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Abstract 

The site geometry preference of CO binding on stepped Pt single crystals in alkaline solution 

was investigated by in situ FTIR spectroscopy. The surfaces of the Pt single crystals consisted 

of different width (111) terraces, interrupted by (110) or (100) monoatomic steps. 

Experiments carried out with CO adsorbed exclusively on the top of the steps revealed that 

only linearly bonded CO formed on the (110) steps, while two CO binding geometries (linear 

and bridge) were observed on the (100) steps. On one hand, for CO adsorbed only on the 

steps, the positions of the bands corresponding to linearly bonded CO were similar, regardless 

of the density of steps, suggesting the existence of an interaction between COads only along 

the line of the steps. On the other hand, for full CO coverage, the CO stretching frequencies 

and the geometry of bound CO were sensitive to the width of the (111) terraces and the step 

orientations. Consequently, the CO binding sites favored linearly bonded CO for surfaces 

consisting of shorter (111) terraces and (110) steps. Bridge-bonded CO was favored on surfaces 

consisting of shorter (111) terraces interrupted by (100) steps. In order to understand the 

origin of the preference of CO binding sites, the results were compared to the corresponding 

behavior in acid media, which revealed that in addition to the effect inherent to the Pt surface, 

the charge on the metal side in an aqueous environment should be taken into consideration. 

The analysis suggested that the CO adlayers formed at full coverage in acidic and alkaline 

media had different structures. On the other hand, the structure of the layer of CO adsorbed 

only at steps was independent of pH. 
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1. Introduction 

The electrochemical behavior of the Pt/CO system has received a great deal of attention 

during the last five decades, by numerous researchers worldwide.1-25 The adsorption and 

oxidation reaction of CO serves as a testing reaction in surface electrochemistry and 

electrocatalysis, with many insights in the field of electrocatalysis, especially those 

concerning the assignment of active sites, having been obtained by employing the Pt/CO 

system as a model.26-28 However, the vast majority of studies of the adsorption and oxidation 

of CO on model stepped Pt surfaces have been conducted using acid media. In particular, the 

application of spectro-electrochemical techniques to study the Pt(hkl)/CO system using 

stepped Pt single crystals in alkaline media has received little attention. Only one paper was 

found on this subject.29 This lack of attention may be neglecting important phenomena that 

occurs in the Pt(hkl)/CO system under alkaline conditions, which may differ from those 

observed in acid media. This is supported by studies of the Ptpoly/CO system using infrared 

reflection-absorption spectroscopy,30-31 which have shown that there are major changes when 

passing from low to high pH solutions. These changes not only concern the positions of the 

vibrational frequencies of the COads bands, but also the ratios of (or compositions) of the 

different binding geometry of COads, such as the bridge (COB) and linearly bonded CO (COL). 

A more controlled way to understand the origins of these changes occurring on Ptpoly/CO 

system, when changing the solution pH, is to conduct similar studies employing stepped 

crystalline surfaces, because the preference for CO binding sites could, in principle, be related 

to the surface structure. The stepped surfaces constitute a class of crystalline solid surfaces in 

which the top layer of the atoms (those on the surface) presents, in a regular pattern, more 

than one type of geometric configuration, such as terraces and steps. On these surfaces, it has 

been observed that the heat of adsorption of CO varies over the surface, with sites presenting 

low coordination atoms (such as those associated with steps, kinks, and ad-atoms) having 

higher heats of adsorption, compared to sites with high coordination atoms (such as those on 

terraces).32 Also, the adsorption energies predicted by DFT for the step sites are higher than 

those from the terrace.33-34 This provides the opportunity to study the influence that the 

surface structure has on spectroscopic changes of the Pt/CO system in alkaline media, hence 

enabling comparison with the behavior in acidic media. 

Given the importance of this subject for electrocatalysis, as outlined above, there have 

been efforts to understand the CO super-structure on Pt single crystals employing surface 
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probe techniques. For the Pt(111) surface in an acid medium,7 in the presence of CO-saturated 

solution and at a potential of 0.06 VRHE, in situ STM imaging revealed a p(22)-3CO (unit cell) 

superstructure (with CO ≃ 0.75), consisting of 1 tilted COL (linearly bonded CO) and 2 COM 

(3-fold bonded CO). At the same potential, in situ FTIR spectroscopy analysis revealed band 

intensities equivalent to a COL:COM ratio of 2:1 for these two CO binding geometries. In the 

presence of traces of CO in solution (very low partial pressure), at a potential of 0.4 VRHE, the 

(1919)R23.4o-13CO (unit cell) superstructure (CO ≃ 0.68) was found.7 The 

(1919)R23.4o-13CO superstructure consisted of 1 tilted COL, 6 near (tilted) COL, and 6 

near COB (near bridge-bonded CO), with higher band intensity for COL. A similar structure 

was found by Tolmachev et al.,35 at a potential of around 0.6 VRHE. On Pt(100)-(11) in acid 

solution, at a potential of 0.1 VRHE, Watanabe et al.36 proposed the existence of a c(62)-10CO 

(unit cell) structure (CO ≃ 0.83), consisting of linearly and bridge-bonded CO at a ratio of 3:2 

(considering the total CO). In general terms, the preference for the geometry of CO binding 

depends on the surface structure and CO coverage. The potential and/or the charge on the 

metal also influence the geometry of CO binding, with low coordinated CO being preferred 

at more positive electrode potential.37-38 In an alkaline medium, the superstructures of the 

compressed CO layer are not yet as well characterized as they are in an acidic medium, for Pt 

basal planes (and some stepped surfaces). The presence of those compressed CO 

superstructures requires the existence of a long-range substrate structure,39 which means that 

such CO superstructures may not be found on stepped Pt surfaces with short (111) terraces. 

As an approximation, the position of the band can be related to CO binding sites, while the 

band intensity is related to the coverage of CO on the binding sites. 

