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Abstract The electrochemical oxidation of carbon mon-

oxide and methanol on single-crystal noble metal

electrodes has been studied using cyclic voltammetry,

chronoamperometry, in situ FTIR spectroscopy, online

electrochemical mass spectrometry, and theoretical meth-

ods. The oxidation of CO was found to be enhanced by

steps and defects. Furthermore, the surface diffusion rate

was found to have a significant influence on the kinetics of

the oxidation process: for high diffusion rates, such as the

oxidation of CO on platinum, the kinetics can be described

by a mean field model, while for low diffusion rates, such

as CO oxidation on rhodium in sulfuric acid, a nucleation-

and-growth model was found to be more suitable. Vol-

tammetric and mass spectrometric measurements on the

oxidation of methanol on platinum indicate that steps

enhance the overall reaction rate. In general, the selectivity

towards the direct oxidation pathway through soluble

intermediates was found to be higher in the absence of

strongly adsorbing anions. In both perchloric and sulfuric

acid, this selectivity was also found to increase with

increasing step density. In sulfuric acid, Pt(111) shows the

highest relative contribution for the direct pathway of all

surfaces studied in that electrolyte. Based on these results,

a detailed reaction scheme for the electrochemical oxida-

tion of methanol is presented.
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1 Introduction

Understanding the molecular mechanisms of catalytic

reactions in fuel cells is of crucial importance in achieving

the ultimate goal of fundamental catalysis research: a

rational design of new catalysts. Establishing the funda-

mental molecular principles of catalytic reactions requires

experimental and theoretical studies on well-defined and

well-characterized catalytic surfaces, under well-defined

reaction conditions. In the past few years, we have adopted

this ‘‘surface science’’ approach to fuel cell catalysis in

order to gain more insight into the basic mechanisms of the

electrooxidation of carbon monoxide and methanol at sin-

gle-crystal noble metal electrodes. Such insight should

eventually aid in improving the CO tolerance of low-tem-

perature fuel cell anodes, and developing better methanol

oxidation catalysts for the direct methanol fuel cell.

One key issue in fundamental heterogeneous catalysis

studies is the identification of the active site. We have

tackled this particular problem by working with a series of

stepped single-crystal electrodes. Studies at low-index

single-crystal surfaces allow one to relate reactivity to the

surface structure, and stepped single-crystal surfaces pro-

vide a convenient way to systematically assess the role of

steps and defects.
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In this paper, we will summarize several previously

performed studies on the electrochemical oxidation of

carbon monoxide on stepped single-crystal platinum and

rhodium electrodes and the electrooxidation of methanol

on single-crystal platinum electrodes, employing a com-

bination of electrochemical and theoretical techniques.

Based on the findings, models for both the electrochemical

oxidation of CO and the oxidation of methanol are

proposed.

2 CO Electrooxidation on Pt

The electrochemical oxidation of CO on platinum is cer-

tainly among the most extensively studied reactions in

electrocatalysis over the past decades, since it is of both

fundamental and practical interest. The achievements until

1990 in the understanding of this reaction have been

reviewed by Beden et al. [1].

The ‘‘reactant-pair’’ mechanism for the electrochemical

oxidation of adsorbed CO in acidic solutions, originally

proposed by Gilman [2], is now generally accepted. This

mechanism assumes a Langmuir–Hinshelwood type reac-

tion between carbon monoxide and a surface oxygen-

containing species, adsorbed on adjacent sites, to form

CO2. The oxygen-containing species results from the oxi-

dation of water at the electrode surface and is usually

supposed to be OHads, although the exact nature of this

species is still elusive. Since the potential dependence of

the reaction was found to be about 70–80 mV/dec, the

presence of a slow chemical step in the reaction scheme

was suggested in a number of publications [3, 4]. The

overall reaction scheme is:

H2Oþ ��OHads þ Hþ + e� ð1Þ

COads + OHads ! COOHads ðrdsÞ ð2Þ

COOHads ! CO2 þ Hþ þ e� þ 2� ð3Þ

where * denotes a free surface site, reactions (1) and (3) are

fast and reaction (2) is the rate determining step (at least at

the relatively high overpotentials studied in this work). The

rate of reaction (2) depends on the CO surface diffusion

rate, which in turn is determined by the spatial distribution

of the reactants on the surface of the reactants. Analytical

expressions for the overall reaction rate can be derived for

two limiting cases known as the ‘‘mean field approxima-

tion’’ and the ‘‘nucleation-and-growth model’’. One of the

assumptions of the mean field approximation is that reac-

tants are perfectly mixed on the surface and the reaction

rate is proportional to the average coverages of the reaction

partners [5]. This assumption is reasonable if the surface

diffusion is much faster than the reaction itself. In the

nucleation-and-growth model, the reacting species are

considered immobile. In the case of a surface pre-dosed

with a saturated adlayer of CO, the adsorption of OH

proceeds via ‘‘nucleation’’ at certain places, for instance at

defects in the CO adlayer. The reaction takes place only at

the interface between the two reacting phases, leading to

the formation and growth of islands. For diffusion rates

comparable with the reaction rate, a full numerical solution

of the kinetic equations is required. In this case, one either

resorts to so-called Dynamic Monte Carlo simulations [6,

7] or to a differential-equation approach involving a more

advanced approximation than the mean field model [8].

In order to systematically investigate the mechanism and

the kinetics of the electrooxidation of CO on platinum

electrodes, voltammetric [9] and chronoamperometric

studies [10, 11] were performed on a number Pt[n(111) ·
(111)] vicinal surfaces. For an fcc metal like platinum, the

[n(111) · (111)] surfaces are composed of terraces of

(111) orientation, which are (n – 1) atoms wide, separated

by monoatomic steps of (110) orientation. The surfaces

studied were Pt(15 15 14) with n = 30, Pt(554) with

n = 10, Pt(553) with n = 5 and the limiting cases Pt(111)

and Pt(110). In the voltammetric study [9], a pronounced

catalyzing effect of steps was observed in the CO adlayer

oxidation for the entire range of CO coverages as well as

for the oxidation of dissolved CO. Figure 1 illustrates how

a higher step density lowers the overpotential for CO ad-

layer oxidation, the difference between peak potentials for

Pt(553) and Pt(111) being as high as 0.17 V. This effect

has been explained by the preferential formation of oxy-

gen-containing species at the step sites compared to the

terrace sites, even when electrode surface is pre-dosed with

CO [9].

Fig. 1 Oxidation of saturated CO adlayers on Pt(553) (thin solid

line), Pt(554) (dashed line), and Pt(111) (thick solid line), sweep rate

50 mV/s, T = 25�C [9]
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For a quantitative study of the reaction kinetics of CO

adlayer electrooxidation on Pt[n(111) · (111)] chrono-

amperometry or potential-step experiments were employed

[10, 11]. Characteristic current transients for the oxidation

of the saturated adlayer of CO are shown in Fig. 2. All the

transients have a similar shape: after charging of the double

layer (a high current at short times) there is a current plateau

followed by a main peak. The current in the plateau region

is found to depend on the step density [10]. The major

enhancement of the rate of the CO adlayer oxidation in the

plateau region is observed when passing from Pt(111) to

Pt(15 15 14), the plateau current increasing by one order of

magnitude. Further increase of the step density does not

lead to a significant rise of the current in the plateau region,

emphasizing the extraordinary role of a small amount of

defect sites in the oxidation initiation step [10].

The mechanism of the reaction initiation has been dis-

cussed in several papers [10–14]. The dependence of the

plateau current on the defect density makes an Eley–Rideal

type of reaction initiation proposed by Bergelin et al. [12]

rather unlikely and points towards a Langmuir–Hinshel-

wood mechanism with no effective freeing of sites for OH

adsorption as the first few CO molecules are oxidized, due

to the relaxation of the CO adlayer upon removal of these

first CO molecules [10, 11, 13, 14].

