it to the presence of bismuth on the
surface.

At the onset of CO oxidation, the electrode has a double
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FIG. 5. Two different CO stripping experiments for a Pt(111) electrode with @y = 0.05 at partial CO coverages. (a) Initial electrode state
after CO adsorption, (b) CO stripping, and (c) recovery of the adsorptive properties of the electrode after the CO stripping (dashed line). For

explanation of shadowed area, see text.
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FIG. 6. Two different CO stripping experiments for a Pt(111) electrode with g = 0.15 at partial CO coverages. (a), (b), and (c) as in Fig. 5.

For explanation of shadowed area, see text.



270

layer charge and after CO stripping, a charge transfer due
to the modification of the double layer capacitances, the
oxidation of bismuth adatoms and CO oxidation has oc-
curred. Besides, if anions are responsible for the unusual
states, as is concluded from the experiments of CO dis-
placement (29, 30), an additional charge transfer has oc-
curred during CO stripping to restore the adsorption
charge of these unusual states. Thus, the overall charge
measured in the stripping of CO can be written as

qco = Qco + (@ — Qs [4]

where g¢q is the overall charge measured in the whole
CO stripping process (without any double layer correc-
tion), Qco is the charge corresponding to the true CO
oxidation process, and O, and Q; are the charges involved
in the other surface processes (double layer charge, anion
adsorption, . . .), which have occurred at the onset and
after CO oxidation, respectively. Q; can be written as

Qr = (E; — ERIK® + QR + Qy;, (5]

where (E; — EB )K" is the capacitive term, E;is the upper
limit potential (0.85 V), EBi is the point of zero charge
(pzc) of the electrode with bismuth, KB is the integral
capacity of the electrode, Qirvse@ (Fig. 1C, shadowed area)
is the charge of the unusual states, and Qy; (Fig. 1B, light
shadowed area) is the oxidation charge of the bismuth
adatoms.

At the onset of CO oxidation the electrode charge has
two terms, namely a pure capacitive charge and also the
remaining charge of unusual states after CO adsorption

0, = (B, ~ ESDK + Qgreswac®, 6]
where E; is the onset of CO oxidation, ES is the pzc of
the electrode covered by CO, KC is the capacity of this
latter electrode, and Qpnusual.CO s the charge of the unusual
adsorption states after CO adsorption (Fig. 6A, shadowed
area). This term is zero when CO saturation layers are
obtained.

The main problem in calculating exactly the values of
O and Q, is to know the pzc of the electrodes. Precise
values of the pzc are not even available for the clean
Pt(111) electrodes, but an estimate can be made (24). As
already mentioned, the unusual states are linked to the
presence of adsorbed bisulfate (31, 32). Then, the pzc
must be around the potential value where almost all bisul-
fate species have been desorbed. The only radiometric
data available are on 107> M H,SO, (31), but taking into
account the shift in the onset of bisulfate adsorption due
to the increase of concentration, the pzc should be approx-
imately at 0.3 V for the unmodified Pt(111) electrode in
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0.5 M H,S0,. For the bismuth-covered electrode, the
unusual states shift slightly to more positive potentials
with the bismuth coverage, but as a general criterion the
pzc can be maintained at 0.3 V. At O > 0.15, the pzc
may have shifted to 0.35 V, so the criterion of EB. = 0.3
would underestimate the CO charge. However, as the
capacitance of the double layer diminishes with the bis-
muth coverage, the difference between both corrections
lies within the experimental error. For the CO-covered
electrode, the pzc is also taken as 0.3 V (24). In any case,
these additional corrections related to the pzc shift are
much lower than that related to the unusual states.

As the electrode suffers small modifications due to CO
adsorption, two O corrections can be calculated: one for
the initial state of the electrode and the other after CO
stripping. However, as the modifications of the electrode
seem to be a consequence of the CO adsorption and not
of the CO oxidation, Q; values are always reported from
the voltammogram obtained after CO adsorption and
stripping.

Using this correction and assuming that two electrons
are transferred in the CO oxidation to CO,, a value of
®co = 0.73 * 0.03 has been obtained from several experi-
ments of CO adsorption on clean Pt(111) (Fig. 2). Within
experimental error, this value is the same as the one ob-
tained from STM images (17).

A parameter which allows one to estimate the fraction
of linear bonded CO in the total CO,,, population, n, has
been used in this work, and is defined as the number of
electrons involved in CO oxidation per platinum adsorp-
tion site liberated after CO oxidation,

n= Qco (7]

OB — O8>’

where QB! is the platinum adsorption charge after CO (Fig.
1B, dark shadowed area) oxidation and OF° (Fig. SA,
shadowed area) is the charge of the platinum adsorption
sites after CO adsorption. An »n value of 2 would mean
that all CO molecules are in linear configuration. Lower
n values indicates the presence of bridged-bonded or
multibonded CO. This parameter is quite sensitive to the
presence of nonlinear CO; small amounts of bridged-
bonded CO significantly diminish the n values (24). For
the experiment in Fig. 2, an n value of 1.50 is found.

