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Abstract-This review paper aims to show how the electrochemical behaviour of CO plays a key role in the 
understanding of the reaction mechanism of many electrocatalytic oxidations of small organic molecules. 
For that purpose, the adsorption of CO on noble metal electrodes, eventually modified by foreign metal 
adatoms, is reviewed, taking into account both experimental (electrochemical and spectroscopic techniques) 
and theoretical (Extended Hiickel Model) approaches. Data from the gas phase-solid metal interface are 
also considered. 

1. INTRODUCTION 

The voltammetric electrooxidation of carbon monox- 
ide on polycrystalline (pc) platinum or pc .rhodium, 
either in acid or alkaline solutions, exhibits multiple 
current peaks in a rather narrow potential domain. 
This fact points out the complex nature of the corres- 
ponding electrochemical reaction[l+. To under- 
stand the origin of these current peaks is of outmost 
importance because it has been shown[S] that carbon 
monoxide is formed during the course of many elec- 
trocatalytic reactions involving small size organic 
molecules such as methanol, formic acid, . . . 

Earlier cyclic voltammetry experiments have been 
extended in two ways by using combined perturbing 
potential programs which led to the quantitative 
evaluation of the adsorbed species at the electrode 
surface[6, 73, and by applying new reflection spectro- 
scopy techniques, particularly in the infrared region, 
which allowed in situ identification of the adsorbed 
species by their vibrational spectra[8, 93. 

The results obtained throughout the application of 
those techniques have clearly shown not only the 
sensitivity of the electrooxidation of CO to usual 
parameters such as pH, temperature and solution 
composition, but also the strong dependence of the 
reaction on the electrode surface state, that is in terms 
of morphology and structure. Experiments have been 
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run so far on different types of platinum electrodes, 
namely, smooth and rough pc Pt, Pt(lOO), Pt( 110) and 
Pt( 111) single crystals and Pt with preferred crystal- 
line orientations (pco) prepared through suitable pul- 
sing methods developed at INIFTA[lO]. 

In recent years the cooperative work made on the 
electrooxidation of CO and small organic fuels on 
noble metal electrodes, at INIFTA, University of La 
Plata, Argentina (electrochemical techniques) and at 
the Electrochemistry Laboratory, University of Poi- 
tiers, France (spectroscopic techniques) has contri- 
buted with new original information. The present 
article is a review of the recent achievements on the 
matter in which the contributions of our cooperative 
work are summarized. Most-of the work refer to very 
recently reported data. For a general view on the 
subject the reader is referred to the literature[l, 2, 11, 
121 which contain’s an extended review of previous 
studies. 

A chronological presentation of the results related 
to the electrosorption of CO on different metals of 
electrocatalytic interest has been made in order to 
account for the evolution of concepts, development 
and improvement of in situ reflexion spectroscopy 
techniques. Then, the participation of CO as a poison 
in many electrocatalytic reactions and the influence of 
the metal surface characteristics are discussed on the 
basis of new data obtained by Electromodulated 
Infrared Reflectance Spectroscopy (EMIRS). Finally, 
attention is focused on the perturbation of the ir 
spectrum of a CO monolayer on Rh in the presence of 
some foreign adatoms. These results allow us to 
measure the number of adsorption sites that they 
occupy, and to advance in the comprehension of 
electrocatalytic reactions. 
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Fig. 1. Voltammograms of a polycrystalline Pt electrode 
in a 1 M HC104 solution saturated with gaseous CO, at 
different lower potential limits, E, (u= 100 mVs_‘; 25°C): 
(,0°) = 0.80; (-0 -O -)=0.77; (-xX-xX-)=0.74; (-.-.)=0.71; 
(-x-x-)=0.68; (-..-..-)=0.65; (-.-.-)=0.62; ( . . . )=0.59; 

(---)=0.56;(-)=0.53V. 

2. ADSORPTION OF CO ON NOBLE METAL 
ELECTRODES 

2.1. Polycrystalline platinum 

The current (I)-potential (E) curves (Fig. 1) ob- 
tained at a sweep rate D = 0.1 V s - ’ for a smooth pc Pt 
immersed in 1 M HC104, by keeping the upper poten- 
tial limit constant, E,= 1.45 V (he) and gradually 
decreasing the lower potential limit, E,, show several 
electrooxidation current peaks. The appearance of 
these peaks is related, in a first approximation, to the 
time the electrode was in contact with the CO-con- 
taining solution after the electroreduction of the O- 
adatom layer[3, 71. Similar results but with an even 
higher peak multiplicity have been obtained in basic 
solutions[4, 133. 

By setting the adsorption time (t,,,,) and the adsorp- 
tion potential (E,,) by means of voltammetric runs 
with combined potential programs (VCPP), it is possi- 
ble to achieve the quantitative separation of at least 
two CO species[7, 141. The interpretation of these 
results shows that for small values of tad (tad ~4 s) the 
adsorption of each CO,, species involves 2 (or more) 
adsorption sites, whereas the remaining sites are occu- 
pied by H-adatoms. Otherwise, large values of tad 
(tad> 12 s), lead to the maximum coverage of the 
substrate by linearly adsorbed CO species (Fig. 2). The 
latter has been unambiguously identified throughout 
the evaluation of the number of electrons per site, 
N cpsr which are necessary to carry on the electrooxid- 
ation of CO,, as far as linearly adsorbed CO is the* 
only species involving the value N,, = 2. 

2.2. Platinum single crystals 

The sensitivity of CO adsorption to the crystalline 
structure of the substrate has been investigated, by 
potential programme voltammetry (PPV), on low 
Miller indices single crystal platinum surfaces, namely 
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Fig. 2. Adsorption of CO on a pc. Pt electrode immersed in a 
1 M HClO, solution saturated with gaseous CO. The degree 
of surface coverage, 0, by the two adsorbed species, CO, and 
CO,, is given as a function of t,d. E,,=0.59 V/rhe, 25°C: 

(0) 9,; (0) Oh (0) Ok (A) 0&,=0~,+0&,. 
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Fig. 3. Voltammograms of a Pt(ll1) single crystal electrode 
in 0.5 M HClO., saturated with gaseous CO for different 
adsorption times (1.2 < t,, < 25 s). Eadr = 0.45 V/rhe; 25°C; 

u= 10 Vs.-‘; (---)=supporting electrolyte. 