Once the reaction is initiated, the oxidation of CO pro-

ceeds via a Langmuir–Hinshelwood mechanism as can be

concluded from the peaked shape of the current transients.

The promoting effect of steps on the CO oxidation rate is

obvious: the higher the step density the faster the reaction.

For example, it takes approximately 300 s to complete

oxidation of a saturated CO adlayer on Pt(111) at 0.73 V,

while on Pt(110) only ca. 5 s are required even though the

saturation coverage of CO on Pt(110) is higher (Fig. 1).

These results are in line with previous observations of

enhanced activity towards CO oxidation of surfaces with

an increased defect density [3, 6, 15].

The shape of the transients changes slightly with the

density of steps. For the surfaces with low step density,

Pt(111), Pt(15 15 14), and Pt(554), the main peak is sym-

metric, while for Pt(553) and especially Pt(110), a tailing

on the descending part of the transient is observed (Fig. 2).

Despite this variation of the transient shape, the main peak

can be fitted satisfactorily by a mean field model in the

entire range of step potentials and for all Pt[n(111) ·
(111)] surfaces (examples are shown in Fig. 3). For more

details on the fitting procedure, the reader is referred to the

original paper [10]. The nucleation-and-growth model

gives a fit of the transients, which is significantly inferior to

that of the mean field model [10, 11]. Instantaneous

nucleation-and-growth can be ruled out since the ascending

part of the transients is clearly not linear, and progressive

nucleation-and-growth results in noticeably broader

transients (dashed lines in Fig. 3). Neither the mean field

model nor the nucleation-and-growth model are able to

reproduce the slight tailing on the descending part of the

transients for electrodes with high step density (Pt(553) and

Pt(110)) exactly. To investigate whether the tailing of the

current transients for surfaces with a high step density

could be related to a slow diffusion of CO on the terraces,

the reaction kinetics were simulated by solving the kinetic

differential equations numerically [10]. The results of the

simulation showed that the tailing is likely related to the

slow oxidation of the CO molecules that remain on the

steps after the oxidative removal of CO from terraces and

not to slow diffusion of the CO molecules. Since the

fraction of CO molecules on steps is less than 20% even for

Pt(553), we believe that the observed tailing does not

undermine the mean field model. Therefore, the apparent

rate constants for reaction (2) for all Pt[n(111) · (111)]

electrodes and all final potentials were obtained by fitting

the experimental transients with a mean field model. The

determined apparent reaction constants lie in the range

from 10–2 to 102 s–1 depending on the potential and step

density.

From the evaluation of the apparent reaction rate con-

stants it was observed that for surfaces with n [ 5, the

apparent rate constant increases linearly with step density

at a given potential, indicating that steps indeed are the

active sites. The potential dependence of the apparent rate

constants is essentially independent of the step density:

75 ± 3 mV/dec for Pt(111), 85 ± 3 mV/dec for Pt(15 15

14), 78 ± 4 mV/dec for Pt(554), 97 ± 4 mV/dec for

Pt(553), and 81 ± 3 mV/dec for Pt(110). Similar Tafel

slopes of 60–80 mV/dec were found in a number of the

earlier studies [12, 16]. The indifference of the Tafel slope

to the surface structure could suggest that CO oxidation

follows the same mechanism on all surfaces studied. The

value of the Tafel slope being relatively close to 60 mV/

dec can be interpreted in terms of a slow chemical step (2)

in the reaction mechanism (1)–(3).

The mobility of chemisorbed CO under electrochemical

conditions and hence the appropriate kinetic model for CO

oxidation has been a central issue of many experimental [3,

12, 13, 17] and theoretical studies [6, 18]. Since the

kinetics of the reaction in the region of the peak is well

described by a mean field approximation (Fig. 3), it was

concluded that CO must be very mobile on the (111) ter-

races of all Pt[n(111) · (111)] surfaces. This is in

agreement with the fast diffusion of CO on platinum (111)

terraces under UHV conditions with a typical hopping rate

in the order of 105 s–1 at 195 K and low CO coverage [19–

21] and 107 s–1 at 300 K and CO coverage of 0.67 M [22].

