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Abstract 

In voltammetric CO stripping experiments in acid media, CO pre-oxidation usually takes 

place on catalysts with a high density of surface defects, obeyed the conditions of full COads 

layer formation at suitable low potentials into the “hydrogen region” and, importantly, CO 

traces in the bulk of the solution is required. This study aims to interrogate that. The electro-

oxidation of CO was voltammetrically conducted applying different scan rates, employing 

Pt(111) terraced surfaces and full CO coverage equilibrated with different content of 

dissolved CO in the bulk of an acid quiescent solution; also experiments were performed in 

which COads was present only on the (110)-type steps in a CO-free solution. It was found that: 

(1) slopes of peak potentials of CO pre-oxidation versus the logarithm of scan rates were

smaller for higher CO contents in the solution; (2) charge density of CO pre-oxidation was 

higher for slower scan rate; (3) CO pre-oxidation takes place at low potentials where the 

(110)-type step sites were inactive in the catalysis of CO electro-oxidation. We conclude that, 

in such a quiescent solution, the content of dissolved CO in the bulk of the solution 

determines the magnitude and the shape of the curve of the CO pre-oxidation. This can be 

understandable in terms of prompt provision of CO molecules from the solution (diffusion 

layer) to surface active sites, that is, the most active sites, released during the CO pre-

oxidation. In the CO pre-oxidation on Pt(111) terraced surfaces, the most active sites lie at 
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the bottom of (111) terraces. The results provide evidence that, in presence of CO traces in 

the bulk of the solution, on one hand, the pre-oxidation of CO involves the diffusion-limited 

electro-oxidation of bulk CO at most active sites released during the CO pre-oxidation 

process. On the other hand, the main CO electro-oxidation peak is a typical behavior of a 

surface-confined process. Our proposition applies to Pt electrodes in acidic medium.  
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1. Introduction  

In the field of heterogeneous electrocatalysis, platinum is one of the known catalytic 

materials for which the CO electro-oxidation better behaves as a sensitive reaction to the 

surface structure. The adsorption and electro-oxidation of CO are prototypical examples of 

surface probe reactions [1, 2]. Interestingly, the CO electro-oxidation reaction presents very 

intriguing facets. For instance, the electrochemical oxidation of the COads layer (in the absence 

of CO in the bulk of the solution), usually requires high overpotentials (ca. 0.8 V) to start on 

pure Pt electrodes, when compared to the standard potential for the reaction CO(g) + H2O(l) ⇄ 

CO2(g) + 2H+ + 2e-, which is E0 = -0.104 VSHE [3]. In fact, at low overpotentials, the electro-

oxidation of CO shows a sluggish kinetic reaction rate [4-6]. However, it was accidentally 

observed in some experiments of COads stripping (and bulk CO electro-oxidation as well) that 

the reaction initiates at lower overpotentials, in a slow kinetic process known as CO pre-

oxidation. It has been observed in several types of platinum electrodes in acid solution that 

pre-oxidation only occurs if the solution contains traces of dissolved CO [7]. In this respect, 

there is still a need to elucidate a possible underlying mechanism that explains the role played 

by CO in the solution in the emergence of the CO pre-oxidation on Pt electrodes in acid 

solutions. This study focuses on this question.  

Due to its importance in terms of catalysis, many publications address the issue of CO 

pre-oxidation, in particular on Pt and Pt-based electrodes [7-23]. Generally, the divergences 

that exist on the topic concern the mechanism underlying the CO pre-oxidation 

phenomenon. However, the experimental control of conditions required for the CO pre-

oxidation to be a reproducible phenomenon has not always been well understood and, 

perhaps for that reason, there is so much divergence on this subject. Herein, we will describe 

how the CO pre-oxidation proceeds in voltammetric experiments, specifically, CO stripping 

on Pt electrodes in acid media. So, in CO stripping experiments, in which a COads layer is 

formed on the electrode surfaces and non-adsorbed CO is (partially) eliminated from the bulk 

of the solution, the voltammetric CO electro-oxidation usually starts at very low 

overpotentials developing a small pre-wave that usually separates from the main CO electro-

oxidation process [9, 10, 14]. This slow kinetics process is called CO pre-oxidation. It is worth 

highlighting that, for bulk CO oxidation and under forced convection (using the hanging 

meniscus rotating disk electrode configuration), it is not possible to differentiate the pre-

oxidation from the main oxidation process because the adsorption of CO molecules from the 



bulk of the solution retards the ignition process, so that it occurs simultaneously with the 

electro-oxidation of CO from the solution [24, 25]. When a COads layer is formed at constant 

and low potentials, as those in the hydrogen underpotential deposition region, the CO electro-

oxidation process starts at very low overpotentials [9, 10]. This is a fact widely corroborated 

in the literature [14, 26, 27]. Indeed, the CO dosing potential was the first experimental 

condition observed to be linked to the reproducibility of the CO pre-oxidation [10, 14]. In 

this line, López-Cudero et al. [14] found that high CO coverage and defect-rich catalyst 

surface are needed for the appearance of the CO pre-oxidation. This was a very interesting 

finding because it suggests that the CO pre-oxidation is surface-structure sensitive in the sense 

that defects are required, in addition to both the aforementioned: CO adsorption potential 

and high CO coverage. Intriguingly, if the three conditions above are met, namely; low CO 

adsorption potential, high CO coverage, and defect rich catalyst surfaces, the CO pre-

oxidation on Pt(111)-type electrode in acidic medium only happens when the bulk of the 

solution contains at least traces of dissolved CO [7]. This intriguing fact will be investigated 

in detail, with the solution containing different amounts of dissolved CO, and applying 

different scan rates for the voltammetric electro-oxidations of the CO on stepped Pt(111)-

type surfaces. However, it is worth mentioning that a recent finding revealed that the pre-

oxidation of CO is not an exclusive phenomenon of defect-rich catalyst surfaces and it 

appeared even in the absence of dissolved CO in the solution [23], which increases the 

complexity of the catalytic mechanisms underlying the phenomenon of the CO pre-oxidation. 

In this paper, we delimit the study only on cases in which CO pre-oxidation is favored on Pt 

surfaces rich in defects, and obey specific conditions of potential for CO adsorption.  

Regarding the defects on catalyst surface, the rate of the CO electro-oxidation reaction 

on stepped surfaces with (111) terraces very often increases as the density of surface steps 

(defects) increases [28]. In this situation, it is normally expected that the defects on the surface 

are directly involved as active sites in the enhancement of the reaction rate. However, 

controlled experiments based on labeling specific active sites with the reaction intermediates 

– adsorbed 13CO on top of the surface defects – have revealed that steps (or defects) do not 

chemically or directly participate as active sites in the catalytic enhancement of CO electro-

oxidation reaction [29]. Instead, defects on the surfaces have an indirect involvement in the 

enhancement, because they tune the catalytic properties on (111) terraces so that a higher 

catalytic activity for CO electro-oxidation reaction is observed. It should be noted that this 



catalytic behavior is absent on the “infinite” (or perfect) (111) terraces, (Pt(111) basal plane), 

explaining why the presence of surface defects usually increases the catalytic activity. 