Pt(lOO), Pt(ll0) and Pt(ll1). The electrode surfaces 
were prepared by thermal treatment and characterized 
through the H-atom electroadsorption/electrodesorp- 
tion voltammograms[15]. In acid medium and for 
small values of tad, at least two types of adsorbates 
have been quantitatively determined on each single 
crystal plane[16, 17]--see eg Fig. 3 for Pt(ll1). The 
substrate saturation coverage by linearly bound CO is 
obtained in less than 8 s at room temperature for 
Pt( 100) and Pt( 1 lo), whereas about 14 s are required 
for Pt( 111). Likewise, the proportion of CO,, species 
occupying more than one adsorption site is definitely 
greater for Pt(ll1) as compared to Pt(100) and 
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Pt( 110). Finally, the potential of the main CO, elec- 
trooxidation peak, under adsorbate saturation condi- 
tions, differs appreciably for each plane. For example, 
for a voltammogram run at 10 Vs-‘, the main peak 
appears at 0.95 V, 0.99 V and 1.06 V/rhe respectively 
for Pt(llO), Pt(ll1) and Pt(lOO), (17). Very similar 
results were obtained in alkaline medium[4]. 

2.3. Preferred oriented platinum 

The electrooxidation of CO adsorbates has also 
been studied at platinum electrodes, on the surface of 
which type (111) (type I electrode) and type (100) (type 
II electrode) preferred crystalline orientations (pco) 
were produced[ 181. The electrochemical reaction was 
followed by voltammetry in acid (0.05 M HCIO,) and 
basic (1 M KOH) solutions[ 10, 183. In both cases CO 
adsorption proceeded from a CO saturated solution 
for t,, = 1 min at E,, = 0.25 V/rhe, and the voltammo- 
grams were recorded at u =O.l V s- ’ by means of the 
microflux cell technique in order to avoid any inter- 
ference due to readsorption of CO from solution in the 
course of the voltammetric run. 

For the two types of pco Pt electrodes, the CO,, 
electrooxidation reaction is characterized by very 
sharp voltammetric peaks, which correspond as a first 
approximation to the two main peaks observed for pc 
Pt under comparable experimental conditions (Fig. 4). 
The separation of the peak potentials is about 50 mV, 
a value which agrees well with the difference in the 
location of the peaks resulting from CO adsorption on 
Pt(ll1) and Pt(100) single crystals under saturation 
adsorption conditions[17]. These results confirm that 
the pco Pt electrodes behave very similarly to Pt single 
crystal surfaces. Furthermore, this fact suggests that 
the multiplicity of voltammetric peaks resulting from 
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Fig. 4. Voltammograms of adsorbed CO electrooxidation 
on polycrystaIline(-), type I ( :. . ) and type II (---) 
platinum electrodes. Adsorption potential E.,, = 0.25 V/rhe; . 
adsorption time tad = 1 min., sweep rate, v =O.l V s- ‘; 0.05 M 
HCIO,; 25°C. For the preparation of type I and type II 

electrodes[18]. 

the electrooxidation of adsorbed CO on pc Pt is due to 
the random distribution of polyoriented crystalline 
facets on its surface. 

2.4. In situ uv-vis rejection spectroscopy (V VERS) 

The uv-vis reflectance spectra of smooth pc Pt 
surfaces immersed in the electrolytic solution contain- 
ing dissolved CO was followed in situ. It was found 
that the relative reflectivity of the surface, (AR/R), 
changes during the progressive coverage by adsorbed 
CO[ 19,203. The measurements were made at a wave- 
length value (360 nm), for which there is no light 
absorption by CO dissolved in solution. The 
AR,,/AR,,, ratio US 0, plots provide interesting 
information about the type of electroadsorbates. AR,, 
is the reflectance change related to the adsorption of 
CO, and AR,,, the maximum reflectance change 
referred to the formation of a monolayer of O-contain- 
ing surface species on platinum. Oco, ie the total 
degree of surface coverage by CO electroadsorbates, is 
calculated from the voltammetric data, taking into 
account the decrease in the H-atom voltammetric 
charge as the CO adsorption is occurring. 

The ARcoIAR,,, ratio OS 0, plots show a dis- 
continuity which has been interpreted in terms of the 
existence of two kinds of CO adsorbates. Despite the 
fact that the accuracy of the experimental results is not 
completely satisfactory, it was possible to conclude 
that the formation of linearly bound CO adsorbate, 
CO,, is favoured at high degree of surface coverages 
and high positive potentials. Conversely, at low degree 
of surface coverage and low potentials, it appears that 
at the early stages of surface coverage each CO species 
occupies more than one adsorption site. This type of 
species is denoted as CO,, for bridge-bonded CO and 
CO,,, for multi-bonded CO. 

2.5. Electrochemically modulated ir reflectance 
spectroscopy (EMIRS) 

The EMIRS technique, which was brought up to an 
useful and reliable technique by Bewick et al.[21, 223, 
particularly to investigate adsorbed species at the 
electrode-solution interface, has been now extensivey 
described in specialized books[8, 93. 

EMIRS has been applied to study the adsorption of 
CO on several metals of interest in electrocatalysis. 
Preliminary results, made in CO saturated solutions, 
showed, from the very beginning, considerable differ- 
ences among the various adsorption states of CO[23, 
241. More recently, through the improvement of the 
EMIRS technique on one hand, and the comparison 
of these results to the infrared absorption bands 
obtained at the solid-gas interface on the other 
hand[25], it was possible to characterize the CO, 
species in the 2020-2090 cm- ’ range, the CO, species 
in the 190&1960 cm- ’ range and the CO,,, species in 
the 1750-1880cm-’ range. It is also interesting to 
observe that, under comparable experimental condi- 
tions (Fig. 5), the degree of surface coverage of Pt by 
CO, reaches a maximum value, whereas the surface 
coverage degree by CO,, species on Rh involves 
important contributions of both CO,, and COJ23, 
261, a situation also found when CO,, is produced by 
decomposition of formic acidr271. On the other hand. 
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Fig. 5. EMIRS spectra of CO species adsorbed on noble 
metal electrodes immersed in a 0.5 M HCIO, solution 
saturated with gaseous CO. AS=400 mV, 8=0.2 V us rhe,f 