From reviewing over 500 systems Seebauer et al. con-

cluded an apparent insensitivity of diffusional parameters

to the presence of an aqueous ambient [23], which suggests
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that a high hopping rate of CO should be expected under

electrochemical conditions as well. Having determined the

apparent rate constant k of CO oxidation and taking into

account the requirements for k/D for the mean field

approximation to be valid, we have estimated the diffusion

coefficient D for CO on (111) terraces to be higher than 10–

11 cm2/s [10]. This, in turn, would correspond to the hop-

ping rate of 105 s–1, which is, taking into account the very

approximate character of the present estimation, in good

agreement with the hopping rate of CO on (111) terraces in

UHV.

To acquire more molecular level knowledge on the

reaction mechanism, in situ infrared reflection–absorption

spectroscopy (IRRAS) was employed to study adsorption

as well as oxidation of the CO adlayers on Pt stepped

surfaces with (110) and (100) steps [24]. One of the

Fig. 2 Current–time transients of the oxidation of saturated CO adlayers on (a) Pt(111), (b) Pt(15 15 14), (c) Pt(554), (d) Pt(553), and (e)

Pt(110). Final potentials are indicated in the figure [10]
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advantages of IRRAS is its ability to sensitively discrimi-

nate between adsorbates on different adsorption sites, i.e.,

steps and terraces, making it a powerful technique for

catalyst surface characterization and in situ investigation of

the nature and structure of the active sites [25–27]. It was

found that CO adsorbed on terraces is more reactive than

CO adsorbed on steps [24]. Furthermore, by comparing the

in situ infrared spectra of CO oxidation on Pt(322), and

Pt(332), it was concluded the oxidation reaction takes place

in the inner corner of the steps, where OHads reacts with

CO adsorbed in the terraces, leaving CO adsorbed on the

steps behind. The CO molecules adsorbed on the steps

oxidize slowly through conversion into ‘‘terrace’’ CO and

subsequent fast diffusion to the step sites. This mechanism

is similar to that suggested for CO oxidation on stepped Pt

in UHV [28].

3 CO Electrooxidation on Rh

Although rhodium is well known to be active in the oxi-

dation of CO in automobile catalysis and has been

Fig. 3 Current–time transients for saturated CO adlayer oxidation on

(a) Pt(111) at final potential Ef = 0.805 V, (b) Pt(15 15 14) at

Ef = 0.88 V, (c) Pt(554) Ef = 0.83 V, (d) Pt(553) Ef = 0.805 V, and

(e) Pt(110) Ef = 0.755 V. The experimental data (diamonds) are fitted

by a mean field approximation (solid line) and a progressive

nucleation-and-growth model (dashed line). Only a few experimental

data points are depicted for the sake of clarity [10]
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investigated extensively under UHV and gas-phase condi-

tions, the electrooxidation of CO on rhodium catalysts has

received much less attention. In UHV experiments, the

oxidation of CO by O2 was found to be a structure sensitive

Langmuir–Hinshelwood type mechanism [29].

To systematically investigate the mechanism and the

kinetics of the electrochemical oxidation of CO on rhodium

electrodes, voltammetric [30] and chronoamperometric

[31] studies were performed on a number of Rh[n(111) ·
(111)] single-crystal electrodes (Rh(331), Rh(553),