Another relevant aspect that is observed for a structure sensitive reaction such as the CO 

electro-oxidation reaction is that the measured faradaic current density involving the CO 

electro-oxidation reaction is the result of the sum of the activity of the different sites working 

with very different efficiencies or abilities [29]. Conceptually, for reactions that are surface 

structure-sensitive, if the different sites (or facets) on the catalyst surface act as active sites, it 

is not expected that such different sites are active (or become activated) requiring the same 

driving force or overpotentials (in the case of electrochemical reactions). Consequently, if the 

different sites require a different driven force to be activated, it is then expected that some 

active sites may deliver the reaction outcome while other ones keep entirely inactivated or 

even poisoned by reactants and/or reaction intermediates. This is especially important at low 

overpotentials, that is, when the driving force is small. Conceptually, this is a very interesting 

subject to be investigated in heterogeneous electrocatalysis, and for that, the electro-oxidation 

of CO is a very suitable surface probe reaction. This type of heterogeneity of active sites on 

Pt(111) terraced surfaces consisting of (110)-type steps and (111)-type terraces will be 

investigated employing the CO electro-oxidation reaction as a surface probe reaction in 

presence of CO traces in the bulk of a quiescent electrolyte solution. This allows studying the 

role of surface defects together with the possible role played by CO in the bulk of the solution 

in the electro-oxidation of CO at low overpotentials.  

The aim of the study was to provide further insights about the role of CO in the bulk 

of the solution on pathways of electro-oxidation reaction of CO at low overpotentials.  

 

2. Experimental Section  

In this study, bead-type electrodes were used as working electrodes. Specifically, the 

following crystalline surfaces were used: Pt(111), Pt(13 13 12), and Pt(776). Pt(13 13 12) and 

Pt(776) are stepped surfaces, which, according to the Lang-Joyner-Somorjai nomenclature 

[30], belong to the Pt(s)-[(n – 1)(111)×(110)] series, in which n refers to the atomic width of 

the (111) terraces. Under this notation, the corresponding Miller index for this series is (n, n, 

n – 2), being each stepped surface individually represented as:  

Pt(13 13 12) ≡ Pt(s)-[25(111)×(110)],with n – 1 = 25  

Pt(776) ≡ Pt(s)-[13(111)×(110)], with n – 1 = 13  



Thus, the Pt(13 13 12) and Pt(776) electrodes have 25, and 13 atom-wide (111) terraces, 

respectively, separated by (110) monoatomic steps. The step density for these surfaces is 

defined as the number of steps per unit length in the plane of the terrace, ρ(hkl), in cm-1. The 

oriented surface area (A) of each electrode was: Pt(111), A ≃ 4.53 mm2; Pt(Pt(13 13 12), A ≃ 

3.33 mm2; Pt(776), A ≃ 3.66 mm2. Current densities have been calculated using these areas.  

As standard procedure, the working electrodes were annealed in a butane/air flame and 

then cooled in a reducing Ar/H2 atmosphere (free of oxygen) [31]. A Pt wire was used as a 

counter electrode, which was annealed in a butane/air flame several times and washed with 

ultra-pure water before use. As a reference electrode, a reversible hydrogen electrode was 

used, and all the potentials were quoted against this reference electrode. The temperature of 

the experiments was 25 ± 1.0 oC (room temperature in the laboratory).  

Solutions were prepared in ultrapure water (18.2 MΩ cm) and HClO4 (Aldrich, 70 %). 

The electrochemical technique employed in this study was cyclic voltammetry. For this 

technique, the potential of the electrode was controlled using a waveform generator (Model 

175, EG&G PARC) together with a potentiostat (Model 551, Amel) and a digital recorder 

(Model ED 401, eDAC). For comparison between experiments recorded at different scan rates, 

the curves of current density vs potential have been divided by the scan rate, 𝑣𝑣, since peak 

currents increases almost linearly with the scan rate.  

To register the voltammetric CO stripping experiments, the CO (N47, Alpha Gaz) gas 

was admitted in the electrochemical cell by bubbling it (flow of ~200 mL/min in all 

experiments) through the solution for 5 minutes, at a fixed potential of 0.1 V (unless otherwise 

noted). Next, non-adsorbed CO was (partially) eliminated from the bulk of the solution by 

bubbling Ar (N50, Alpha Gaz) with a flow of ~150 mL/min for controlled times ranging from 

0 (which implies that the solution is CO saturated) to 30 minutes (which implies that non-

adsorbed CO is completely eliminated from the bulk of the solution). In this respect, all 

experiments were carried out using the same electrochemical cell, always employing a similar 

quantity (volume) of solution. In the case of Ar flow for 18 minutes, the consecutive recording 

of two voltammograms, that is, the CO stripping profile and its subsequent blank cyclic 

voltammogram, evidenced the presence of CO in the second voltammetric cycle because the 

CO partially blocked the hydrogen region in the second cycle, and consequently a small CO 

electro-oxidation peak appeared at ~0.712 V in the second scan, shown in Figure SI 1.  

 



3. Results  

3.1. Voltammetric profiles of the electrodes in a CO-free electrolyte  

Figure 1 shows the cyclic voltammograms of different Pt single crystal electrodes, 

namely, Pt(111) basal plane, Pt(13 13 12), and Pt(776), recorded in a 0.1 M HClO4 solution. 

This figure also includes a hard-sphere model of a Pt(776) stepped surface assigning the 

different surface sites considered (the top of the step and its corresponding bottom side, and 

the terrace domain), with information on the charge separation process at the steps, which 

generated a surface dipole. It should be noted that the quality of the voltammograms in Figure 

1 indicates that the crystal surfaces were well-ordered and the solution was free of impurities.  
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Figure 1. Cyclic voltammograms of Pt(111), Pt(13 13 12) and Pt(776) single crystals electrodes 
in a 0.1 M HClO4 solution, at a scan rate of 0.05 V s-1. The figure includes a hard model of a 
stepped surface (drawn using http://surfexp.fhi-berlin.mpg.de/) showing the dipole created on 
the step.  

 

For Pt(111) surfaces in this electrolyte, the potential of zero total charge is ~0.33 VRHE, 

and it decreases slightly as defects are introduced into the (111) plane [32]. In this sense and 

regardless of the crystal surface orientation, it is reasonable to assume that in this supporting 

electrolyte, the dominant interfacial processes at potentials lower than ~0.33 V are the 

reversible charge/discharge of the (solvated) proton to form adsorbed hydrogen atom 

http://surfexp.fhi-berlin.mpg.de/


(Hads). This electrochemical process is also termed as hydrogen underpotential deposition 

(HUPD), which can be represented simply as H+ + e- + *active sites ⇄ Hads. These reactions are fast, 

surface-limited, and importantly, are extremely sensitive to the structure of Pt surface sites, 

allowing to identify the presence and orientation of the terrace and the step/defect sites. This 

surface structure sensitive behavior of hydrogen adsorption/desorption on Pt electrodes is also 

useful to identify whether certain types of active Pt surface sites are available or not, as will 

be detailed below. The signals in the cyclic voltammogram of this surface at potentials above 

0.6 V are mainly related to the adsorption/desorption of OH on the electrode surface. For the 

Pt(111) electrode, the prominent reversible spike at ~0.8 V is very sensitive to the long-range 

order of the (111) facet and is affected probably by the interactions of adsorbed OH with 

perchlorate anions and water interfacial molecules [33]. In this sense and as expected (see 

Figure 1), the features at ~0.8 V decreased as steps (defects) are introduced into the (111) 

plane.  