= 13.5 Hz: (a) Pt; (b) Rh; (c) Pd. 

on palladium, a maximum coverage by CO, and a 
minium coverage by COL are observed[8,28,29]. This 
behaviour is maintained even for very prolonged 
adsorption times, in agreement with electrochemical 
results which show that the limiting value of N,, is 
already reached as regard to the time scale of the 
spectroscopic experiment. EMIRS spectra for COad 
species on Pt formed from i2C0 + 13C0 mixtures 
were also studied[30]. At high coverage, a single 
bipolar EMIRS band is seen, whose shift in wave- 
numbers with the 12CO/13C0 ratio is indicative of a 
highly coupled system. 

A very reproducible appearance of supplementary 
peaks at around 1640 and 1700 cm- ’ can be noticed, 
particularly for platinum at the initiation of spectral 
accumulation. They were respectively explained by the 
presence of adsorbed water, the deformation vibration 
of which, &H-O-H), absorbing near 1620- 
1640 cm-‘[31], and by the existence of other adsorb- 
ed species containing a carbonyl group. It has to be 
kept in mind that asymmetric OCO stretches of 
adsorbed formate groups could also contribute 
strongly to the band at 1640 cm- ‘. 

Attention was focused on the absorption band of 
CO at the platinum surface by means of new devel- 
oped spectroscopic techniques, with modulation of the 
polarization state of the incident light beam[32], by 
Fourier transform infrared spectroscopy (FT-ir)[33, 
343, or by coupling the two spectroscopic tech- 
niquesC3S-J. After these extensive studies[35-371, it is 
now understood that the frequency shift of the absorp- 
tion band center as a function of the applied potential, 
of ca 30cm-’ V-l, is due to a pure Stark effect[38,39]. 
This explains the bipolar shape of the EMIRS bands 
which emerge from the fact that the modulating effect 
of the electrode potential acts only on the force 
constant of the CO bond. Then, the modulated optical 
response is directly proportional to the adsorbate 
surface coverage degree. 

3. RELEVANCE OF COad 
IN ELECTROCATALVTIC POISONING 

3.1. CO,,,, as a poison in the course of electrocatalytic 
reactions 

The formation of CO,, on platinum electrodes has 
been early observed through EMIRS as resulting from 
the decomposition of methanol[40] or formic 
acid[41] in acid solutions. However, a number of 
years had to pass before the idea became accepted in 
electrocatalysis[42]. This delay was due in part to the 
poor knowledge about the exact role of CO, ie either it 
was a reactive intermediate or only a poison, and also 
in part because it was difficult to introduce CO,, into 
the reaction scheme proposed by Bagotskii et al. in the 
197Os[43] following the initial idea of Sokolova[44]. 
The first quantitative studies of Kunimatsu et al. 
[35-37,453 seemed to confirm the presence of CO,,, 
however at variance with the data from combined 
mass spectroscopy and voltammetry which appeared 
to be in favour of a COH or CHO intermediateC46, 
473. The main objection to the EMIRS data was that 
the existence of a single adsorbate, CO,,, was insuffi- 
cient to explain the different voltammograms obtained 
on platinum with CO, CH,OH or HCOOH as 
electroactive species. It should be mentioned that 
recent investigations with other molecules such as 
ethylene glycol[48, 493, ethanol[5&52] and other 
systems, such as formaldehyde on palladium, plat- 
inum and rhodium electrodes[53], and formic acid on 
rhodium[27,54], further confirm always the presence 
of CO as a product of these electrocatalytic reac- 
tions[9, 421, except when platinized glassy carbon 
electrodes are used[55]. 

The ideas which then came out were that the 
adsorption time played a major role and that the 
experimental conditions selected for EMIRS, invol- 
ving long spectral accumulation times used to increase 
the signal-to-noise ratio and relatively high concentra- 
tions in the electroactive species, favoured the satura- 
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Fig. 6. Peak to peak intensity of the ir signals due to the 
three EMIRS bands observed in the wavenumber range 
1600-2200 cm-’ when methanol is chemisorbed at a pc Pt 
electrode, as a function of methanol concentration. AE 
=4OOmV, E=0.2V/rhe, j=l3.6 Hz, 25”C, 30 averaged 
scans. The CH,OH concentration is varied from 10m3 to 
10 M, in a 0.5 M HClO, solution. The bands detected are 
located at ca 2060 cm-’ (linearly bonded CO,), co 
1870 cm-’ (bridge-bonded COa) and cc 1690 cm-i (.CHO- 

type species), depending on methanol concentration. 
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tion of the substrate with CO,,, so that other weakly- 
bound adsorbates could no longer exist. 

Accordingly, to overcome these difficulties new 
attempts were made following two ways. In one way 
the concentration of the active species was consider- 
ably decreased[56], so that the formation of CO 
adsorbates in the course of the spectroscopic experi- 
ment was drastically delayed (see Fig. 6). The other 
way, followed by other groups, consisted in the use of a 
flux cell, so that during the experiment it was possible 
to renew periodically the electrode surface by applying 
a positive potential step for oxidizing the adsorbed 
residues[57,58]. The results from both types of experi- 
ments were in good agreement, at least for the adsorp- 
tion of methanol on platinum. CO,,, is formed rather 
slowly and replaces irreversibly the species which are 
less strongly adsorbed[59]. Therefore, COad plays the 
actual role of a catalytic poison. 