For a compressed CO adlayer, reasons for the discrepancy between CO coverage on the 

binding sites and the band intensities (as noted above) include the dipole-dipole coupling 

between adsorbed CO molecules.40 For the Pt(111) basal plane in acid solution7 and in alkaline 

media,41 the spectra for full CO coverage present many bands, indicating the coexistence of a 

multitude of different forms of CO binding sites, such as linear, bridging, and three-fold sites. 

The vibrational features of a CO adlayer can be characterized as coupled oscillators.42-44 

Coupling between dipoles causes transfer of the band intensity to the highest frequency band 

at the expense of the intensity of the band at lower frequency, which can result in an 

undetectable band in the spectra for the lower frequency.42 In the case of surfaces with 

heterogeneous sites, such as stepped surfaces, the complexity of the Pt/CO systems increases 
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further, because the vibrational frequencies of the CO adsorbed on (111) terraces 

(characterized by frequencies of high wavenumber) and the CO at steps/defects (characterized 

by frequencies of low wavenumber) are strongly coupled.45 However, there is an opportunity 

to simplify the Pt/CO systems in the case of stepped single crystal surfaces. Ideally, it should 

be possible to observe the vibrational frequencies of COads on the steps/defects, free from the 

interference of COads on terrace sites. To this end, starting from full CO coverage on a stepped 

Pt surface, it is possible to achieve a condition in which only the top of the (110) or (100) step 

sites are occupied by adsorbed CO.46-47 In this sense, experiments can be performed for CO 

under different regimes of surface coverage, considering full CO coverage and CO only on 

steps. 

In this work, in situ FTIR spectroscopy was used to investigate COads on specific sites of 

Pt in alkaline solution. The surfaces employed consisted of (111) terraces interrupted by (110) 

or (100) monoatomic steps. Changes in the CO binding site populations were detected, 

depending on the step orientation and the width of the (111) terraces. The results obtained in 

alkaline media (high pH) were compared to those obtained in acid solutions (low pH). 

2. Experimental Section 

2.1. Electrodes and Control of Potential 

In this work, platinum surfaces vicinal to the (111) pole were employed as the working 

electrode. The surfaces of these single crystals consisted of (111) terraces interrupted by (110) 

or (100) monoatomic steps. According to Lang-Joyner-Somorjai,48 surfaces consisting of (111) 

terraces and (110) monoatomic steps belong to the Pt(s)-[(n – 1)(111)×(110)] series, with the 

Miller index being (n, n, n – 2). Surfaces consisting of (111) terraces interrupted by (100) 

monoatomic steps belong to the Pt(s)-[n(111)×(100)] series, with Miller index of (n+1, n-1, n-

1). The terms n – 1 or n refer to the number of platinum atom rows at the (111) terraces 

parallel to the (110) or (100) steps, respectively. The individual surfaces used in this work 

were as follows: 

Pt(17 17 15) ≡ Pt(s)-[16(111)×(110)], n – 1 = 16 

Pt(17 15 15) ≡ Pt(s)-[16(111)×(100)], n = 16 

Pt(332) ≡ Pt(s)-[5(111)×(110)], n – 1 = 5 

Pt(322) ≡ Pt(s)-[5(111)×(100)], n = 5 

Pt(331) ≡ Pt(s)-[2(111)×(110)], n –1 = 2 
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Pt(311) ≡ Pt(s)-[2(111)×(100)], n = 2 

As can be seen, these are pairs of surfaces with terraces of the same width, which differ 

on the symmetry of the monoatomic step. A special stepped surface was also employed, 

Pt(531), which contains three kinds of sites: (111) terraces, (110) steps, and (100) kinks. This 

surface can also be denoted as: 

Pt(531) ≡ Pt(s)-[3(111)×2(110)×(100)] 

The Pt(531) surface consists of 3-atoms-wide (111) terraces periodically interrupted by 

(110) monoatomic steps, which are interrupted by (100) kink sites.49 It should be noted that 

this asymmetric surface is intrinsically chiral, but that no special effect is expected for the 

oxidation of CO (which is a molecule without stereochemical centers). 

The electrodes were prepared according to the Clavilier procedure.50 Gold wire was 

employed as the counter electrode. The reference electrode was a reversible hydrogen 

electrode (RHE) and all potentials were quoted against the RHE. The electrode potential was 

controlled using a waveform generator (EG&G PARC 175), a potentiostat (eDAQ EA161), and 

a digital recorder (eDAQ ED401). 

2.2. Electrolyte and Reagents 

The experiments were performed in a solution of 0.1 M NaOH (Merck KGaA, 99.99%) 

prepared in ultrapure water (18.2 MΩ cm). For degassing the solutions, Ar (N50, Alpha Gaz) 

was used. The CO gas used was type N47 (Alpha Gaz). 

2.3. Adsorption of CO on Stepped Pt Single Crystal Surfaces 

For all experiments, the CO gas was bubbled through the solution for 5 min at a dosing 

potential of 0.100 VRHE. Using a spectro-electrochemical cell similar to the one described 

elsewhere,51 the oriented face of the electrode was immersed in the solution, followed by 

bubbling CO gas for 5 min. In order to confirm blockage of the surface of the electrode, the 

potential was scanned from 0.100 VRHE up to ca. 0.2 VRHE and then back to 0.05 VRHE, at a rate 

of 0.05 V s-1. Next, for removal of the non-adsorbed CO, the potential was set at 0.100 VRHE 

(the dosing potential) and Ar was bubbled through the solution for 18 min. After this, the 

Pt/CO systems was prepared for examination using in situ FTIR spectroscopy. 