For stepped Pt surfaces, when the potential window was raised to about 0.9 VRHE, an 

irreversible change in the voltammogram appeared, indicating the occurrence of a surface 

restructuring process. For this reason, the upper potential limit for the voltammetric scans 

decreases as the step density increases (Figure 1). However, for the present study, the most 

important point is to characterize or to establish the relationships between the surface 

structure and the electrochemical processes that result in the prominent peaks in the 

hydrogen region as seen in Figure 1. In this sense, the increase of the surface step density, i.e., 

when moving from Pt(111) to stepped Pt surfaces – since ρ(111) << ρ(13 13 12) < ρ(776) – leads to an 

increase in the intensity (and charge density) of the features at ~0.13 V. These peaks are the 

fingerprint of hydrogen adsorption/desorption at the top of the (110)-type step orientations 

(see hard-sphere model in Figure 1), as demonstrated by Clavilier et al. [34]. As it can be seen 

in Figure 1, the peaks at ~0.13 V are absent in the voltammogram of Pt(111) surface, which 

indicates that this surface is well-ordered. Moreover, in the pH solution (and ionic strength) 

employed in this study (0.1 M HClO4 with pH ~1.2), the signatures of (100)-type steps should 

appear at ~0.28 VRHE. None of the voltammograms in Figure 1 exhibits peaks around ~0.28 

VRHE, which indicates that all the crystal surfaces used in this study were well-ordered. Any 

site-selective adsorption process taking place on a Pt stepped surface preferentially blocks 

either the terraces or the step sites (top of the steps), as it will be shown in the next section.  

 



3.2. Catalytic activity of “infinite” (111)-type terraces and (110)-type steps toward electro-

oxidation of CO  

Electro-oxidation of CO on well-ordered Pt(111) surfaces are shown in Figure 2. To 

register these experiments, the potential was fixed at 0.1 V and CO was bubbled through the 

solution for 5 minutes. After this, the CO gas stream was interrupted, and non-adsorbed CO 

was partially eliminated from the bulk of the solution by bubbling Ar gas through the solution 

for 18 minutes. CO stripping experiments at different scan rates were recorded, as shown in 

Figure 2. As expected [35], the stripping voltammograms of the saturated COads layer on the 

Pt(111) surface presents a single CO electro-oxidation peak. This result shows that the main 

peak of the electro-oxidation of a COads layer adsorbed at 0.1 V on a well-ordered Pt(111) 

surface is not preceded by a CO pre-oxidation process. It is worth mentioning that a recent 

publication reports that, for a COads layer adsorbed when flame annealed Pt(111) electrode 

was cooled in a CO atmosphere, the stripping of the COads layer presented a prominent CO 

pre-oxidation process [23], but that experimental condition for the preparation of the COads 

layer was not applied in the present study. For experimental conditions employed in 

experiments of Figure 2, specifically CO adsorption potentials and partial elimination of non-

adsorbed CO, the total CO coverage determined from the integration of the stripping peak 

(corrected by electric double layer [36]) was θCO ≃ 0.70. This is similar to results already 

reported in the literature, evidencing that the total COads coverage is also determined by the 

equilibrium involving COads in the compact layer and dissolved CO in the bulk of the solution 

(partial pressure of CO) [37]. This coverage value is also, within the error of the 

measurements, the value expected for the CO superstructure �√19√19�R23.4o–13CO (θCO ≃ 

0.68), observed by STM on a Pt(111) electrode in the absence of CO in solution [38].  

It is important to highlight that 18 minutes of Ar stream was not enough to completely 

eliminate CO from the solution. The presence of traces of CO in the bulk of the solution was 

detected in subsequent cyclic voltammograms (not shown) recorded after CO stripping 

experiments shown in Figure 2. It should be emphasized that even in the presence of traces 

of CO in the solution, the CO stripping experiments in Figure 2 do not show any signs of a 

CO pre-oxidation wave. The inset of Figure 2 shows the Tafel plots of the CO electro-

oxidation peak, i.e., the plots of peak potentials versus the logarithm of scan rate (𝑑𝑑𝑑𝑑𝑝𝑝 𝑑𝑑⁄ 𝑙𝑙𝑙𝑙𝑙𝑙𝑣𝑣) 

recorded directly from the respective the cyclic voltammograms for scan rate ranging from 

0.002 to 0.100 V s-1. The measured Tafel slope is 86 mV dec-1. For the present condition, the 



potential scan rate range was restricted from 0.002 to 0.200 V s-1. At higher scan rates, a change 

in the values of the 𝑑𝑑𝑑𝑑𝑝𝑝 𝑑𝑑⁄ 𝑙𝑙𝑙𝑙𝑙𝑙𝑣𝑣 slope is observed [21], probably associated with changes in 

the surface conditions of the electrode at those scan rates.  
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Figure 2. Voltammetric profiles divided by the scan rate of the electro-oxidation of a full COads 
layer on a well-ordered Pt(111) electrode at different scan rates, in 0.1 M HClO4. The inset shows 
the plot of the peak potentials versus the logarithm of the sweep rate. The CO gas was admitted 
in the cell with the electrode fixed at 0.1 V. The non-adsorbed CO was removed from solution 
by bubbling Ar gas for 18 min.  

 

The experiments presented in Figure 2 serve to define the catalytic activity of electro-

oxidation of CO on well-ordered Pt surfaces, i.e., on a surface consisting of “infinite” (111) 

terraces. Therefore, in Figure 2 the catalytic activity was evaluated for (111) terraces “free” of 

the effects coming from surface defects, and it would be a kind of the intrinsic catalytic 

activity to the (111) terrace sites. The experiments in Figure 2 confirmed that, under those 

experimental conditions with respect to the COads layer preparation, “infinite” (111) terraces 

are poorly active for the reaction of COads electro-oxidation, as already reported in the 

literature [35].  

Once the catalytic behavior of the “quasi-perfect” (111) terrace has been assessed, the 

next experiment, shown in Figure 3, aims to evaluate the intrinsic catalytic activity of Pt(110)-

type steps toward CO electro-oxidation reaction. The intrinsic catalytic activity of step sites 

means that the activity is evaluated in a condition in which COads species are present 

exclusively on the step sites, being all the (111)-type terraces non-occupied by COads. To 

achieve this situation, a full COads layer on a stepped Pt surface was voltammetric electro-



oxidized in a carefully designed experiment. A Pt(776) stepped surface was used as a 

representative stepped surface. A full COads layer was formed on a Pt(776) electrode at a 

constant potential of 0.1 V. For that, a stream of CO was bubbled through the solution for 5 

minutes. After that, non-adsorbed CO in the bulk of the solution was properly eliminated for 

30 minutes by bubbling Ar. Then, the COads layer was partially oxidized in several 

voltammetric cycles by carefully controlling the upper potential limit. In order to monitor 

the extent of vacancies on the top of the COads layer on the (111) terrace sites in each 

voltammetric cycle, the profile of the hydrogen region was registered, and in each subsequent 

potential cycle, the upper potential limit imposed was progressively increased. Thus, after 

successive voltammetric cycles, the condition of COads species occupying only the (110)-type 

step sites was achieved. As aforementioned (Subsection 3.1), the hydrogen desorption region 

serves to determine the presence of adsorbed molecules on the different sites, due to the 

extreme sensitivity of the H+ + e- + *active sites ⇄ Hads reaction to the surface structure. Thus, 

hydrogen desorption from the (111) terraces gives rise to a wide voltammetric wave in which 

an almost constant current between 0.06 and 0.18 V is observed, whereas the peak at ~0.13 V 

corresponds to the desorption of hydrogen from the top of the (110) steps. If any foreign 

species binds to Pt sites more strongly than Hads does, then the foreign species displaces Hads 

and occupies the available sites left by the Hads species. Under these conditions, the 

voltammetric profile in the hydrogen region is due to the hydrogen desorption from the sites 

not occupied by the foreign species. No other surface technique allows monitoring this type 

of surface reaction with the detail provided by the voltammetric technique.  