The change of the corresponding CO absorption 
bands during the spectral accumulation time is shown 
in Fig. 7, for a 0.4 V modulation potential centered at 
0.2 Vlrhe. The increasing contribution of the band 
centered at ca 2050 cm- ‘, assigned to CO,, correlates 
well with the decreasing amplitude of the complex 
band lying in the 1630-1730 cm-’ range and with the 
inversion of the peak due to CO, at ca 2330 cm-‘. The 
initial band shape and the sign of the latter peak 
presumably correspond to an adsorption at the lower 
switching potential where one can predict that no 
electrooxidation of the electroadsorbate to COz 
should occur. Nevertheless, the appearance of the CO, 
band is reproducible and is also observed for Meth- 
anol[50] or for CO, saturated solutions[60]. There 
is almost no doubts that it corresponds to weakly 
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Fig. 7. EMIRS spectra of the species resulting from meth- Fig. 8. EMIRS spectra of the adsorbed CO species resulting 
anol adsorption on pc Pt as a function of the number of from the chemisorption of 0.1 M CH,OH in 0.5 M HClO, at 
scans, ie of the adsorption time; 0.5 M HCIO, + 5 x 10m3 M a Pt single crystal electrode; AE =400 mV, I?=350 mV/rhe, 
CH,OH, AE=0.4 V, E=0.2 V/rhe, f= 13.5 Hz, room tem- 1=13.6 Hz, exposed face: (a) Pt(100); (b) Pt(ll0); 

perature: (a) first scan; (b) 10”’ and 251h scans. (c) Pt(ll1). 

adsorbed carbon dioxide. The complex band arises 
from at least two contributions, the first one at about 
1620-1640cn-i, which is partly due to adsorbed 
water, the second one, which is more intense, in the 
1680-1700 cm-’ range. The latter has to be attributed 
to a carbonyl containing functional group, such as the 
formyl group CHO[47, 50, 51, 56, 611. It is worth 
mentioning that a very similar band has been reported 
for either acetaldehyde or acetic acid adsorption on 
platinum in perchloric acid solutions[50, 611. 

3.2. The sensitivity of adsorbed CO to the substrate 
structure 

The distribution of the different CO,, species on the 
substrate depends strongly on the proper crystalline 
characteristics of the substrate[62-661. The EMIRS 
spectra of the electroadsorbates produced from meth- 
anol chemisorption on three different platinum single 
crystal faces, namely Pt(lOO), Pt(ll0) and Pt(l1 I), are 
illustrated in Fig. 8. As a whole, one can observe 
through these spectra the same species previously 
described, but with differences essentially related to 
the crystalline orientation of the substrate[62, 631. 
Thus, the large contribution of the species responsible 
for the band at 1680-1700 cm- ’ can only be seen for 
Pt(lO0). Furthermore, the band at 1870 cm-‘, assig- 
ned to CO, species, becomes considerably intense and 
single-sided with a positive sign, indicating that the 
corresponding electroadsorbate has been produced at 
the lower potential limit. Otherwise, the asymmetry of 
the EMIRS band, centered at 2050 cm-r, points out a 
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higher contribution of CO, at the upper potential 
limit. 

For Pt( 1 lo), the most intense band is that assigned 
to the COL species. It appears centered at 2077 cm-‘, 
that is shifted positively, as it is expected for a higher 
electroadsorbate surface concentration, in agreement 
with results obtained for pc Pt. The broad band, 
covering the 1700-1900 cm- ’ range, has been assign- 
ed to the presence of multibonded CO,,, species. 

Finally, for Pt( 111) one can distinguish a relatively 
weak absorption band related to CO, and another 
one associated with COB, the latter presumably invol- 
ving two contributions. It is interesting to note that 
the same type of fine structured band has recently been 
observed at the Pt(lll)-CO gas interfaceC671. 

Anions effects were also observed. For instance, if 
one compares the CO,, EMIRS bands for Pt(hk[) in 
perchloric acid[62, 631, to those for Pt(hkl) in sul- 
phuric acid[64], it is striking that the COB bands are 
lowered by several tens of wavenumbers in the latter 
case, while the CO, bands are nearly not affected. 
Similarly the COr bands were found very recently to 
be dependent on the reconstruction of the crystalline 
surfacc[68]. The “disordered” Pt(ll1) surface, for 
instance, leads to a COr band upshifted by cn 10 cm- ’ 
comparatively to the well ordered Pt(ll1) crystal. 

On an other hand, the detailed inspection and 
analysis of the EMIRS spectra of CO adsorbates on 
different Pt surfaces provide new insights to under- 
stand some characteristics of the voltammetric re- 
sponse for the electrooxidation of methanol on differ- 
ent crystalline faces of platinum (Fig. 9). Thus, the 
active site blockage preceding the steep current in- 
crease at about 0.72 V/rhe, which is found for Pt( 100) 
during the positive going potential scan, could be 
related to the simultaneous presence of appreciable 
amounts of the two COad adsorbates[63]. The lateral 
attractive interactions between CO, and CO, appear 
to be responsible for an additional blockage effect. The 
latter no longer exists during the negative going 
potential scan as the CO readsorption yields mainly 
CO,, species. Only at the lower switching potential the 
COa species can be newly formed. This interpretation 
accounts for the absence of this type of phenomenon 
for Pt( 110) and Pt(l1 l), as the corresponding 
current-potential profiles run in both potential direc- 
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tions appear in the same potential range, and are 
practically superimposed for Pt (111). At this stage it is 
necessary to emphasize the distinction between “elec- 
trocatalytic poisoning”, which simply results from the 
presence of any type of COad, and “surface blockage”, 
which is only occasionally observed. The latter en- 
hances the poisoning effect, through a mechanism 
involving the possible coupling of surface dipoles of 
opposite signs. 

3.3. Surjiace roughness ana’ poisoning effect 

Recently it was found that the true surface area of pc 
noble metal electrodes such as Pt, Au, Rh, could be 
increased up to nearly 1000 times (at least for Pt) the 
initial geometric electrode area. The procedure to 
develop such increase in real electrode area is based 
upon the application of a periodic potential within 
certain potential limits at a frequency high enough to 
accumulate an hydrous metal oxide layer on the 
electrode surface, and subsequently to proceed to its 
electroreduction by means of a suitable potential 
programme[69]. 