An additional parameter has been used when the CO
does not completely block the Bi + Pt(111) surface. S, is
defined as the fraction of hydrogen adsorption sites
blocked by the CO:

5= 1-2 [8]
bR
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In Fig. 7 the values of Q¢ (B¢) for saturation CO
coverages are plotted versus Op;. If the adsorbed CO
maintained the same fraction of linearly bonded and
bridged-bonded CO as on the clean Pt(111) electrode, a
linear decrease would be expected. As at B, = 0.33 all
the platinum adsorption sites have been blocked by bis-
muth, no CO adsorption occurs unless bismuth desorption
takes place. For UHV systems, CO adsorption is com-
pletely inhibited at @g; = 0.38 (7), similar to the results
obtained in this work. The full line in Fig. 7 shows this
ideal behavior. On clean Pt(111) surfaces, as the CO cov-
erage diminishes, the fraction of linearly bonded CO also
diminishes, yielding a less compact adlayer, i.e., lower n
values (13, 14). Then, if bismuth behaved as a simple third
body blocking three platinum atoms, without influence
on the electronic properties of the surface, the diminution
of CO coverage would lead to a less compact adlayer and
to lower O values than those represented by the full
line for a given Oy; (Fig. 7).

The behavior found is the opposite of that described
above. Points deviate to higher CO coverages, indicating
that bismuth does not act as a simple third body, but
exerts some electronic influence on the properties of the
surface. The increase in bismuth coverage leads to more
compact adlayers. In Fig. 7, the dashed line represents
the CO oxidation charge that would have been obtained
if the CO were constituted only in linearly bonded CO.
As can be seen, points at &g, > 0.15 fit this latter line
quite well.

The evolution of » values with the bismuth coverage
(Fig. 8) is useful in studying the evolution of the fraction
of linearly bonded CO. As already pointed out, on clean
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Pt(111) surfaces and at low bismuth coverages, the n value
is approximately 1.50. This means that the linearly bonded
CO is the predominant species, but there is still an im-
portant fraction of bridged-bonded CO, in good agreement
with in situ FTIR experiments (13, 14). Parallel to the
increase of bismuth coverage, there is an increase of n,
reaching a contant value of 1.75 for Gy, > 0.17. To obtain
such an n, 90% of the CO population should be in a linear
form (24). For such a coverage Chang and Weaver (23)
found that linear CO is almost the only species present
on the surface.

The change in the fraction of linear CO indicates that
bismuth has an electronic effect on the Bi + Pt(111) sur-
faces. This electronic effect has also been proposed in
UHV because of the change in the fraction of linearly
bonded CO with bismuth coverage (7). However, it is
important to remark that there are different binding geom-
etries for CO in electrochemical and UHV environments.
In UHV the species predominant at low CO coverages is
linearly bonded CO and the presence of bismuth leads to
an increase in the bridged-bonded CO (7), whereas in
electrochemical environments the behavior is the oppo-
site (23).

An electronic effect has also been suggested for the
inhibition of poison formation from formic acid on these
surfaces (22). In this latter case, the presence of a small
amount of bismuth at @y, = 0.04 is able to inhibit poison
formation completely (22). For CO adsorption, the elec-
tronic effect does not have so dramatic an influence, since
at such low coverages the influence of the bismuth ada-
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FIG. 8. Variation of n with @y;.
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toms is not perceptible, and it is only important at medium
and high bismuth coverages.

It is also interesting to study the coverage and popula-
tion distribution for nonsaturation CO coverages. Figure
9 shows the variation of ®.q and n with S, at @g; = 0.05.
A linear relationship between @,y and S, is expected
when CO always blocks the same number of platinum
atoms. As discussed above, the deviation from linearity
found in this case corresponds to the behavior expected
for diminishing CO coverages on clean Pt(111). This is
also reflected in the variation of n. For low S, values, n
is around 1, which indicates that the CO population is
almost entirely constituted by nonlinear species. As the
S, increases, the value of n increases linearly until the
value of 1.5 for CO saturation coverages is reached. This
parallels the observations of the FTIR experiments for
fow bismuth coverages, where the fraction of linear CO
diminishes as the CO coverage also diminishes (13, 14),
It can be concluded that at this bismuth coverage the
electronic influence of the adsorbed bismuth is not strong
enough to produce important changes in the populations
of CO with respect to the observations for unmodified
Pt(111) electrodes.

Conversely, quite different behavior is observed at
Og; = 0.15 (Fig. 10). The O variation with Sy is almost
linear. It follows a straight line and » values are indepen-
dent of the CO coverages, having the same value as that
obtained for saturation coverages (1.65). This implies that
the bismuth is having an influence on the surface proper-
ties, and the electronic effect has changed the population
of the CO,y,. This influence seems to be independent of
the Bi-CO lateral effects since at low CO coverages it
cannot be detected.