Data in Figure 3 (blue line) offer pieces of evidence that when the potential is scanned 

in a region of high potential, high enough to electro-oxidize a fraction of CO coverage, the 

set of sites left (available) corresponds to or involves preferentially (111) terrace sites. In this 

case, a full layer of COads was partially oxidized by voltammetry applying different upper 

potential limits. Generally, successive partial oxidation cycles are necessary in order to 

remove only CO from the (111) terrace sites of stepped surfaces. The blue line in Figure 3 

only shows the last stage of the experiment. As it can be seen, all the (111) terrace sites are 

available for the H+ + e- + *active sites ⇄ Hads reactions, while only the (110)-type steps (presumably 

the top of the steps) remains blocked by COads. We obtained the condition of CO adsorbed 

only on the steps because CO electro-oxidation takes place on top of the steps only when all 

the COads on the (111) terraces are electro-oxidized, because the electro-oxidation of CO takes 



place preferentially involving (111) terrace sites of defected Pt surfaces. It has been found that 

this behavior is general for all the surfaces consisting of (111) terraces and (110) steps, in short, 

for all the stepped surfaces belonging to the Pt(s)-[(n – 1)(111)×(110)] series [39] and is 

probably related to the higher adsorption energy of CO on the step [40].  
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Figure 3. Voltammetric profiles (at 0.05 V s-1) of the electro-oxidation of two different COads 
coverage (full COads layer and COads only on steps) on a Pt(776) electrode in a 0.1 M HClO4 
solution. The CO gas was admitted in the cell with the electrode fixed at 0.1 V. Red line: CO 
pre-oxidation wave for a full COads layer where non-adsorbed CO was removed from solution 
by bubbling Ar gas for 18 min. Blue line: electro-oxidation of COads layer that occupies only the 
(110)-type steps; the non-adsorbed CO was removed by bubbling Ar gas for 30 min. Black line: 
cyclic voltammogram obtained in the absence of CO.  

 

 

In the voltammetric stripping of COads only on (110)-type steps (Figure 3, blue line), the 

peak corresponding to the CO electro-oxidation in these sites appears at ~0.72 V (at a scan 

rate of 0.05 V s-1). For this type of experiment employing COads sub-layer, the in situ FTIR 

spectra showed a single band assigned to the linearly bonded CO on the step sites [7]. 

Moreover, it was observed that the position of the COads band in the in situ FTIR spectra is 

insensitive to the step density, suggesting that inter-molecular coupling is restricted to COads 

species along a line of steps [41]. For comparison, Figure 3 also shows a part of the 



voltammetry of electro-oxidation of a full COads layer corresponding to the potential range of 

CO pre-oxidation (showed in the red line). This experiment was extracted from a figure that 

will be presented later. These two experiments allow a direct comparison between the zones 

of potentials in which the COads oxidation reaction occurs involving exclusively the step 

(defect) sites and the range of potentials in which the CO pre-oxidation occurs. As it can be 

seen, the pre-oxidation of COads occurs in a range of potentials (significantly) below the range 

of potentials in which the oxidation of COads occurs in the step sites. This comparison is 

essential for the interpretation of the experiments in the following sections.  

 

3.3. Electro-oxidation of CO on Pt stepped surfaces at different scan sates with traces of CO in 

solution  

Figure 4 presents the experiments of stripping of the COads layer on a Pt(776) surface 

recorded at different scan rates. To register the experiments, the potential was fixed at 0.1 V, 

and a stream of CO gas was bubbled through the solution for 5 minutes, after which non-

adsorbed CO was partially eliminated from the bulk of the solution for 18 minutes. Then, two 

consecutive cyclic voltammograms were recorded: the CO stripping profile and the 

subsequent “blank” cyclic voltammogram. As shown in Figure 4A, the voltammograms 

present two CO electro-oxidation peaks: the main CO electro-oxidation peak (at higher 

potentials) and a small CO electro-oxidation process at lower potentials, the so-called CO pre-

oxidation wave. To better show this region, an enlargement of these pre-oxidation zones of 

Panel A are shown in Panel B. Since CO was not completely eliminated from the bulk of the 

solution (only 18 minutes of the purge were deliberately applied), the “blank” cyclic 

voltammogram of Pt(776), recorded right after the register of CO stripping, always presented 

a small blockage of sites, which correspond to the (110)-type steps in hydrogen region (see 

Figure SI 1). This partial site blockage is due to the adsorption of residual CO molecules from 

the solution, and for that reason, the “blank” cyclic voltammogram also presented a peak 

potential at ~0.712 V (recorded at a scan rate of 0.02 V s-1), which is due to the electro-

oxidation of this COads species on the (110)-type steps, as already shown in Figure 3 at another 

scan rate. Therefore, in Figure 4 the CO stripping on a Pt surface refers to the electro-

oxidation of a full COads layer formed at 0.1 V and equilibrated with CO traces in the bulk of 

the solution. In Figure 4, the insets in each panel show the respective slopes obtained from 

the dependence between the peak potentials and logarithms of the scan rate (𝑑𝑑𝑑𝑑𝑝𝑝 𝑑𝑑⁄ 𝑙𝑙𝑙𝑙𝑙𝑙𝑣𝑣) 



from respective cyclic voltammograms, which are 83 and 74 mV dec-1 for the CO pre-

oxidation (Panel A) and main CO electro-oxidation peaks (Panel B), respectively.  

To determine the effect of the CO traces on the stripping voltammogram, the 

experiments in Figure 4 were repeated using a purging time for elimination of the non-

adsorbed CO of 10 minutes (Figure 5). Similar to that in Figure 4, voltammograms of CO 

stripping presented a pre-oxidation process (which is larger than the previous case) and a main 

CO electro-oxidation peak. The 𝑑𝑑𝑑𝑑𝑝𝑝 𝑑𝑑⁄ 𝑙𝑙𝑙𝑙𝑙𝑙𝑣𝑣 slopes for CO pre-oxidation (Panel B) and main 

CO electro-oxidation peak (Panel A) were 54 and 60 mV dec-1, respectively.  
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Figure 4. Voltammetric profiles divided by the scan rate of a COads layer on a Pt(776) electrode 
at different scan rates in 0.1 M HClO4. The CO gas was admitted in the cell with the electrode 
fixed at 0.1 V and non-adsorbed CO was removed for 18 min. A) Main CO oxidation peak. B) 
Enlargement of the CO pre-oxidation region. Insets: plot of the peak potentials versus the 
logarithm of the sweep rate for the CO pre-oxidation (A) and main CO electro-oxidation peaks 
(B), recorded respectively from the cyclic voltammograms.  