In order to obtain a CO coverage condition in which CO was adsorbed exclusively on 

the steps (with CO only on the top side of the steps), a full CO adlayer was partially oxidized 
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in a controlled voltammetric experiment. It is important to point out that in order to carry 

out these experiments each type of Pt surface required a specific potential programming, with 

the upper potential being specific for each surface in each stage of CO coverage. When the 

potential limit (E+) was reached in the voltammetric scanning, the potential was stepped back 

to 0.100 V, after which the potential was scanned only in the hydrogen region. Similar 

experiments, using successive voltammetric cycles to obtain CO only on the top of the steps, 

were described elsewhere.46, 52 Since the voltammetric features of the hydrogen region of the 

Pt stepped surface allows to distinguish the signals from the adsorbed hydrogen on the terrace 

and step sites,53 scanning the potential in the hydrogen region enabled diagnosis of the types 

of sites that were released after each partial COads oxidation cycle. The electrode was ready 

for in situ FTIR spectroscopy monitoring when the signal from hydrogen adsorbed on the 

terrace was completely restored while maintaining that corresponding to the adsorption of 

hydrogen on the step fully blocked. 

2.4. In situ FTIR Experiments 

The spectro-electrochemical experiments were performed using a Nicolet (Model 8700) 

spectrometer equipped with an MCT detector. The spectra were obtained as the average of 

100 interferograms, at a resolution of 8 cm-1, using potentials ranging from 0.050 to 0.400 

VRHE, with an interval of 25 mV. After recording the spectrum at 0.400 VRHE, the potential 

was stepped to 0.900 VRHE, at which CO is fully oxidized from the surface. At this potential, a 

single spectrum was recorded for use as the reference spectrum. The radiation employed was 

p-polarized, enabling the detection of active species both on the electrode surface and in 

solution, according to the surface selection rule.51 All the spectra in this paper were given in 

absorbance units, as follows: 

𝐴 = ― log (𝑅0 ― 𝑅𝑠

𝑅0 ) 𝑣𝑒𝑟𝑠𝑢𝑠 /cm ―1                                  (1)

where  is the single beam reflectance reference spectrum at potential of 0.900 V and  is 𝑅0 𝑅𝑠

the single beam reflectance spectrum at the sampling potential. 

3. Results 

COads spectra were acquired for the different stepped Pt crystal surfaces with different 

widths of the (111) terraces. In order to provide a better analysis of the results, surfaces with 
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the same terrace width but different step geometry will be compared. Surface characterization 

by voltammetry will be presented first. 

3.1. Blank Cyclic Voltammetry and Surface Site Assignment

Figure 1 shows two representative blank cyclic voltammograms for the Pt(s)-[(n – 

1)(111)×(110)] and Pt(s)-[n(111)×(100)] series, namely Pt(17 17 15) with n – 1 = 16 and (110) 

steps, and n = 16 and (100) steps, respectively. It should be highlighted that the profile of each 

cyclic voltammogram indicated that the surface was well-ordered and that the solution was 

free from impurities. For the voltammetry of the (111) terraced surfaces, the hydrogen region 

profile (potentials below ~0.4 VRHE) could be used to distinguish one kind of stepped surface 

from another, depending on the type of sites (110) or (100) present. In this way, for the Pt(17 

17 15) surface, the voltammetric profile presented a pair of peaks at ~0.25 VRHE, due to the 

(reversible) discharge of the proton to form the adsorbed hydrogen at the (110) steps. In the 

case of the Pt(17 15 15) surface, which presents (100) step orientations, the peaks due to 

hydrogen adsorption/desorption occurred at ~0.38 VRHE. The reversible processes occurring 

at around ~0.77 VRHE were related to the participation of oxygen-containing species on the 

(111) terraces.54 

3.2. In situ FTIR Spectra of CO on Pt(17 17 15) and Pt(17 15 15) Surfaces 

As aforementioned, Pt(17 17 15) and Pt(17 15 15) surfaces possess (111) terraces with 

the same terrace width (16 atomic rows), but differ in terms of the step orientations, with 

(110) and (100) orientations for Pt(17 17 15) and Pt(17 15 15), respectively. Figure 2A shows 

a series of spectra for full CO coverage on a Pt(17 17 15) surface. Considering the spectrum at 

0.100 VRHE, the band maximum was centered at 2017 cm-1 and can be attributed to the 

stretching frequencies of linearly bonded CO on both (111) terrace and (110) step sites. The 

position of the band is potential-dependent, with /  ≃ 47 cm-1 V-1 (Stark tuning slope) dυCO𝐿 d𝐸

between 0.05 and 0.3 VRHE. For Pt(111) in the presence of 0.1 M NaOH solution and with full 

CO coverage, García et al.41 found /  = 37 cm-1 V-1 (~0.05 < E < 0.15 VRHE). In acid dυCO𝐿 d𝐸

media, a Stark tuning slope of / ≃ 30 cm-1 V-1 has been reported for linearly bonded dυCO𝐿 d𝐸 

CO at full coverage on Pt in (of different surface orientation).12, 55-56 Another band at 1796 

cm-1 can be assigned to bridge-bonded CO exclusively on the (111) terraces. The position of 

this band is potential-dependent, with a slope of around ~80 cm-1 V-1 (very imprecise) for 
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potentials between 0.05 and 0.3 VRHE. At 0.100 VRHE, the ratio of the integrated band 

intensities for the bridge CO and linear CO ( ) is around 1:2. It should be noted that 𝐴CO𝐵:𝐴CO𝐿

this ratio does not reflect the site occupancy of bridge and linearly bonded CO species, because 

it considers neither the molar absorption coefficient, nor the intensity of band transfer. 