HERRERO. FELIU, AND ALDAZ

Enhancement of Catalysis of CO Oxidation by
Bismuth Adatoms

As pointed out above, the presence of bismuth adsorbed
on the Pt(111) electrode has shifted the onset of CO strip-
ping to more negative values with respect to the unmodi-
fied Pt(111) surface. This means that bismuth adsorbed
on the Pt(111) surface enhances CO oxidation. To explain
this catalytic effect two different mechanisms can be con-
sidered: (i) an electronic effect, and (ii) bifunctional catal-
ysis. In the first case, bismuth would be assumed to mod-
ify the electronic properties of the surface in a way that
promoted CO oxidation. In the latter, oxidized bismuth
would transfer the oxygen group necessary for CO oxi-
dation.

In the previous discussion, an electronic effect on CO
populations has been found. This effect may be responsi-
ble for catalysis enhancement of the CO oxidation. Model
calculations on platinum clusters with bismuth and CO
indicate that bismuth donates 0.217 electrons to the plati-
num surface and this increases back-donation from plati-
num to the C-O bond (33). Therefore, a stabilization of
the adsorbed CO molecule on platinum would be expected
and CO oxidation on the bismuth-modified electrode
would be retarded with respect to the unmodified elec-
trode. Thus, the second possibility is the more probable,
namely, that the observed catalysis takes place through
bismuth-mediated oxygen transfer. The joint oxidation of
CO and bismuth when CO is present on the surface indi-
cates an intimate relationship between both oxidation pro-
cesses. Moreover, if an electronic effect were responsible
for the catalytic enhancement in CO oxidation, there
would be no influence of the bismuth oxidation process
on the CO oxidation.
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FIG. 10. Variation of O, and n with S, for ®g = 0.15.
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It has been shown that after partial oxidation of the CO
(Fig. 3), part of the bismuth redox peak has been recov-
ered in the usual potential range. As has been pointed
out, the oxidation form of the redox couple involves an
oxygenated species (Bi(OH), or BiO). These species can
provide the oxygen necessary for the CO oxidation. This
bismuth-mediated oxygen transfer can explain the vol-
tammetric features described in Figs. 1A-1D. Saturation
monolayers of CO retard the oxidation of surface bismuth.
Once the oxidation of bismuth starts, oxygenated species
of Bi(II) are generated and CO oxidation starts. Therefore,
the surface bismuth oxidation process cannot be decou-
pled from CO oxidation since bismuth oxidation initiates
CO oxidation.

To study this enhancement several current—time plots
were recorded. In these experiments, after CO adsorp-
tion, the electrode was immersed at 0.1 V, a potential step
at given potential was applied and the transient current
recorded. Figure 11 shows the results obtained at CO
saturation coverage (¢, = 0.7), for an intermediate CO
coverage (B¢, = 0.54) on unmodified Pt(111) electrodes,
and for a CO saturation coverage (0o = 0.56) ona Pt(111)
electrode with Oy = 0.10. This cannot be understood as
an effect of the diminution of the CO coverage induced
by the presence of bismuth, because CO oxidation is also
faster than on the unmodified Pt(111) electrode with the
same CO coverage. In fact, the correct comparison has to
be done with saturation coverages, since the CO oxidation
process occurs through a nucleation and growth process
(34, 35). Therefore, the presence of free adsorption sites
on the surface where water can absorb enhances the CO
oxidation. For this reason, fully blocked surfaces have to
be compared.

Despite the absence of free adsorption sites on the bis-
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muth-covered electrode, the oxidation of CO occurs faster
than on partially covered Pt(111) electrodes; therefore
another source of oxygen, different from water, has been
involved in the CO oxidation. This species has to be sup-
plied by the bismuth adatoms on the surface. Catalysis
enhancement similar to that depicted in Fig. 11 has been
found for potentials higher than 0.65 V, where bismuth
adatoms are oxidized. At lower potentials, no significant
enhancement was detected, reinforcing the idea that the
catalytic process is a bismuth-mediated oxygen transfer.

CONCLUSIONS

+ Bi-CO adlayers present a microscopically mixed ad-
layer structure. This kind of structure has been proposed
by studying the modification of the surface bismuth redox
peak seen in the presence of CO.

* We report an accurate way of measuring CO cover-
ages in the presence of bismuth adatoms from voltamme-
try. The CO coverages obtained agree with those in the
literature (23).

* Bismuth adatoms influence the binding geometries of
CO,4. At medium Bi coverages almost the only species
on the surface is linear CO, regardless of CO coverage. On
unmodified Pt(111), it was found that there is an important
contribution of bridged-bonded or multibonded CO
species.

 The structure of the UHV Bi-CO adlayers (7} differs
notably from that observed in electrochemical environ-
ments.

« Bismuth enhances the catalysis of CO oxidation by
transferring oxygen to the CO molecules. The CO oxida-
tion rate for a bismuth-covered electrode is faster than
that found for an unmodified Pt(111) electrode at equiva-
lent CO coverages.
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