 

 



The data in Figures 4 and 5 show that 𝑑𝑑𝑑𝑑𝑝𝑝 𝑑𝑑⁄ 𝑙𝑙𝑙𝑙𝑙𝑙𝑣𝑣 slopes are strongly influenced by the 

presence of CO trace in solution. This fact introduces a serious problem to interpret the 

𝑑𝑑𝑑𝑑𝑝𝑝 𝑑𝑑⁄ 𝑙𝑙𝑙𝑙𝑙𝑙𝑣𝑣 slope in terms of the reaction mechanism, so that, at least in the specific case of 

this work, this parameter seems not suitable for determining the electrochemical reaction 

mechanism (as the slope is usually used [42]). In fact, due to the complex nature of the CO 

electro-oxidation process, kinetic modeling shows that different Tafel slopes can be obtained 

at different potentials for the same reaction mechanism [43].  

 

 

0.0 0.2 0.4 0.6 0.8
0.0

0.5

1.0

1.5

2.0

-2.4 -2.0 -1.6 -1.2 -0.8
0.56

0.60

0.64

-2.4 -2.0 -1.6 -1.2 -0.8
0.72

0.76

0.80

0.0 0.2 0.4 0.6 0.8
0

20

40

Slope = 54 mV

  Scan Rate/ V s-1

                   0.005
                   0.050
                    0.200

j x
 (s

ca
n r

ate
)-1

 / m
A 

cm
-2
 V

-1
 s

E vs  RHE/ V

A)

B)

E p / V
RH

E

log [scan rate/ (V s-1)]

E p / V
RH

E

log [scan rate/ (V s-1)]

Slope = 60 mV

j x
 (s

ca
n r

ate
)-1

 / m
A 

cm
-2
 V

-1
 s

E vs  RHE/ V

 
Figure 5. Voltammetric profiles divided by the scan rate of a COads layer on a Pt(776) at different 
scan rates recorded in 0.1 M HClO4 with CO traces. The CO gas was admitted in the cell with 
the electrode fixed at 0.1 V and non-adsorbed CO was removed from solution by bubbling Ar 
gas for 10 min. A) Main CO oxidation peak. B) Enlargement of the CO pre-oxidation region. 
Insets: plot of the peak potentials versus the logarithm of the sweep rate for the CO pre-oxidation 
(A) and main CO electro-oxidation peaks (B), recorded respectively from the cyclic 
voltammograms.  

 



The magnitude of the charge density of the CO pre-oxidation for CO stripping (after 

correcting the contribution of the electric double layer [36]) in Figures 4 and 5 were calculated 

by integration of the curve between 0.4 V (the “onset” potential of CO electro-oxidation) and 

the potential corresponding to the minimum after the CO pre-oxidation wave of each curve. 

The charge density values are dependent on the scan rate and purging time. Thus, for 18 

minutes of purging time (Figure 4), the charge densities for CO pre-oxidation wave were 

about 35 and 30 µC cm-2 at scan rates of 0.005 and 0.050 V s-1, respectively, whereas, for 10 

minutes of purging time (Figure 5), the charge densities of CO pre-oxidation were about 79 

and 60 µC cm-2, for the same scan rates, respectively. From these comparative results, it can 

be seen that: (i) the charge density of CO pre-oxidation tends to be higher when the scan rate 

is slower; (ii) the magnitude of the CO pre-oxidation is greater for low purging times of non-

adsorbed CO elimination. Based on this comparison, it seems that the CO in the bulk of the 

solution is an important factor that determines the magnitude of the CO pre-oxidation. We 

are aware that the amount of CO in the bulk of the solution is not an easily controllable 

parameter. For this reason, we chose to work with large differences (more than 8 minutes) in 

purging times to eliminate the CO from the bulk of the solution.  

Analogously to the experiments employing the Pt(776) electrode, the Pt(13 13 12) 

electrode was also studied, whose results are shown in Figures 6 and 7 (Panel B in each figure 

highlight the CO pre-oxidation on an enlarged current scale). Then, on one hand, when non-

adsorbed CO was eliminated for 18 minutes of purging time, the 𝑑𝑑𝑑𝑑𝑝𝑝 𝑑𝑑⁄ 𝑙𝑙𝑙𝑙𝑙𝑙𝑣𝑣 slopes were 

equal to 66 and 89 mV dec-1 for CO pre-oxidation and main CO electro-oxidation peaks, 

respectively (inset in Figure 6). On the other hand, when non-adsorbed CO was eliminated 

for 10 minutes only, the 𝑑𝑑𝑑𝑑𝑝𝑝 𝑑𝑑⁄ 𝑙𝑙𝑙𝑙𝑙𝑙𝑣𝑣 slopes measured 56 and 56 mV dec-1 for CO pre-

oxidation and main CO electro-oxidation peaks, respectively (inset in Figure 7). As observed 

for Pt(776) and Pt(13 13 12) electrodes, the presence of CO in the bulk of the solution, even 

in a small amount, influences the 𝑑𝑑𝑑𝑑𝑝𝑝 𝑑𝑑⁄ 𝑙𝑙𝑙𝑙𝑙𝑙𝑣𝑣 slopes values, being lower for the solution with 

higher dissolved CO content. Also, the charge densities of CO pre-oxidation in the two 

different conditions mentioned above follows the same trend as that described for the Pt(776) 

electrode. In this sense, when non-adsorbed CO was eliminated from the solution for 18 

minutes of purging time, (Figure 6), the charges of CO pre-oxidation were about 46 and 36 

µC cm-2 for scan rate of 0.010 and 0.050 V s-1, respectively. When non-adsorbed CO was 

eliminated from the bulk of the solution for only 10 minutes of purging time, (Figure 7), the 



charge of CO pre-oxidation was about 71 and 54 µC cm-2 for scan rate of 0.010 and 0.050 V s-

1, respectively.  

The results in Figures 4-7 show that the charge density of the CO pre-oxidation does 

not depend on the structure of the surface, since the magnitude of the CO pre-oxidation 

apparently depends on the diffusion of CO from the diffusion layer to the surface sites.  
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Figure 6. Voltammetric profiles divided by the scan rate of a COads layer on a Pt(13 13 12) 
electrode at different scan rates in 0.1 M HClO4. The CO gas was admitted in the cell with the 
electrode fixed at 0.1 V and non-adsorbed CO was removed for 18 min. A) Main CO oxidation 
peak. B) Enlargement of the CO pre-oxidation region. Insets: plot of the peak potentials versus 
the logarithm of the sweep rate for the CO pre-oxidation (A) and main CO electro-oxidation 
peaks (B), recorded respectively from the cyclic voltammograms.  
 

 

It should be highlighted that, in Figure 7, the charge density of CO pre-oxidation (~57 

µC cm-2) at a scan rate of 0.20 V s-1 was slightly higher than the charge density of CO pre-

oxidation at 0.05 V s-1. However, the difference falls within the error range of the experiment. 