The surface characteristics of this type of modified 
electrodes were firstly studied through scanning elec- 
tron microscopy (SEM), later through scanning 
tunneling microscopy (STM)[69] and most recently 
by simultaneously combining the two techniques[70]. 
Accordingly, in the case of Pt, the surface topography 
compatible with the development of some roughness 
results from an ensemble of metal clusters and holes of 
about 10 nm average diameter[69]. For gold, the 
structure of the metal overlayer appears closer to a 
columnar- or brush-like structure, the diameter of 
each column, or of the channel left between them is 
also about 10 nm average diameter[69,70]. This type 
of electrodes were denoted as “electrodispersed” or 
“cluster-like” type electrodes. A typical dome-like 
surface topography, as observed by STM for platinum 
and gold electrodes with a roughness factor of about 
80, is shown in Figs 10a and b. 

Generally speaking, the topography of electrodis- 
persed noble metal electrodes, as depicted through 
STM, is heterogeneous. Thus, it is possible to distin- 
guish the following different domains: (i) dominant 
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Fig. 9. Voltammograms of Pt(lOO), Pt( 110) and Pt(ll1) single crystal electrodes in 0.5 M HC104 +O.l M 
CH,OH solutions at 25°C and u= 50 mVs- ‘; only the first sweep is represented. 
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a 

LO nm 

Fig. 10. (a) STM imaging of a Pt surface with a roughness factor of 80. Three different topographies can be 
distinguished (a, b, c). Regions of type b are responsible for high values of the roughness factor: (b) STM 

imaging of Au surface with a roughness factor of z 80. 

dome-like populated domains, which are directly res- 
ponsible for the roughness and for the electrocatalytic 
properties of electrodispersed electrodes; (ii) small 
nearly flat domains with a well-defined corrugation, 
which are observed for reconstructed metal surfaces; 
(iii) domains with relatively large steps. 

The uv-vis electroreflectance spectra of these elec- 
trode surfaces[71] show, particularly for platinum and 
gold, a new band at 1.8 eV in addition to that already 
known for the conventional metals. The new band 
comes from the characteristic topography of these 
surfaces. The dome-like protrusions favour the inter- 
actions between the surface plasmons and the com- 
ponents of the electric field of the incident electromag- 
netic radiation, as it is the case for large roughness 
silver surfaces[72]. 

The ur-vis electroreflection spectra of electrodisper- 
sed platinum and gold (rougness factor x 14) are illus- 
trated in Figs 1 la and b. The corresponding spectra of 
the smooth surfaces have also been included for the 
sake of direct comparison. 

From the electrochemistry standpoint it is impor- 
tant to investigate comparatively the adsorption and 
electrooxidation of CO and other small organic mole- 
cules on electrodispersed electrode surfaces. Electro- 
dispersed platinum electrodes with roughness factors 
ranging from 5 to 250 have been tested for different 
electroactive species by using the microflux cell 
technique[73]. In presence of CO in solution, a com- 
plete surface coverage by CO,, adsorbates can be 
achieved. As usually, the surface coverage is measured 
through the decrease in the H-adatom voltammetric 
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Fig. 11. (a) Electroreflectance spectra of smooth (1) and 
electrodispersed platinum (2); 0.3 M HCIO,; E= -0.25 V us 
mse; cp = W, p-polarization; f= 22 Ijz; 6E = 30 mV,rmsJ; (b) 
Electroreflectance spectra ofelectrodispersed Au (1,2) and pc 
smooth Au (3); 0.3 M HCIO,; E=O.l V us mse (1) and E= 
-0.3 V us mse (2, 3); rp =40”; p-polarization; f= 180 Hz; 

SE =28 mV,rmsj. 

charge. However, a different situation arises for or- 
ganic molecules, as in these cases the maximum sur- 
face coverage is only about 80-W% of the expected 
complete surface coverage. Furthermore, for rough- 
ness factors smaller than 30, the number and multi- 
plicity of voltammetric peaks for CO electrooxidation 
depend strongly on the adsorption potential, E,,. This 
dependence smooths down and practically disappears 
for higher roughness factors. 

In terms of electrocatalytic activity, it appears that 
the electrodispersed electrodes exhibit a depolarizing 
effect, particularly noticeable for methanol and formic 
acid electrooxidationC73, 741. 

The crystallite size of electrodispersed noble metal 
electrodes, as it should be expected from particle size 
effects in heterogeneous catalysis, plays a definite role 
on the chemisorption step. This also reflects in the fact 
that the rate of poisoning for electrodispersed electro- 
des is much lower than for smooth electrodes under 
comparable conditions[75]. 

The EMIRS experiment provides a deeper and 
clearer knowledge of the CO adsorbate formation 
throughout methanol chemisorption on electrodisper- 
sed platinum with a roughness factor equal to 20 (Fig. 
12)[76]. The comparison has been made with smooth 
platinum. For a modulation potential of 400 mV 
amplitude and a mean potential value E=0.2 V/rhe, 
the electrodispersed platinum electrode shows only a 
relatively small amount of CO,, a fact which correla- 
tes with a less important poisoning effect, as also noted 
by Kunimatsu et a/.[771 for Pt electrodes roughened 
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Fig. 12. EMIRS spectra of the adsorbed species resulting 
from the chemisorption of 1 M CH,OH in 0.5 M HCIO, 
at a rough Pt electrode. f= 13.5 Hz; 10 averaged scans. 
AE =400 mV; potential pulse centre (V us rhe): (1)=0.2; 

(2)=0.3; (3)=0.4; (4)=0.5. 

by potential cycling. Conversely, the CO, band be- 
comes more intense and single-sided for any spectral 
accumulation time. Surely there is a clear difference in 
the behaviour of electrodispersed platinum as com- 
pared to that of smooth platinum (see Fig. 7) towards 
the chemisorption and electrooxidation of 
methanol[76]. On the other hand, when ,!?is moved in 
the positive direction, one can observe that the inten- 
sity of the CO, absorption band increases, but it 
remains very asymmetric because of a greater contri- 
bution at the positive potential limit. The intensity of 
this band goes through a maximum for E 
=0.400 V/rhe, a potential beyond which CO,,, is 
definitively oxidized to CO,. The change of the spec- 
trum with E suggests that a rather fast COL -CO, 
conversion reaction becomes possible at the 
electrode[60]. Certainly, this question deserves fur- 
ther consideration as far as the formation of reduced 
CO, is concernedC74, 78, 79-J. 