However, it is possible to compare the  ratios for full CO coverage on different 𝐴CO𝐵:𝐴CO𝐿

stepped surfaces at the same potential, because it can be assumed that these interfering 

quantities are similar for spectra obtained at the same potential and with similar full CO 

coverage. Different  ratios for different surfaces are, then, indicative of changes in 𝐴CO𝐵:𝐴CO𝐿

the preference for CO binding sites. Therefore, the intensities of the integrated bands can be 

compared. The band due to bridge-bonded CO is assigned to bridge CO exclusively on the 

(111) terraces, because bridge CO was not formed on the (110) steps (as shown subsequently 

by the experimental results presented in Figure 2B). In the case of the experiment with a full 

CO adlayer, it is reasonable to suppose that all types of sites (terraces and steps) were occupied 

by adsorbed CO. All these sites were occupied by CO in the experiment whose results are 

shown in Figure 2A. However, inspection of the spectra in Figure 2A revealed no band 

assigned to linearly bonded CO on the step sites. The complete absence (or invisibility) of the 

bands for CO on the step sites was due to the dipole-dipole coupling effect.45, 57 The dipole-

dipole coupling caused band intensity transfer from lower frequency (as for the linearly 

bonded CO on the steps) to higher frequency (as for the linearly bonded CO on the terraces),45 

so that bands at lower frequencies (such as the band for CO on the step sites) became invisible 

or undetectable in the spectra. In order to overcome this difficulty in detecting the band 

intensity for the CO on the steps, experiments were performed in which the CO molecules 

were only present on the top side of the (110) steps of the Pt(17 17 15) surface (Figure 2B). 

For the spectrum at potential of 0.100 VRHE, a single CO band was present, centered at ~1964 

cm-1. This band was due to the stretching frequencies of the linearly bonded CO on the top 

side of the (110) steps, free from the interference of COads on (111) terraces. The center of this 

band was potential dependent, with the frequency of the maximum band shifting at a rate of 

~95 cm-1 V-1 for potentials between 0.05 and 0.3 V. This Stark tuning slope is significantly 

higher than that for linearly bonded CO in a full CO adlayer. It should be highlighted that no 

bands attributed to bridge-bonded CO at the (110) steps appeared in these spectra (Figure 2B), 

indicating that the CO adsorbed on the (110) steps was exclusively linearly bonded. This result 

agree with the predicted geometry of adsorbed CO from DFT.33 It should be noted that the 
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magnitude of the band for adsorbed CO exclusively on the steps presented a relative increase 

as the potential was increased. The origin of such potential dependence is not well understood 

and could be due to a change in the configuration of COads (between possible adsorption 

modes and/or tilt angle) and the influence of co-adsorbed species. It should be noted that 

between CO absorption bands there is a strong energy transfer from those appearing at low 

wave numbers to those at high weave numbers, which can also affect the band intensity and 

probably is dependent on the external field. This same trend (dependence of band intensity 

on the potential) was observed for all experiments in which CO was only on the step sites. 

At a potential of 0.100 VRHE (Figure 2), the band corresponding to linearly bonded CO 

only on the top side of the (110) steps is shifted by ~53 cm-1 towards lower wavenumber (υ 

= –53 cm-1), as compared to the frequency for linearly bonded CO at full coverage. This 

confirmed that a major component of the band intensity for linearly bonded CO on (111) 

terraces was acquired from the CO adsorbed at the (110) step sites by the mechanism of 

intensity transfer. 

In addition to these bands, a broad and intense band at ~1400 cm-1 is observed in the 

Figure 2 and attributed to dissolved carbonate,41, 58 which is the final product of the oxidation 

of CO in highly alkaline solution ( ). The carbonate band CO + 4OH ―   CO2 ―
3 +2H2O +2𝑒 ―

appeared in the spectra because the reference spectrum was recorded at a potential at which 

the COads was fully oxidized, which in the present case was 0.900 VRHE. For this reason and 

for easier visualization in Figure 2A, only the frequency range corresponding to the adsorbed 

CO is shown. In the series of spectra in Figure 2, the broad band at ~1620 cm-1 is attributed 

to the bending mode of water in a thin layer.51 

For a full CO adlayer on Pt(17 15 15) (Figure 3A), the spectrum at a potential of 0.100 

VRHE exhibits bands centered at ~2012 cm-1 (Stark tuning slope of about ~44 cm-1 V-1) and 

1805 cm-1 (slope of about~56 cm-1 V-1), attributed to linearly and bridge-bonded CO on (111) 

terraces and (100) steps, respectively. At 0.100 VRHE, the  ratio is ca. 1:1. It should be 𝐴CO𝐵:𝐴CO𝐿

mentioned that the accuracy of this ratio is lower than that for the previous surface because 

the bridge CO band is distorted by the intense band of the O-H bending mode of water in a 

thin layer. 

The series of spectra for CO only on the top side of the (100) steps exhibited two bands 

(Figure 3B). Considering the spectrum at a potential of 0.100 VRHE, a band at ~1961 cm-1 is 

due to the stretching frequency of linearly bonded CO, while a band at ~1747 cm-1 (which 
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was most discernible at 0.125 V) can be attributed to bridge-bonded CO. The presence of 

bridge-bonded CO on (100) steps represented an important difference, compared to the (110) 

steps that only presented linearly bonded CO. Different adsorption geometries for the (110) 

and (100) have been also proposed from DFT results.33 The spectra at 0.100 VRHE (Figure 3) 

shows that the bands corresponding to linearly and bridge-bonded CO shift to lower 

frequencies by about –51 and –58 cm-1, respectively, compared to the frequencies for similar 

CO binding geometries under the condition of full CO coverage. The shift suggests that bands 

due to CO at the (111) terraces gain band intensity from both linearly and bridge-bonded CO 

on (100) steps. The Stark tuning slopes corresponding to the CO only on (100) steps were ~95 

and ~78 cm-1 V-1 for linearly and bridge-bonded CO. In other work, Korzeniewski et al.45,57 

reported a high Stark tuning slope for CO on the (100) steps of a Pt(557) surface. The reason 

for this high gradient at low coordinated sites is not yet understood. 