Rh(554), and Rh(111), with n = 3, n = 5, n = 10, and

n = 200–500, respectively), which, like Pt[n(111) · (111)]

are composed of terraces of (111) orientation of (n – 1)

atoms wide separated by monoatomic steps of (110) or-

entiation. A significant complication in studying the

oxidation of CO on Rh is the fact that the CO electrooxi-

dation potential overlaps with the surface oxidation

potential, causing surface disordering to occur simulta-

neously with the oxidation of CO. Therefore, two types of

electrodes were investigated: ‘‘ordered’’ electrodes, which

were meticulously kept below the surface oxidation

potential during the recording of the blank cyclic voltam-

mograms, and ‘‘disordered’’ electrodes, which are obtained

by cycling the blank CV’s up to 0.85 V (versus RHE), well

into the surface oxidation region of the investigated Rh

surfaces, until a steady state blank voltammogram was

reached. Another problem is incomplete oxidative stripping

of CO adlayers on Rh surfaces: several scans are usually

required to completely strip the CO adlayer, making it

more difficult to draw quantitative conclusions from vol-

tammetric measurements.

The blank cyclic voltammograms show a distinct

increase in the reversibility in the hydrogen/(bi)sulfate

region (0.05–0.20 V) with increasing step density [30].

Also, the total integrated charge under the hydrogen/

(bi)sulfate peaks was found to decrease with increasing

step density, indicating that (bi)sulfate adsorption prefera-

bly takes place on the terraces rather than on the steps and

defects. This negative correlation between (bi)sulfate

adsorption and the number of steps was also observed in

CO displacement experiments, although a quantitative

discrepancy still remains.

CO stripping voltammograms of the ‘‘ordered’’ elec-

trodes in H2SO4 (Fig. 4a) show a small shoulder between

0.6 and 0.7 V (versus RHE) followed by a single asym-

metrical oxidation peak with a maximum around 0.73 V

(versus RHE). The number of scans for full oxidative CO

stripping varied from 2 for Rh(331) to 30 for Rh(111). The

charge under the shoulder was found to be linearly corre-

lated with the step density, leading to the conclusion that

the steps and defects are the active sites. The presence of

the shoulder can be explained by assuming that CO reacts

first at the steps at low potential. The tailing of the

asymmetric main oxidation peaks suggests a low CO sur-

face mobility. The stripping voltammograms of the

‘‘disordered’’ electrodes show notably different features:

there is only one oxidation feature, at lower potentials and

with a less pronounced tailing compared to their ‘‘ordered’’

counterparts. In addition, the number of scans needed to

completely strip the CO adlayer is roughly halved, all of

which indicating a large increase in (randomly distributed)

defects for the ‘‘disordered’’ electrodes.

The current–time transients of CO adlayer oxidation on

the Rh[n(111) · (111)] single-crystal electrodes were

recorded at a number of step potentials, varying between

0.590 and 0.655 V (versus RHE) (a few examples are

shown in Fig. 5). All transients show a current plateau

directly after charging of the double layer, followed by a

pre-peak and a main oxidation peak. Similar to the oxi-

dation of CO on Pt, the current plateau region shows a

(‘‘quasi’’-)zeroth reaction order with respect to CO cover-

age. Moreover, the introduction of a small number of steps

(as observed by going from Rh(111) to Rh(554)), results in

a significant increase in the plateau current, while a further

increase in step density has a much smaller effect on the

current density. In contrast to the Tafel slopes of *80 mV/

dec found for Pt electrodes [10], the Tafel slopes for the

plateau currents on Rh were found to be between 40 and

50 mV/dec, suggesting the second electron transfer (reac-

tion (3)) to be rate determining for the initiation of the

oxidation of CO on Rh.