4. ADSORPTION OF CO ON ADATOM 
MODIFIED ELECTRODES, AS STUDIED 

BY EMIRS 

After two decades of work it is now well-established 
that submonolayers of foreign metal adatoms under- 
potentially deposited on noble metals produce, in 
some cases, a considerable enhancement of the electro- 
catalytic activity of the substrates for the electrooxi- 
dation of several organic molecules[80, 813. For in- 
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stance, in one of the most favourable cases, the under- 
potential electrodeposition of lead adatoms can in- 
crease the electrooxidation current of formic acid in 
acid medium, by a factor approximately equal to 60, 
when the oxidation is carried out on pc platinum 
electrodes, and by a smaller factor on pc rhodium 
electrodes[82]. 

On the other hand, EMIRS has clearly demon- 
strated the participation of CO,, species during the 
chemisorption of both methanol and formic acid on 
platinum[23, 40, 831 and the role of CO as poison is 
now recognized (Cf: Section 3.1 and refs[5, 42, 841). 

The formation of a CO monolayer on rhodium 
results from the contribution of the three adsorbates, 
namely, CO,, CO, and CO,,, (cf: Section 2.5). Accord- 
ing to the quantitative analysis of the EMIRS bands, 
the distribution and surface concentration of each one 
of these species both depend on the nature of the 
molecule originally chemisorbed (CO, formic acid, 
methanol, . . .) and on the concentration of the elec- 
troactive species in solution[50, 54, 56, 851. As an 
example, the relative composition of the “adsorbed” 
CO layer as a function of formic acid concentration in 
solution is given in Fig. 13. It is evident that a decrease 
in the concentration favours the formation of multi- 
bonded adsorbates. 

4.1. Perturbation of the CO,, layer by adatoms 

The electrooxidation of formic acid has been re- 
cently investigated on rhodium covered with different 
surface concentrations of lead adatoms[54]. The latter 
was adjusted by properly setting the concentration of 
the precursor salt in solution (from 5 x lo-’ M to 
low3 M Pb (ClO,),). The corresponding EMIRS spec- 
tra (Fig. 14) show that the CO, species are specifically 
and gradually suppressed as the surface concentration 
of lead adatoms increases. The CO, species disappears 
completely for 5 x 10m4 M Pb (C104)2, a value of salt 
concentration at which, according to AdiiC and 
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Fig. 13. Dependence of the relative coverage by each type of 
adsorbed CO species at a Rh electrode on the concentration 
of HCOOH in 0.25.M HClO,: O,, Oe and 0, correspond to 
linearly bonded CO, two-fold and multi-fold bridge-bonded 

CO, respectively. 
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Fig. 14. Series of EMIRS spectra of the adsorbed layer 
formed at a upd modified Rh electrode in 0.1 M HCOOH 
+0.25 M HClO,+x M Pb*+ solutions (x was varied from 
5 x lo-’ M to 1 x low3 M, as -indicated in the figure). 
Spectral conditions: BE = 0.4 V, E = 0.2 V us rhe,f= 13.5 Hz; 

10 averaged scans. 

Tripkovic[82], the maximum catalytic effect on the 
reaction is obtained. Simultaneously the relative dis- 
tribution of other adsorbates, i.e. CO,_ and CO,,,, 
remains almost unchanged. 

A very similar behaviour was also observed for the 
effect of copper adatoms on CO adsorption (from a 
CO-saturated solution) on rhodium (Fig. 15). These 
spectra were obtained by polarization modulation, 
and it was found that the CO, species were almost 
completely removed by the upd of Cu adatoms, where- 
as the intensity of the CO, ir band decreased only by 
ca 16%[26, 863. 

As far as cadmium adatoms are concerned, their 
lack of activity towards the electrooxidation of formic 
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Fig. 15. Effect of underpotentially deposited Cu adatoms on 
the PM-IRRAS spectra of CO adsorbed on pc Rh at 0.37 V 

us rhe. 
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acid on rhodium could be found surprising. But for 
this case, EMIRS data show up a clear answer because 
the spectra corresponding to the CO,, absorption 
region remain unchanged at the precursor salt concen- 
tration in solution usu$lly employed. It appears that 
the adsorbability of cadmium is considerably lower 
than that of lead, in agreement with AdiiC’s original 
suggestion[82], so that cadmium adatoms are not able 
to displace, through competitive adsorption, the CO 
species from the surface. Can one extend this argu- 
ment to the case of platinum? If one considers the two 
examples reported so far in the EMIRS literature, ie 
the influence of lead adatoms on the adsorption of 
formaldehyde in acid solutions[8, 871 and on the 
chemisorption of ethyleneglycol in basic solution[48], 
one can conclude seemingly that as the lead adatom 
concentration increases there is a selective disap- 
pearance of COad species bound to more than one 
adsorption site before that the disappearance of COL 
can be observed. Thus, it is also possible that this type 
of mechanism on rhodium applies also to the case of 
platinum. 

4.2. General evaluation of the number of adsorption 
sites for adatoms and electrochemical correlation 

Let us consider again the electrooxidation of formic 
acid on rhodium modified electrodes to establish a 
correlation between the EMIRS and electrochemical 
data. With lead adatoms, the one-by-one replacement 
of a CO, molecule by a Pb adatom, as observed by 
EMIRS (see Section 4.1), brings out to the conclusion 
that a lead adatom needs two adjacent adsorption 
sites, in accordance with ‘the electrochemical 
results[88]. The EMIRS investigations have been 
extended to the study of the influence of bismuth 
adatoms. According to the electrochemical measure- 
ments each bismuth adatom requires three adsorption 
sites at the rhodium surface[88-901. Hence, it is 
interesting to observe the perturbation induced by 
bismuth adatoms in the EMIRS bands of CO,, spe- 
cies. Actually the CO,,, species are not affected, where- 
as in the first instants of spectral accumulation, the 
CO, band decreases and the COL band slightly in- 
creases. Such an unexpected behaviour can be ex- 
plained provided that each bismuth adatom occupies 
three sites out of the four sites previously occupied by 
two adjacent CO, adsorbates, the remaining site 
allowing the adsorption of CO, species to occur[91]. 
Therefore, one has to admit that there is a good 
correlation between the spectroscopic data and the 
electrochemical measurements. It results that each 
lead adatom is bound to two sites, while each bismuth 
adatom is bonded to three sites at the surface. Similar 
experiments made with silver adatoms have shown a 
decrease in the CO, EMIRS absorption band, still in 
agreement with electrochemical measurements ac- 
cording to which each silver atom is related to 1.15 site 
when adsorbed on rhodium[90]. 