3.3. In situ FTIR Spectra of CO on Pt(332) and Pt(322) Surfaces 

The Pt(332) and Pt(322) surfaces consist of 5-atoms-wide (111) terraces, differing in the 

step orientation, which is (110) for Pt(332) and (100) for Pt(322). The spectra for full CO 

coverage show two CO bands. Considering the spectrum at a potential of 0.100 VRHE for full 

CO coverage on Pt(332) (Figure 4A), the bands at ~2016 cm-1 (slope of /  ≃ 48 cm-1 dυCO𝐿 d𝐸

V-1) and 1817 cm-1 are due to the linearly and bridge-bonded CO, respectively. The ratio of 

the integrated band intensity of bridge CO to that of linear CO ( ) was 1:3.2. On the 𝐴CO𝐵:𝐴CO𝐿

other hand, the spectra recorded for CO only on the top side of the (110) steps are shown in 

Figure 4B. In this Figure 4B, the spectrum at 0.100 VRHE showed the band at 1962 cm-1 due to 

linearly bonded CO, representing a red-shift of –54 cm-1, compared to the position of the band 

for linearly bonded CO under the condition of full CO coverage. The potential dependence 

of the band for CO only on the top side of the (110) steps presents a rate (Stark tuning slope) 

of 78 cm-1 V-1. 

Figure 5 presents the series of spectra for the Pt(322)/CO system. At full CO coverage, 

the spectrum at 0.100 VRHE shows a band centered at ~2008 cm-1 (with / ≃ 45 cm-1 V-dυCO𝐿 d𝐸 

1), due to the stretching frequencies of linearly bonded CO on both (111) terraces and (100) 

steps. The band centered at ~1819 cm-1 indicated the presence of bridge-bonded CO on both 

(111) terraces and (100) steps. The  ratios for these bands were ~1:1. Due to the 𝐴CO𝐵:𝐴CO𝐿

difficulties in obtaining CO only on the steps of this surface, experiments are only shown for 
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complete CO coverage. A Stark tuning slope of ~75 cm-1 V-1 was obtained for linearly bonded 

CO. The slope for bridge CO is quite imprecise. 

3.4. In situ FTIR Spectra of CO on Pt(331) and Pt(311) Surfaces 

The Pt(331) and Pt(311) surfaces have the shortest (111) terraces used in this work, 

with widths of 2 atoms. The orientations of the monoatomic steps on Pt(331) and Pt(311) 

surfaces are (110) and (100), respectively. Only results for full CO coverage are presented 

here, since obtaining the specific coverage condition of CO only on the top of the steps of 

these surfaces is very difficult, even in alkaline media. Figure 6A presents the series of spectra 

for the Pt(331)/CO system. In the spectrum acquired at 0.100 VRHE, the dominant band at 

~2036 cm-1 (slope of  ≃ 45 cm-1 V-1) was due to the stretching frequencies of linearly dυCO𝐿/d𝐸

bonded CO on both (111) terraces and (110) steps. A smaller band due to bridge-bonded CO 

was present at ~1828 cm-1. The  ratio was ~1:16. Although very small, the presence 𝐴CO𝐵:𝐴CO𝐿

of the band for bridge CO on the Pt(331) surface was an important finding, because this band 

is not found in the spectra for Pt(331)/CO in acid media, as reported by Rodes et al. 39 and 

Hoshi et al..59 

The Pt(311)/CO system showed an opposite trend to that of the Pt(331)/CO system. For 

example, in the spectrum acquired at 0.100 VRHE (Figure 6B), the dominant band at ~1842 

cm-1 was due to bridge-bonded CO. A smaller band due to linearly bonded CO was present at 

~1980 cm-1. The  ratio was ~2.3:1. Table 1 presents a summary of all these data. 𝐴CO𝐵:𝐴CO𝐿

Considering the structure of the surface, it was previously observed that on (100) facets in 

alkaline solution (0.1 M NaOH),29, 60 bridge-bonded CO dominates on a Pt(100) basal plane. 

3.5. In situ FTIR Spectra of CO on a Pt(531) Surface 

The Pt(531) surface possesses short (111) terraces that are 3 atoms wide. It also presents 

sites with both (110) and (100) configurations. The series of spectra recorded for full CO 

coverage on a Pt(531) surface is shown in Figure 7. The spectra presented bands due to both 

linearly bonded CO (centered at ~2004 cm-1, at a potential of 0.100 VRHE) and bridge-bonded 

CO (centered at ~1780 cm-1, at a potential of 0.100 VRHE). The Stark tuning slopes were dυCO𝐿/

 ≃ 68 cm-1 V-1 for linearly bonded CO and  ≃ 42 cm-1 V-1 for bridge-bonded CO. d𝐸 dυCO𝐵/d𝐸

4. Discussion 
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The results clearly showed that the presence of crystalline steps on (111) planes 

influenced the stretching frequencies of the bands for the linearly and bridge-bonded CO, 

under the condition of full CO coverage. The comparison of the relative magnitudes of these 

bands also revealed that the preference for CO binding sites was strongly influenced by the 

surface structure. These data will be discussed in comparison with the results obtained using 

acid solutions.39, 45, 57, 59 

4.1. Effect of the Structure of the Surfaces on Stretching Frequencies of COads 

The experiments with CO only on the top of the steps enabled the evaluation of the 

stretching frequencies of CO at the steps, free from interference due to CO on terraces. An 

initial consideration is that the density of the (110) steps on Pt(332) surface is higher than on 

Pt(17 17 15) surface. The (111) terraces of Pt(17 17 15) and Pt(332) have nominal widths of 

16 and 5 atoms, respectively. Consequently, the total CO coverage on the top of the (110) 

steps of the Pt(332) surface is higher than the total amount of CO on the top of the (110) steps 

of the Pt(17 17 15) surface. Despite the difference in total CO coverage on the steps (of each 

surface), the set of spectra in Figures 2A and 3B show that the maxima of the bands for linearly 

bonded CO on the steps appeared at the same position. For example, for CO only on the top 

of the (110) steps of Pt(17 17 15) and Pt(332) surfaces, at a potential of 0.100 VRHE, the 

maximum band for linearly bonded CO was centered at  ≃ 1963 cm-1, regardless of the υCO𝐿

width of the (111) terraces (see Table 1). Therefore, based on the density of the (110) steps, 

with the Pt(332) surface having an approximately three-fold higher step density, the total 

amount of CO only on the top of the (110) steps was greater for Pt(332) than for the Pt(17 17 

15) surface. However, despite this difference in step density and, consequently, the total CO 

coverage on step sites, the position of the COads band was hardly affected by the step density. 