The position of the pre-peak was found to be relatively

structure insensitive, while the charge associated with it

increases with step density, indicating that the process

associated with this peak is restricted to the steps. There-

fore, it is likely that this peak is caused by the adsorption of

oxygenated species at a step site and subsequent reaction

with a neighboring CO molecule. Contrary to the pre-peak,

the main oxidation peak depends strongly on the structure

of the surface: for surfaces with a low step density, such as

Rh(111) and Rh(554), the main oxidation peak is asym-

metrical in shape and characterized by a fast current

increase followed by a slow current decay. On Rh(553) the

current increase is slower and the decay faster than on

Rh(111) and Rh(554). A further increase in step density to

Rh(331) leads to nearly symmetrical peaks. The strong

asymmetry of the peaks on the surfaces with a low step

density suggests that on rhodium in sulfuric acid the oxi-

dation of CO is better described by a nucleation-and-

growth model than by a mean field approximation, indi-

cating a slow diffusion of CO towards the active sites. As

the terrace width is decreased, the influence of diffusion

decreases, resulting in nearly symmetrical peaks for

Rh(331), the surface with the highest step density in this

investigation. In comparison with Pt, the CO oxidation

reaction on Rh occurs at lower potentials. The Tafel slopes
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obtained from the oxidation peak were 49–61 mV/dec,

close the values for Pt and close to 60 mV/dec, indicating

the same rate determining chemical step on both Pt and Rh

electrodes. Due to the structure sensitivity of the main

peak, as well as the separation from the pre-peak, the main

oxidation peak cannot be due to the oxidation at the step

sites: if the step sites were the only active sites for the

oxidation of CO, a low CO mobility would lead to a single

oxidation peak with a pronounced tailing rather than a two-

peaked structure. Since the potential of the electrooxidation

of CO coincides with the surface oxidation potential of Rh,

OH adsorption is likely to occur on the terraces during the

potential-step measurements. Therefore, the main oxida-

tion peak is ascribed to CO oxidation on the terraces in

combination with its slow surface diffusion.

The voltammetric and chronoamperometric results

indicate a slow surface diffusion of CO on rhodium sur-

faces in a sulfate medium. In contrast, under UHV

conditions the diffusion rate of CO on rhodium surfaces is

found to be high [32, 33]. To investigate whether the dis-

crepancy between the electrochemical results and the

results from UHV may be attributed to the strong anion

adsorption of (bi)sulfate, similar measurements were per-

formed in a perchloric acid electrolyte [34]. The

voltammograms of CO adlayer oxidation on Rh[n(111) ·
(111)] single-crystal electrodes in perchloric acid are

shown in Fig. 4b. The voltammograms differ in a number

of ways from those recorded in sulfuric acid: first, similar

to CO stripping on Pt[n(111) · (111)] electrodes [35], the

onset of the oxidation peaks lie at lower potentials in

Fig. 4 CO adlayer oxidation

voltammograms on ‘‘ordered’’

Rh(111) (thin solid line),

Rh(554) (dashed line), Rh(553)

(dotted line), and Rh(331) (thick

solid line) electrodes in (a)

H2SO4 and (b) HClO4. The inset

in (a) shows a zoom of the CO

oxidation on Rh(111). The scan

rates were 20 mV/s [30, 34]
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perchloric than in sulfuric acid media. The faster oxidation

is also observed in the number of scans needed for com-

plete adlayer stripping, which requires only up to three

cycles in perchloric media for the surfaces studied. More-

over, in contrast to sulfuric acid, the voltammetric stripping

peak in perchloric acid shifts to lower potentials with

increasing step density (with the exception of Pt(331)), a

feature which is readily explained by a higher CO surface

diffusion in the latter media. Notable is also the disap-

pearance of the shoulder prior to the main oxidation peak

and the higher symmetry of the main peak (i.e. no tailing is

observed), suggesting that CO adlayer oxidation in per-

chloric acid is not limited by CO surface diffusion as it is in

sulfuric acid. This was also observed in the chronoamp-

erometric measurements of CO adlayer oxidation in

perchloric media: all current–time transients recorded in

perchloric acid (Fig. 6) show single oxidation peaks which

are shifted towards shorter times and have higher maxi-

mum current densities compared to the transients recorded

in sulfuric acid media, again indicating a faster oxidation

which is not limited by surface diffusion.