5. THEORETICAL STUDY OF CO 
ADSORPTION ON MODEL SURFACES 

Theoretical studies about CO adsorption on model 
solid metal substrates, particularly platinum, have 

been made to explain adsorptive interactions in the 
gas phase-solid metal systems[92-981. Similar studies 
can be extended to the liquid electrolyte-solid metal 
interface by considering the influence of the applied 
potential. Therefore for electrochemical systems, ad- 
sorption/desorption phenomena and the applied po- 
tential (electric perturbation) have to be considered as 
additional variables influencing the structure of the 
adsorbed layer. 

5.1. The CO-Pt adsorption bond 

The model, which gives a good description of the 
Pt-CO interaction, ie is the donation-retrodonation 
model, was originally proposed by Blyholder[99]. The 
valence orbitals contours of a CO molecule are illus- 
trated in Figs 16a and b. The adsorption of CO results 
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Fig. 16. (a) Valence orbitals contours of a CO molecule. 
Arrows indicate the location of C and 0 nuclei. 4a, 5u and n 
(or In) orbitals are occupied and n* (or 2x) orbitals are 
unoccupied. (b) Adsorption scheme for CO on a metal 
surface according to the donation-retrodonation model. Full 
lines depict the 50 orbital and dashed lines indicate the II* 
orbitals: (1) orbitals which stabilize the adsorptive bond are 
depicted; (2) orbitals which play no significant role in the 
adsorptive bond are illustrated; (c) scheme for the CO- 
transition metal interaction. The CO-metal bond comprises 
the occupied bonding 5~ orbital and the empty n* (2~) 

antibonding orbitals. 
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from two simultaneous bond stabilization effects, one 
produced throughout the electronic transfer from the 
%-orbital of CO to the d-band (which displays a 
partial s-character) of platinum, and another one due 
to the retrodonation of electrons to the H* (or 2n) 
antibonding orbitals of CO[99-1011 (Fig. 16c). 

5.2. Outline of the calculation procedure 

The calculation of the CO-Pt interactions is made 
through the application of semiempirical methods, 
particularly those derived from the Extended Hiikel 
Method (EHM) as originally developed by Hoff- 
mann[102]. These methods allow the simulation of 
the applied potential through the corresponding shift 
of the band energy of the metal[ 1031. The metal phase 
is simulated as a metal cluster with a definite cry- 
stalline structure, for instance, Pt(ll1) and Pt(100). 
The size of the cluster results from a compromise 
between a negligible influence of the cluster borders on 
the CO-Pt bond interaction energy, and the comput- 
ing facilities. Results recently reported are based upon 
two layered clusters, a Pt(ll1) cluster containing 19 
atoms and a Pt( 100) cluster of 25 atoms[ 1031, with, for 
each cluster, a possible choice of different sites for 
CO-Pt interaction[ 104, 1051. The limitations regard- 
ing to the calculation procedures are inherent to the 
Quantum Chemistry methodology. The calculations 
proceed for the metal surface electrically discharged 
and for the metal surface charged with an excess of 
either positive (anodic applied potential) or negative 
charge (cathodic applied potential). 

5.3. Uncharged Pt-CO adsorptive interaction 

The calculations show that the adsorption of CO on 
platinum occurs without dissociation of the CO mole- 
cule, the C-atom being bound to the metal surface. 
The CO-Pt adsorptive bond appears with at least 
three types of configurations, namely, linear, bridge or 
hollow (multibonded) CO,,[93-981. The first con- 
figuration, CO,, is the most favoured one on Pt(lll), 
but both linear and bridge-forms exhibit the same 
adsorption energy on Pt( lOO)[ 1001. Therefore, these 
results imply a change in the adsorbate structure 
caused by the proper crystalline characteristics of the 
substrate. 

For the Pt( 11 1)-CO gas phase system involving a 
degree of surface coverage, 0, equal to l/3, an on-top 
linear coordination of CO produces a clear (J3 x ,/3) 
R30 LEED pattern, a structure which was originally 
assigned to adsorption at hollow sites. Likewise for 
O= l/2, the adsorbate involves one half linearly ad- 
sorbed (on-top) and one-half bridge adsorbed CO 
(hollow sites). The latter begins to appear at relatively 
low values of 0. As 0 increases beyond 0.7, a com- 
pressed hexagonal structure with a c(4 x 2) unit cell in 
the (110) direction can be formed. 

For Pt(100) a c(2 x 2) LEED structure is produced 
for O= l/2 with bridge bonded adsorbates. In this 
case linearly bonded CO appears for 0 x 0.66 and the 
CO&O, ratio increases with the total coverage. 

The Pt-CO interaction in aqueous solutions turns 
out to be more complex because of the simultaneous 
presence of water molecules at the interface. In this 
case water can play a double role, either as an 

interacting dipole, or through its decomposition pro- 
ducts, ie OH and H species. This fact opens the 
possibility to calculate the structure and stability of 
either CO,, as the actual electrocatalytic poison or 
species such as Pt-COH, Pt-CHO, Pt-COOH, 
PtgCO,,) (OH,,), . . . which are presumably much 
closer to the real electrocatalytic intermediates in the 
electrooxidation of CO[ 1061. 