Under the condition of CO only on the top of the steps, the lack of dependence of the band 

position on the density of steps (occupied by CO) therefore indicated an absence of interaction 

between COads molecules on the neighboring rows of the (110) steps, even for surfaces with 

narrow terraces. Hence, the intra-molecular coupling was restricted only to COads along the 

line of steps, so dipole-dipole coupling was confined along one dimension, with little 

influence on the CO band position. This almost unchanged band position for CO on the steps 

indicated that the experimental strategy consisting of partial stripping of a CO adlayer was 

very successful for obtaining CO only on the top of the steps. 
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At full CO coverage, the stretching frequencies are strongly influenced by the structure 

of the surface. For stepped Pt surfaces of the Pt(s)-[(n – 1)(111)×(110)] series, such as Pt(17 17 

15), Pt(332), and Pt(331), the position of the band for linearly bonded CO ( ) was shifted υCO𝐿

to higher values as the (111) terraces become shorter. In quantitative terms, there was a shift 

of around +19 cm-1 in  when passing from Pt(17 17 15) to Pt(331). Similar behavior was υCO𝐿

observed for the band corresponding to bridge-bonded CO ( ), which shifted by about 32 υCO𝐵

cm-1 when passing from Pt(17 17 15) to Pt(331). In the case of the surfaces of the Pt(s)-

[n(111)×(100)] series, including Pt(17 15 15), Pt(322), and Pt(311), the position of  υCO𝐵

presented a blue-shift of about 38 cm-1 when passing from Pt(17 15 15) to Pt(311); while  υCO𝐿

had a negative shift about -32 cm-1 (Table 1). Under the condition of full CO coverage,  υCO𝐿

was dominated by CO on terraces,45, 61-62 indicating that the change in  was probably due υCO𝐿

to the influence of the steps over the terraces. As discussed above, the position of the band for 

COads only on the top side of the steps was independent of the defect density. Therefore, for 

the case of full CO coverage (which presumable all kind of sites were occupied), the steps on 

the surface greatly modified the physical properties of the terraces, with effects such as 

alteration of the stretching frequencies for COads on the (111) terraces. In a work,46 based on 

the sequence in which CO filled the sites on stepped surfaces and the sequence in which the 

sites were released due to oxidation of this CO, the impact of the defects on terraces was 

interpreted as the steps giving rise to an energy gradient along the terraces. The present results 

obtained by spectroscopy are in line with the previous findings since the energy gradient will 

be steppers as the terrace becomes narrower, altering the bonding of CO with the surface and 

therefore, the IR frequencies. 

4.2. Effect of the Solution pH on Stretching Frequencies of COads 

The Stark tuning slope reflects the effect of the field (and consequently charge and 

electrode potential) on the frequencies of the different vibrational modes. When changing 

the potential, the field in the interphase changes, so that the vibrational frequencies of the 

adsorbed molecules are affected, as observed in Figures 2-5. If the comparison is made 

between solutions of different pH, potentials have to be transformed to a pH independent 

scale, i.e., to the SHE (Standard Hydrogen Electrode), because it will reflect the changes in 

the surface charge, and therefore the electric field. It should be noted that for Pt(111), the 

potential of zero free charge, that is, the potential at which the surface has no charge, and 
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therefore, the electric field on the interphase is zero, is constant in the SHE scale with a value 

of 0.28 VSHE.63 Thus, if the vibrational frequencies of adsorbed CO at 0.100 VRHE in 0.1 M 

HClO4 (pH ≃ 1.2) and 0.1 NaOH (pH ≃ 12.6) have to be compared, the electrode potential 

has to be transformed from the RHE to the SHE scale. Thus, 0.100 VRHE corresponds to 0.03 

VSHE in 0.1 M HClO4 and to –0.65 VSHE in 0.1 M NaOH, indicating that as the pH increases 

the electric field in the interphase is more negative for a constant value of a potential in the 

RHE scale.

The first difference between the results in acidic and alkaline solutions is the different 

Stark tuning slope. For full CO coverage on a Pt(111) electrode in 0.1 M NaOH solution, 

García et al.41 found  = 37 cm-1 V-1 (~0.05 < E < 0.15 VRHE), which was higher than dυCO𝐿/d𝐸

 ≃ 30 cm-1 V-1 for Pt (with different surface orientations) in acid solution.12, 55-56 In dυCO𝐿/d𝐸

the present work, /  ≃ 47 cm-1 V-1 was obtained, regardless of the surface orientation dυCO𝐿 d𝐸

of the Pt crystal. It could be concluded from these results that /  is always higher in dυCO𝐿 d𝐸

alkaline medium than in acid medium. This increase in the Stark tuning slope as the pH 

became higher (with the electric field consequently becoming more negative) could have 

been due to the effect of the field on the vibrational frequencies, since DFT calculations 

predict a small increase of the Stark Tuning slope as the field becomes more negative.64-66 As 

pointed out by Weaver et al. 67-68, in a non-aqueous electrolyte, which allows accessible 

negative low surface potentials, /  and the CO binding sites are not entirely consistent dυCO𝐿 d𝐸

with the results obtained in an aqueous electrolyte, which suggests that other factors may be 

present that influence /  and the CO binding sites. When the Stark tuning slope is dυCO𝐿 d𝐸

calculated using the frequencies at 0.100 VRHE at these two pH values, it is clear that an 

additional effect is affecting the frequencies. Considering the results obtained using acidic 

solution (0.1 M HClO4) 39 and alkaline solution (0.1 M NaOH), with full CO coverage (in the 

absence of solution CO) on a Pt(17 17 15) electrode, the values of  are 2061 cm-1 and 2017 υCO𝐿

cm-1, respectively. These values and the respective absolute potentials allow calculating a 

Stark tuning slope, according to: 

υCO𝐿

 𝐸
≃

2061 cm ―1 – 2017 cm ―1

0.03 VSHE – (–0.65 VSHE) =
44 cm ―1

0.68 V = 65 cm ―1 V ―1

This slope is significantly higher than that observed individually for each pH value. On 

the other hand, when the same adlayer is studied at different pH values, i.e., for adlayers 

formed in 0.1 M H2SO4 at 0.100 VRHE and the IR spectra recorded in 0.1 M H2SO4 or 0.1 M 
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NaOH, the same Stark tuning slope is found in the whole range of potentials (versus SHE).69 

The different slopes in acidic and alkaline media clearly indicate that the structure of the 

adlayer is different. Previous results have suggested that the adlayers formed at 0.100 VRHE in 

alkaline media would have higher number of defects that those formed in acidic solutions. 