To illustrate this point, Figure 8 shows a series of three different experiments performed in 

similar experimental conditions: CO was adsorbed at 0.1 V by bubbling CO gas through the 

solution for 5 minutes (employing the same flow of CO gas) and the non-adsorbed CO was 

eliminated for 10 minutes (employing the same flow of Ar gas). We chose the Pt(13 13 12) as 

a representative surface, and CO stripping was recorded at 0.02 V s-1. The results are shown 

in Figure 8, and the average charge density of CO pre-oxidation (𝑄𝑄𝐶𝐶𝐶𝐶𝑝𝑝𝐶𝐶𝐶𝐶−𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜′ ) was 54 ± 4 µC 

cm-2. It should be noted that after each CO stripping experiment, the electrode was flame 

annealed so that each experiment was performed with a newly prepared electrode surface. As 

can be seen in Figure 8, there is a small variation in the charge density of CO pre-oxidation, 

within acceptable limits.  
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Figure 7. Voltammetric profiles divided by the scan rate of a COads layer on a Pt(13 13 12) 
electrode at different scan rates in 0.1 M HClO4 with CO traces in the solution. The CO gas was 
admitted in the cell with the electrode fixed at 0.1 V and non-adsorbed CO was removed for 10 
min. A) Main CO oxidation peak. B) Enlargement of the CO pre-oxidation region. Insets: plot 
of the peak potentials versus the logarithm of the sweep rate for the CO pre-oxidation (A) and 
main CO electro-oxidation peaks (B), recorded respectively from the cyclic voltammograms.  
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Figure 8. Voltammetric profiles divided by the scan rate of the for three different CO stripping 
experiments using the same conditions on a Pt(13 13 12) electrode in a 0.1 M HClO4 with CO 
traces at 0.02 V s-1. The CO gas was admitted in the cell with the electrode fixed at 0.1 V and 
non-adsorbed CO was removed from solution by bubbling Ar gas for 10 min.  

 

3.4. Effect of the adsorption potential on the CO pre-oxidation in the presence of CO traces in 

solution  

Figure 9 shows the influence of the CO adsorption potential (ECO) on the catalytic 

activity of the platinum electrodes for the CO electro-oxidation. Five different potentials for 

the CO adsorption were considered. To register these experiments, a stream of CO gas was 

bubbled through the solution for 5 minutes, and non-adsorbed CO was eliminated for 10 

minutes. In Figure 9, Panel B shows the data on Panel A on a scale to enlarge the CO pre-

oxidation zone. As it can be seen, the adsorption potential is a critical factor determining the 

magnitude of the CO pre-oxidation wave. In addition, the total CO coverage was calculated 

and the results were as follows: for adsorption potential of 0.06, 0.10, 0.20, 0.25, and 0.35 V, 

the total CO coverage (θCO) were about 0.73, 0.71, 0.71, 0.69 and 0.67, respectively. The CO 

pre-oxidation was the highest for CO adsorption potential of 0.06 V and did not appears for 

CO adsorption potentials higher than ~0.25 V. Two experiments with CO saturated solutions 

were also performed, shown in Figure 9, and two CO adsorption potentials were considered, 

namely, 0.10 and 0.35 V. In this case, CO gas was admitted into the electrochemical cell (by 

bubbling CO gas for 5 minutes) and non-adsorbed CO was not eliminated from the bulk of 

the (quiescent) solution (experiments shown in Figure 9 in the black and olive lines for CO 



adsorption and 0.10 and 0.35 V, respectively). As it can be observed, for the CO saturated 

solution, the CO oxidation reaction starts at very low overpotentials and the current density 

(due to the CO electro-oxidation) is very high, indicating a fast reaction. Moreover, unlike 

CO stripping shown in gray line, even when the CO adsorption potential was about 0.35 V 

for the CO saturated solution (Figure 9, olive line), the CO electro-oxidation reaction starts at 

very low overpotentials, or rather, at the potential zone of the CO pre-oxidation. Based on 

the set of experiments displayed in Figure 9, CO in the bulk of the solution is a necessary 

condition for the oxidation of CO at low overpotentials. Finally, it is important to highlight 

that the peak potential of CO pre-oxidation (and the main oxidation peak as well) shifts to 

more positive potentials as the potential of adsorption of CO gets more positive. Employing a 

randomly defected Pt(111)-type electrode, López-Cudero et al. [14] observed a similar effect 

of CO adsorption potential on CO pre-oxidation.  
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Figure 9. Effect of CO adsorption potential on the ignition potential for CO electro-oxidation on 
a Pt(776) electrode in 0.1 M HClO4 at 0.02 V s-1. The CO gas was admitted at different potentials 
(shown in the figure) and non-adsorbed CO was removed from the solution by bubbling Ar gas 
for 10 min. For comparison, two experiments with a CO saturated solution are also presented. 
A) Enlargement of the CO pre-oxidation region. B) Main CO oxidation peak: CO adsorption at 
0.10 V (black line); CO adsorption at 0.35 V (olive line).  

 



4. Discussion  

The discussions are centered on two main findings: (i) defects on the catalyst surface do 

not behave as active sites in the potential region where the CO pre-oxidation appears; (ii) CO 

pre-oxidation involves the diffusion-limited process of bulk CO electro-oxidation.  

 

4.1. Catalytic activity of defect sites and the most active sites  

For the electro-oxidation reaction of CO, the most reliable way to measure the catalytic 

activity of surface Pt defect sites consists of selectively marking (or decorating) these sites 

with COads while maintaining the potential in a region where COads does not oxidize to CO2, 

and then increasing the potential to values where it does oxidize. In this case, it is possible to 

register the electric current generated from the electro-oxidation of CO, or in more 

sophisticated cases, the formation of CO2 can be monitored by using a suitable molecular 

probe such as vibrational spectroscopy (in situ FTIR) [29]. The experiments in Figure 3 follow 

the first option and provide pieces of evidence that the top of the defects on the surface can 

be considered as inactive sites for the CO electro-oxidation in the region of potentials in 

which the pre-oxidation process takes place. Quantitatively comparing experiments at the 

same scan rate and similar platinum surface, the CO pre-oxidation visibly starts at potentials 

around 0.46 V (Figure 3, red line), whereas the electro-oxidation of COads on top of the step 

sites only starts at potentials around 0.66 V (Figure 3, blue line). Logically, the CO pre-

oxidation takes place involving the set of most active sites. On Pt(111) terraced surfaces, the 

most active sites are located on the bottom of (111) terraces, as previously proposed for a study 

involving CO pre-oxidation on platinum in acid media [7]. Then, there is a wide potential 

difference of about 200 mV (or 0.66 VRHE – 0.46 VRHE = 0.20 V) separating the onset potential 

of the CO electro-oxidation involving the set of most active sites and the onset potential of 

electro-oxidation of CO on the sites at the top of the steps. With regard to that, interestingly, 

like a contrasting effect, the potential difference between the most active sites and the rest 

increases with increasing pH of the solution [39]. For example, in an alkaline solution (pH 

around 13), the difference of onset potential involving these sites, that is, most active sites and 

top of the steps of stepped Pt surfaces, reaches about 0.4 V (as inferred from the data in Figure 

12 in this reference [44]). In general, defects on the surface can tune the catalytic properties 

that emerge on the (111) terraces of these surfaces, with such catalytic properties absent on 

“infinite” (111) terraces [23].  