5.4. Charged Pt-CO adsorption interactions 

When an external electric potential is applied to the 
Pt-CO (electrolyte solution) interface, the structural 
characteristics of CO-adsorbates change according to 
the applied potential, as expected. Negative applied 
potentials shift the CO adsorbate from one-fold to 
two-fold position and possibly to three-fold bonded 
on Pt(lll)[107], due to the shift up in energy of the 
metal valence band lying closer to the energy of the 
empty Z* (or 27~) orbital level of CO[lOO, 1011. This 
fact strengthens the d-n* orbital mixing, and favours 
CO adsorption at highly coordinated sites. Otherwise, 
positive applied potentials result in the stabilization of 
the one-fold coordination state[lOS]. It is the conse- 
quence of the metal d-band lowering that strengthens 
that So-metal band interaction, the directional sym- 
metry of the bond defining this coordination. The 
same trend was found for Pt(lOO), although in this case 
bridge and linear coordinations are equally favoured 
for the uncharged metal surface. Hence, for positive 
potential metal charging on both Pt(ll1) and Pt(lOO), 
adsorbed structures with linearly bonded CO appear 
to be the most favourable. At present, however, as only 
isolated adsorbed molecules have been theoretically 
considered[lOO, 1011, no sound conclusions about 
changes in the structure of the adsorbed layer as a 
function of the potential applied to the metal can be 
derived. More sophisticated models have therefore to 
be worked out in the future. 

Data obtained either by potential programme vol- 
tammetry (PPV) or by EMIRS, correlate well with the 
theoretical studies. It is clear, especially from PPV 
performed on Pt(hkl) electrodes that bridge and multi- 
bonded CO adsorbates are favoured at rather low 
adsorption potentials (near or in the hydrogen region), 
whereas for more positive potentials the linear co- 
ordination becomes predominant[7,16,17]. The same 
trend is also observed by EMIRS, although it is more 
difficult to conclude, due to the potential modulation. 
But it is roughly seen, especially for Pt(100) 
electrodes[62], that lowering the mean potential of the 
400 mV potential pulse leads to a higher CO&O, 
ratio. This is also consistent with the’results of Kuni- 
matsu et aI.[35,37, 1091 showing a higher concentra- 
tion of CO, when CO adsorbs on pc Pt in the 
hydrogen region, comparatively to its adsorption in 
the double layer region. 

In conclusion, EHM calculations, complemented 
with mechanistic information recently reported, pro- 
vide concrete data on the stability of the different 
adsorbates on the Pt(ll1) and Pt(100) cluster sub- 
strates, which are consistent with the experimental 
data reported so far. Thus, for the first time, it allows 
to advance a structural interpretation for the voltam- 
metric behaviour of adsorbed CO electrooxidation on 
Pt single crystals[106]. For sufficiently positive appli- 
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ed potentials, the structure of the adsorbates is modi- 
fied, and the changes can be related to those structures 
spectroscopically determined for the uncharged 
Pt-CO (gas phase) interface, but also to those for the 
charged Pt-CO (electrolytic solution) interface. There- 
fore, it appears that the multiplicity and location of the 
voltammetric peaks is not only the result of different 
CO coordination geometries on Pt, but it is also the 
result of cooperative interactions involving OH coad- 
sorbed with different number of linearly adsorbed CO 
molecules. 

6. CONCLUSIONS 

The present review of information, concerning the 
adsorption and electrooxidation of CO, covers so 
many aspects that it justifies the selection of this 
process as a test reaction for electrocatalysis. 

Accordingly, the following conclusions can be put 
forward. 

(1) The electrooxidation of CO is a complex 
reaction, as it can be immediately deduced from 
the multiplicity of the voltammetric peaks that 
can be recorded in a relatively narrow potential 
range. Therefore, the study of such a process 
requires the use of several experimental techni- 
ques principally related to electrochemistry and 
surface spectroscopy. 

(2) The structure and the distribution of the 
different CO species adsorbed on well defined 
surfaces, such as platinum single crystals, Pt(100) 
and Pt(lll), as predicted by theoretical calcu- 
lations (EHM), correlate well with the experi- 
mental results obtained both by cyclic voltamme- 
try and EMIRS. Moreover the effect of the elec- 
trode potential on the CO adsorbates adlayer, as 
observed experimentally, is well predicted by the 
theoretical calculations, although the model is 
actually too simple to take into consideration 
lateral interactions between adsorbed CO and 
other adsorbates coming either from the elec- 
troactive species or from the solvent (water mol- 
ecule). 

(3) CO,, is formed in the course of most elec- 
trochemical reactions involving the electrooxida- 
tion of small organic molecules. The kinetics of 
COad formation depends upon different reaction 
parameters, such as the nature and the concentra- 
tion of the electroactive species, the solution 
composition including pH, the adsorption time, 
the adsorption potential, the substrate surface 
characteristics, the electrooxidation potential 
program, etc. In any case, CO acts more as a 
catalytic poison than as a reactive inter- 
mediate[84]. 

(4) Both the formation of the COad layer and 
the distribution of the three distinguishable types 
of adsorbates, which constitute the adsorbed 
layer, namely, CO,, CO, and CO,,,, depend 
considerably on the kind of the electroactive 
species, ie its reactivity is related to its own 
structure and to the presence of reacting groups, 
and to the nature of the electrocatalytic metal. 

The catalytic activity of the latter is closely 
related to the type of surface, ie smooth, poly- 
crystal, single crystal, electrodispersed metal, 
preferred crystalline oriented metal. 

The case of electrodispersed electrodes becomes 
particularly interesting. For these electrodes, which 
involve an enhancement of the roughness factor, and 
whose topography has been well-characterized 
throughout STM, the formation of CO,, following the 
chemisorption of organic species, is appreciably dim- 
inished. The use of electrodispersed electrodes for 
practical systems (eg electrochemical generators, elec- 
trolyzers for organic synthesis, etc) is thus considered 
due to the mild poisoning effect of CO,, species. 

On the other hand, the electromodulated infrared 
spectroscopy came out as an in situ technique parti- 
cularly useful to follow the change in the distribution 
of the different adsorbed species which constitute the 
adsorbed layer. EMIRS allows to obtain definite 
quantitative results concerning the selective suppres- 
sion of the double bonded CO adsorbate caused by 
the presence of lead adatoms on the substrate. This 
“depoisoning” effect reflects in an increase of the 
electrooxidation current density, ie it turns out to be a 
true electrocatalytic effect. Furthermore, throughout 
EMIRS it is possible to study the perturbation of the 
COad adsorbates and to evaluate from these data the 
number of adsorption sites needed for each metal 
adatom. From the systems which have already been 
investigated a good correlation between EMIRS and 
electrochemical data has been established. 
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