The results presented here support this hypothesis. The presence of defects in the adlayer of 

the (111) terrace shifts the wave numbers of the CO band to lower values.39 The values of  υCO𝐿

measured here are lower than those predicted from the values measured in acidic solutions, 

indicating that the CO adlayer contains a higher number of defects than those formed in 

acidic solutions. Very similar values for the apparent slope are obtained for the full CO 

coverage on the stepped surfaces, with values raging between 65 and 74 cm-1 V-1, significantly 

higher than those measured in acidic or alkaline, which again reinforces the different surface 

structure of the CO on the (111) terraces, irrespectively of the width. 

For experiments involving CO only on the top of the steps of Pt(332), at a potential of 

0.10 VRHE, it was found a  ≃ 2023 cm-1 in an 0.1 M HClO4 solution (unpublished data), 𝜐CO𝐿

and a  ≃ 1964 cm-1 in alkaline solution (Table 1), that is a change of  ≃ 59 cm-1. Then, υCO𝐿 𝜐CO𝐿

for the CO only on the top of the steps of the Pt(332), this resulted in a  ≃ 75 cm-1 𝜐CO𝐿/𝐸

V-1, which is the same value than that obtained for in alkaline media (Table 1). The constant 

value of the Stark tuning slope in the whole pH range clearly indicates that the structure of 

the CO adlayer formed only on the topside of the steps is pH independent. 

4.3. Influence on COads Binding Sites 

The changes in the band intensities for linearly and bridge-bonded CO were 

determined by comparing the  ratios for different electrodes at the same potential 𝐴CO𝐵:𝐴CO𝐿

(on the RHE scale), assuming full CO coverage. Due to the intensity transfer between bands, 

and the possible different molar absorption coefficients, the absolute ratio between these two 

configurations cannot be determined. However, comparison of the  ratios for 𝐴CO𝐵:𝐴CO𝐿

different Pt surfaces can be used to determine changes in the adlayer structure because it 

could be assumed that changes in the  ratio were mainly due to changes in the 𝐴CO𝐵:𝐴CO𝐿

composition of the CO binding sites. From the spectra, it can be determined that the band 

corresponding to linearly bonded CO for full coverage was dominant for stepped surfaces of 

the [(n – 1)(111)(110)] series, increasing in intensity as the width of the (111) terraces 

decreased. On the other hand, bridge-bonded CO was dominant on the stepped Pt surfaces of 
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the [n(111)(100)] series, with the band corresponding to this COads species increasing in 

intensity as the width of the (111) terraces decreased. For example, for the Pt(331) ≡ Pt(s)-

[2(111)(110)] surface (2-atoms-wide (111) terraces), the  ratio was about 1:16, while 𝐴CO𝐵:𝐴CO𝐿

for the Pt(311) ≡ Pt(s)-[2(111)(100)] surface (2-atoms-wide (111) terraces), the  𝐴CO𝐵:𝐴CO𝐿

ratio was around 2.3:1 (Table 1). Since the Pt(331) and Pt(311) surfaces possess (111) terraces 

with similar widths, the change in the  ratio was intrinsically related to the 𝐴CO𝐵:𝐴CO𝐿

structures of the steps, which are (110) and (100) for Pt(331) and Pt(311), respectively. From 

comparison of these  ratios, and considering that the band at higher frequencies was 𝐴CO𝐵:𝐴CO𝐿

dominated by COads on (111) terraces, it was reasonable to suppose that the change in the 

composition of the CO binding sites was related to the influence of the step-type on terrace. 

In the case of Pt(331), a band for bridge-bonded CO was present, albeit of low intensity, while 

it never appeared for this same stepped Pt surface in acid solution (0.1 M HClO4). In the 

studies of Rodes et al. 39 and Hoshi et al.,59 only a single CO binding geometry was observed 

for the Pt(331) surface, attributed to linearly bonded CO. Therefore, the presence of bridge-

bonded CO on Pt(331) in alkaline media suggested that the adlayer formed in acidic solutions 

has a different structure than that formed in alkaline media, as also suggested by the different 

Stark tuning slope. In this case, it was not only the surface structure itself that governed the 

chemistry or composition of the CO binding sites. The pH was indirectly related to the change 

in preference of the CO binding sites, because the change in solution pH affected the electric 

potential or charge on the metal side. For similar potential, on the RHE scale, the interface 

(metal side) became more negatively charged passing from acid to alkaline solution. 

According to Gunasooriya et al.,70 the charge is predominant in determining the geometry 

(linear and bridge) of the CO bound on Pt. This preference affects the process of the adlayer 

formation. Once the adlayer has been formed, and CO is removed from solution, the adlayer 

remain intact. This mechanism explains the difference between the IR spectra taken in 

alkaline solutions for adlayers formed at 0.100 VRHE in acidic or alkaline solutions.69 Bond 

formation between CO and transition metals is frequently interpreted in terms of Blyholder’s 

frontier orbital model,71 which has been widely discussed in the literature. Then, considering 

the surfaces of the Pt(s)-[n(111)×(100)] series, at more negatively charged electrodes, there is 

increased stabilization of the bridge-bonded CO present on both (100) steps and short (111) 

terraces. This is interesting because of under ultra-high vacuum conditions, the band intensity 

for bridge-bonded CO on Pt(211) ≡ Pt(s)-[3(111)(100)] surface (3-atoms-wide (111) terraces 
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and (100) monoatomic steps), is very small,32 or completely absent on Pt(322), 72 compared to 

the band due to linearly bonded CO. Yates et al. 61 suggested that the formation of bridge-

bonded CO on Pt(211) surfaces could be limited by steric effects related to the terrace width. 