 

 

4.2. Role of CO in the bulk of the solution on the CO pre-oxidation  

To evaluate the influence of the CO concentration in the bulk of the solution on the 

magnitude (and the shape of the curve) of the CO pre-oxidation, it should be taken into 

consideration that only the set of most active sites work at potentials of the CO pre-oxidation 

wave, while all the top of the defect sites are entirely inactive (or poisoned by COads) at that 

potentials. In this sense, the defects on the surface do not directly contribute as active sites to 

the CO pre-oxidation charge density (Subsection 4.1). Then, if dissolved CO is present in the 

solution, a portion of most active sites released during CO pre-oxidation can be re-occupied 

again with CO diffusing from the bulk of the solution (diffusion layer), and then CO molecules 

might be “continuously” electro-oxidized on these sites. What suggest that, the scan rate 

should have an impact on the pre-oxidation wave. This seems a reasonable hypothesis 

because, at first glance, the CO pre-oxidation resembles a “continuous” process of CO electro-

oxidation, as it will be analyzed in detail below. It is important to note that we are discussing 

the pre-oxidation of CO when it appears under very specific conditions applied in the 

preparation of the COads layer on a certain type of catalytic surface, since the pre-oxidation 

can be originated by different factors (even on the same type of surface and electrolyte) [23]. 

If this hypothesis about re-occupation of sites released during the CO pre-oxidation by CO 

from the solution is correct, two consequences must be expected: (1) the charge density of CO 

pre-oxidation wave must be higher for slower scan rates; and (2) the charge of CO pre-

oxidation must increase with the increase of the CO concentration in the bulk of the solution. 

The measured charge densities of CO pre-oxidation presented in Subsection 3.3 corroborate 

those two expected consequences described in (1) and (2) above.  

The CO concentration in solution has a third consequence: it alters the slope of the 

potential of peaks of CO pre-oxidation versus the logarithm of scan rate, i.e., 𝑑𝑑𝑑𝑑𝑝𝑝 𝑑𝑑⁄ 𝑙𝑙𝑙𝑙𝑙𝑙𝑣𝑣. 

This slope diminishes when the bulk CO increases (Figures 4-7). Unfortunately, the 

interpretation of this change is not straightforward. The change in Tafel slopes is often 

assumed to reflect the change in the rate-determining step of an electrochemical reaction, in 

this specific case, the electro-oxidation of CO. However, the electro-oxidation reaction of CO 

involves the transfer of two electrons and two protons, and for this reason, the reaction 

proceeds through a series of elementary electrochemical (and possible chemical) steps and 



involving many adsorbed reaction intermediates. In this line, spectroscopic results (by in situ 

electrochemical SHINERS) have recently shown that the CO electro-oxidation on Pt(111) 

proceeds via the formation of adsorbed COOH [45]. When adsorbed species are involved, the 

adsorption isotherms affect the Tafel slope, so that changes in the Tafel slope can be observed 

without a change in the oxidation mechanism [43]. In fact, when adsorbed species are 

involved in reaction mechanisms, the Tafel slope is only constant in the very low coverage 

regime. Thus, the change in the slope only  reflects the changes in the coverage of the species 

involved in the pre-oxidation wave, which is the result of the diffusion of bulk CO (diffusion 

layer) to most active sites on the Pt surface released during the CO pre-oxidation. In this 

regard, data in this paper suggest that, in a quiescent solution containing CO at level traces, 

the rate of CO electro-oxidation reaction is higher than the rate of provision of CO molecules 

via diffusion to Pt active sites released during the CO pre-oxidation. The basis for this 

statement is that the content of CO (at trace level) in the bulk of the quiescent solution 

strongly determines the magnitude (and the shape of the curve) of the CO pre-oxidation 

feature [7], as a diffusion limitation process.  

The argument presented above is qualitative, but it can be expressed in more 

quantitative terms when the CO bulk concentration is considered. For irreversible processes 

controlled by diffusion, the Randles-Ševčík equation (equation 1) [46] can be applied to 

calculate the peak current intensity (𝑖𝑖𝑝𝑝).  

𝑖𝑖𝑝𝑝 = 2.69105𝑛𝑛3 2⁄ 𝐴𝐴𝐷𝐷0
1 2⁄ 𝑐𝑐0𝑣𝑣1 2⁄                                         (1)  

In this equation, n is the number of electrons that cross the electrochemical interface 

per molecule of electro-oxidized CO; A is the electrode surface area, specifically, oriented area 

of the Pt crystal in contact with the solution; 𝐷𝐷0 is the diffusion coefficient of the CO in the 

solution whose bulk concentration is 𝑐𝑐0; 𝑣𝑣 is the potential scan rate. Data obtained from 

Figures 4-7, applying equation 1, are presented in Figure 10. For each curve in Figure 10, all 

the parameters except 𝑣𝑣 are constant and thus the plot of 𝑖𝑖𝑝𝑝 versus √𝑣𝑣 should be linear for 

processes controlled by diffusion. As it can be seen, a linear behavior is obtained, 

corroborating the involvement of diffusion in the pre-oxidation regime. Since the term 

𝑛𝑛3 2⁄ 𝐴𝐴𝐷𝐷0
1 2⁄  is constant for the whole set of experiments, the change in slope between the 

different experiments reflects the change of bulk CO concentration in the different 

experiments. It should be noted that, for different surfaces, the different sets of experiments 

with the same purging time have the same slope within the error of the measurements, 



highlighting the reproducibility of the experimental method employed. For two series of 

experiments with the Pt(13 13 12) electrode and considering 10 and 18 minutes of purging 

time for non-adsorbed CO elimination, the slopes were ~7.7 and ~2.2 µA·V-1/2·s1/2, 

respectively (Figure 10). These results indicate that the concentration in the solution for 10 

min purging time is about 3.5 times higher than that degassed for 18 minutes.  
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Figure 10. Plot of peak current densities of the CO pre-oxidation wave vs. the square root of the 
scan rate on the Pt(13 13 12) and Pt(776) electrodes, using two different times for elimination 
of non-adsorbed CO from the solution (shown in the figure). Data obtained from Figures 4-7.  

 

This unambiguously proves that the intensity and the shape of the curve of the CO 

pre-oxidation depends on the content of CO in the solution, when at the trace level. However, 

it is necessary to bring some light to other assumptions implicit in the statement above. One 

of these implicit assumptions is that in the CO electro-oxidation reaction, the concentration 

of the species that act as the external oxygen source is constant in CO pre-oxidation feature. 

This means that for the formal reaction COads + (H2O)activated ⇄ CO2(g) + 2H+ + 2e-, the 

concentration of (H2O)activated water-type is constant. This argument seems reasonable, at least 

when the same CO adsorption potential is considered since the peak potential for the CO pre-

oxidation is affected by the potential of CO dosing (Figure 9). Therefore, the argument 

presented here is that during the CO pre-oxidation, there is a quasi-continuous electro-

oxidation which involves CO molecules coming from the bulk of the solution to occupy the 

most active sites continuously released during the CO pre-oxidation. It is important to 

highlight that the most active sites released during the CO pre-oxidation are not re-occupied 

by COads from any other sites, that is, there is no re-occupation of the most active sites 



involving CO surface diffusion. This subject will be discussed later. A look at Figure 9 (black 

and olive traces) indicates that for a quiescent solution saturated with CO, the reaction of CO 

electro-oxidation is very fast in the range of CO pre-oxidation potentials and the CO 

molecules are being continuously oxidized in a reaction limited to these very active sites. 

Thus, the oxidation rate in this pre-oxidation region depends on the number of very active 

sites and the diffusion rate. The data of Figure 9 for CO adsorbed at 0.10 V corroborate this 

proposition. When the non-adsorbed CO is eliminated from solution by bubbling Ar gas for 

10 min (orange trace), the peak current density is ~5.7 µA cm-2 at 0.56 V; on the other hand, 

for the solution saturated with CO, the current density at that potential is ~26 µA cm-2. Then, 

for CO saturated solution, the reaction speed is about 4.6 faster at that potential. For CO 

saturated solution, since the bulk CO concentration is more than 4.6 times that obtained when 

the solution is purged for 10 min, all molecules that reach the most active sites are promptly 

electro-oxidized under this trace CO concentration. Evidently, when forced convection (as in 

rotating disk electrode configuration) is used, the CO pre-oxidation is hindered and occurs 

simultaneously with the electro-oxidation of CO from the solution [24]. Therefore, since CO 

in solution determines the magnitude and the shape of the curve of the CO pre-oxidation, the 

role of the CO in solution might confluence to at least two complementary effects: (i) quick 

provision of CO molecules to the most active sites released during the CO pre-oxidation; (ii) 

ensure high local CO coverage involving the most active sites, rather, the active center.  

In principle, knowing the electrode surface area (A) and the diffusion coefficient (𝐷𝐷0) 

of the species that determine the peak current intensity for the oxidation and applying the 

Randles-Ševčík equation, the concentration of CO in the solution can be determined from the 

slope 𝑖𝑖𝑝𝑝 versus √𝑣𝑣. In this case, on one hand, the CO pre-oxidation process also involves, 

possibly a significant ratio, the electro-oxidation of CO molecules that are already on the 

electrode surface and consequently a fraction of the current at the peak potential 𝑖𝑖𝑝𝑝 is 

originated from electro-oxidation of CO molecules that are not diffusing from the solution. 

For this reason, the Randles-Ševčík equation is not fully applicable to this situation and 

concentrations cannot be determined. However, the observed linear response when 𝑖𝑖𝑝𝑝 is 

plotted vs √𝑣𝑣 is still an indication that diffusion of CO from the diffusion layer to the surface 

sites is the main contribution to this process. On the other hand, the main CO electro-

oxidation process is dominated by the electro-oxidation of COads species that are already on 

the electrode surface. For this reason, as Figure 4 shows, the peak pseudo-capacitance is 



independent of the scan rate, which implies that the peak current density is directly 

proportional to the scan rate. This is the typical behavior of a surface-confined process. These 

differences can be rationalized using the following arguments. The time span (∆t) during 

which the CO pre-oxidation occurs is much longer than the one for the electro-oxidation of 

CO in the main process. Let us consider the experiments carried out at the scan rate of 0.02 V 

s-1. The potential window that comprises the CO pre-oxidation process is ~0.21 V (where ∆t 

~ 10 s) whereas the potential window for the main process is narrower, about 0.12 V (where 

∆t ~ 6 s), see, for example, data in Figure 5. The charge involved in the main CO electro-

oxidation process (about 270 µC cm-2) is significantly higher than the CO pre-oxidation one 

(ranges from ~30 to ~80 µC cm-2, depending on the purging time for elimination of the non-

adsorbed CO). Then, when a quiescent solution contains CO at level traces, the charge that 

crosses the interface due to the electro-oxidation of CO molecules diffusing from the bulk of 

the solution to the previously released Pt sites is negligible in comparison to the charge 

density of a COads layer corresponding to the main CO electro-oxidation process. Therefore, 

conceptually, the CO pre-oxidation involves the diffusion-limited electro-oxidation of bulk 

CO, while the main CO electro-oxidation peak is typical of a surface-confined process.  

Now we are going to make some considerations about the diffusion of CO on surface 

during the electro-oxidation of the COads layer. Another way to interpret the influence of 

potential scan rate on the charge of CO pre-oxidation is to consider the limited surface 

diffusion of COads from any site on which this species is adsorbed to the reactive sites, as 

suggested for the electro-oxidation of COads on Pt(100) electrode (in principle with the CO-

free solution) [18]. For the Pt(111) surface in CO saturated solution at potentials in the pre-

oxidation zone, by in situ high-speed scanning tunneling microscopy technique, diffusion of 

CO on surface (from any site to the reactive sites) is assigned to dynamics of defects in the 

COads compressed layer [22]. The dynamics of defects in the COads compact layer, when there 

is CO in the solution, is a very interesting finding. In this regards, in presence of CO 

containing solution, at potentials below the onset of CO electro-oxidation, the COads species 

in the compressed layer are continuously exchanged by CO from the solution [47]. With 

respect to surface diffusion of COads mentioned above, the point is that, on stepped Pt surfaces, 

on one hand, the adsorption sites on the terraces have an intrinsic energy gradient being the 

top of the steps the sites on which CO binds more strongly [40]. On the other hand, on Pt 

electrodes, COads molecules oxidize first in the places where the CO adsorption is weaker [44]. 



It is not expected that COads diffuses over the surface to occupy the most active sites released 

during the CO pre-oxidation process (at least on the time scale of the experiments). In the 

“absence” of CO in the solution, a series of experiments employing different electrode 

materials in different laboratories worldwide [7, 48-50] has shown that once the pre-oxidation 

is removed, the remaining COads species oxidize requiring even higher potentials, suggesting 

that there is no re-occupation of sites that require surface diffusion as a principle. What 

appears to be clear for the pre-oxidation region is not directly extrapolatable to the main 

oxidation process. Therefore, the question of whether COads are mobile during its electro-

oxidation, that is, wheter COads diffuses during its electro-oxidation from less active sites to 

more active sites remains a major challenge to better understand this reaction.  

 

5. Main Conclusions  

In this paper, the main conclusions can be summarized as follows:  

i. The CO pre-oxidation takes place at a potential range in which all the (110)-type step 

sites (top side of defects) are inactive for the electro-oxidation of COads. The most active 

sites, presumable the bottom (111) terraces, initiate the CO pre-oxidation at potentials 

about 0.20 V lower than those in which the reaction takes place on the (110)-type steps.  

ii. The CO traces in the bulk of the solution determines the magnitude and the shape of the 

curve of the CO pre-oxidation. The role of CO in the bulk of the solution confluences to 

two complementary effects: (1) quick provision of CO molecules from the bulk of the 

solution (diffusion layer) to the active sites continuously released during the CO pre-

oxidation; (2) ensure high local CO coverage involving the most active sites, rather, the 

active centers.  

iii. Therefore, in presence of CO in the bulk of the solution, the pre-oxidation of CO 

proceeds involving the diffusion-limited electro-oxidation of bulk CO at most active sites 

left available during the CO pre-oxidation. The electro-oxidation of CO in the main peak 

is a typical behavior of a surface-confined process. Conceptually, at least on Pt electrodes 

in acid media, the experiments evidence that the bulk CO electro-oxidation and the pre-

oxidation of CO are connected.  
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