The present work with CO exclusively on top of the steps revealed that bridge-bonded CO 

was formed even at the (100) steps, suggesting that the charge also influenced the adsorption 

of CO on the (100) structure in aqueous environments. 

5. Main Conclusions 

The influence of the CO binding sites on stepped Pt surfaces was studied by in situ FTIR 

spectroscopy, comparing the results obtained in alkaline and acid media. The stretching 

frequencies of CO exclusively on the top of the steps were, within the experimental error, 

independent of the width of the (111) terraces of the stepped Pt surfaces. Although surfaces 

with higher step density accommodated more CO molecules adsorbed on steps, compared to 

surfaces with wider terraces, there was no change in the COads band position for CO only on 

the top of the steps, indicating that intermolecular coupling was restricted to the COads along 

the line of steps. However, for full CO coverage, the structure of the steps and the width of 

the (111) terraces strongly influenced the CO spectra. Surfaces with the same terrace widths, 

but with different step orientations, presented different stretching frequencies for both 

linearly and bridge-bonded CO, as well as different proportions of these COads binding 

geometries. The stretching frequencies of CO on Pt(111) terraced surfaces were dominated 

by CO on (111) terraces. Therefore, the changes in both stretching frequency and preference 

for CO binding sites could be attributed to the influence that the steps exerted on the (111) 

terraces, with the nature of these changes being dependent on the structure or on the 

orientation and density of the steps. This fact strongly indicated that the steps affected both 

physical (such as the stretching frequencies of CO) and chemical properties (such as the 

proportions of linearly and bridge-bonded CO) of the (111) terraces of the Pt(111) terraced 

surfaces. However, in an aqueous electrochemical environment, the structure of the surface 

alone was unable to explain all the changes in the chemical properties of the stepped Pt 

surfaces, where the negative charge acted to increase the stability of bridge-bonded CO on 

defect-rich (100) surfaces. 
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Table 1. Frequencies and ratios of the integrated intensities of linearly and bridge-bonded CO 

on stepped Pt single crystal surfaces in 0.1 M NaOH solution, at potential of 0.100 VRHE.  𝜐CO𝐿

and  are the stretching frequencies of linearly and bridge-bonded CO, respectively, for a 𝜐CO𝐵

full CO coverage;  and  are the stretching frequencies of linearly and bridge-𝜐CO𝐿(𝑠) 𝜐CO𝐵(𝑠)

bonded CO, respectively, for the experiments with CO only on the top side of the steps. 𝐴CO𝐵:

 is the ratio of the integrated band intensities for bridge and linearly bonded CO, under 𝐴CO𝐿

the condition of full CO coverage, for spectra recorded at a potential of 0.100 VRHE. 

Electrode / cm-1𝝊𝐂𝐎𝑳 / cm-1𝝊𝐂𝐎𝑩 / cm-1 (s)𝝊𝐂𝐎𝑳 / cm-1 (s)𝝊𝐂𝐎𝑩 𝑨𝐂𝐎𝑩:𝑨𝐂𝐎𝑳

Pt(17,17,15) 2017 1796 1964 –    1:2
Pt(17,15,15) 2012 1805 1961 1747 1:1
Pt(332) 2016 1817 1962 –    1:3.2
Pt(322) 2008 1819 –       –       1:1
Pt(331) 2036 1828 –    –    1:16
Pt(311) 1980 1843 –    –    2.3:1
Pt(531) 2004 1780 –    –        – 
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Figure 1. Voltammetric profiles for two stepped Pt surfaces in 0.1 M NaOH solution. Data 

recorded at a scan rate of 0.05 V s−1.
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Figure 2. In situ FTIR spectra for adsorbed CO on a Pt(17 17 15) surface in 0.1 M NaOH 

solution, at different potentials: A) full CO coverage; B) CO exclusively on the top side of the 

(110) steps. The reference spectrum was acquired at a potential of 0.90 V.
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Figure 3. In situ FTIR spectra for adsorbed CO on a Pt(17 15 15) surface in 0.1 M NaOH 

solution, at different potentials: A) full CO coverage; B) CO exclusively on the top side of the 

(100) steps. The reference spectrum was acquired at a potential of 0.90 V. 
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Figure 4. In situ FTIR spectra for adsorbed CO on a Pt(332) surface in 0.1 M NaOH solution, 

at different potentials: A) full CO coverage; B) CO exclusively on the top side of the (110) 

steps. The reference spectrum was acquired at a potential of 0.90 V. 
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Figure 5. In situ FTIR spectra for full CO coverage on a Pt(322) surface in 0.1 M NaOH 

solution, at different potentials. The reference spectrum was acquired at a potential of 0.90 V. 
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Figure 6. In situ FTIR spectra for full CO coverage on Pt(331) and Pt(311) surfaces in 0.1 M 

NaOH solution, at different potentials. The reference spectrum was acquired at a potential of 

0.90 V. 

Page 30 of 32

ACS Paragon Plus Environment

Langmuir

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



2250 2000 1750 1500 1250

Pt(531)/CO

0.250

0.150

0.100

E/ V
RHE

0.300

0.050

1787 cm-1
2015 cm-1

v/cm-1

2004 cm-1

0.004 a.u.

Figure 7. In situ FTIR spectra for full CO coverage on a Pt(531) surface in 0.1 M NaOH 

solution, at different potentials. The reference spectrum was acquired at a potential of 0.90 V. 
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