Based on the aforementioned observations, the follow-

ing model for the reaction mechanism of CO oxidation on

rhodium surfaces was proposed: similar to CO oxidation on

Pt, the reaction is initiated in the trough of the steps, where

adsorbed oxygen-containing species react with the neigh-

boring CO molecules. Then, depending on the anion

adsorption strength, there are two possibilities. Strongly

bound anions, such as (bi)sulfate, restrict the diffusion of

CO to the now freed active sites by blocking empty surface

sites, thereby inhibiting the CO oxidation reaction. The

reaction can proceed at potentials at which water dissoci-

ation on terrace sites is possible. The formed OHads species

displace the adsorbed (bi)sulfate anions on the terraces,

leading to the oxidation of CO on the terraces. The dif-

ference in potential at which OHads species are formed on

steps and on terraces leads to the double peaked structure

of the CO stripping transients. In media with more weakly

bound anions, such as perchlorate anions, the mechanism is

similar to CO oxidation on platinum surfaces: after the

initiation, the reaction proceeds through fast diffusion of

CO towards the empty sites near the steps, becoming

available for oxidation by the replenished OHad species,

leading to kinetics being best described by a mean field

model. Therefore, this model implies that specific anion

adsorption can affect the dynamics of the CO

Fig. 5 Current–time transients of the stripping oxidation of saturated CO adlayers on (a) Rh(111), (b) Rh(554), (c) Rh(553), and (d) Rh(331) in

0.5 M H2SO4. All final potentials are listed in the figure [31]
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electrooxidation reaction, shifting the mechanism from

a mean field approximation to a nucleation-and-growth

model with increasing anion adsorption strength. Dynamic

Monte Carlo simulations with varying diffusion rates were

found to be in agreement with this model [36].

4 Methanol Electrooxidation on Pt

The decomposition of methanol on platinum produces

surface poisoning species, inhibiting the catalytic activity.

The main poisoning species has been identified in many

studies to be surface-bonded carbon monoxide [37, 38].

One of the early mechanistic issues has been whether the

adsorbed carbon monoxide is an intermediate in the com-

plete oxidation to CO2 or a byproduct in an unwanted

parallel reaction. Currently, it is generally accepted that the

electrochemical oxidation of methanol proceeds via a dual

path mechanism, in which the decomposition of methanol

to form COads is identified as the indirect pathway, while

the reaction via soluble intermediates is often referred to as

the direct pathway [37]. Based on ab initio density func-

tional theory (DFT) calculations, Cao et al. suggested that

the dual pathway is already initiated at the first methanol

dehydrogenation step [39]: C–H bond cleavage leads to an

adsorbed hydroxymethyl CH2OH intermediate, which is

further dehydrogenated to COads, while O–H bond cleav-

age leads to adsorbed methoxy, CH3O, which binds to Pt

via the oxygen. The adsorbed methoxy intermediate is

further dehydrogenated to H2COads, which can subse-

quently desorb as formaldehyde.

To investigate the structure sensitivity of the methanol

oxidation dual pathway, an online electrochemical mass

spectrometry (OLEMS) and voltammetric study has been

performed on the electrochemical oxidation of methanol on

the basal planes of Pt and several stepped Pt[n(111) ·
(111)] surfaces in both sulfuric and perchloric acid [40].

The surfaces studied include Pt(100), Pt(110), Pt(111) with

n = 200–500, Pt(554) with n = 10, and Pt(553) with n = 5.

Because methanol and formaldehyde produce similar

molecular mass fractions in the mass spectrometer, the

soluble intermediates in the direct pathway cannot be

detected directly in the OLEMS experiments. This problem

was circumvented by measuring methylformate, which is

formed in the reaction between methanol and formic acid.

However, since it is reported that formaldehyde can be

Fig. 6 Current–time transients of the stripping oxidation of saturated CO adlayers on (a) Rh(111), (b) Rh(554), (c) Rh(553), and (d) Rh(331) in

0.5 M HClO4. All final potentials are listed in the figure [34]
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formed in significant yields during the electrochemical

oxidation of methanol [41, 42], methylformate can be used

only as an indicator for the direct pathway if formic acid is

formed in the same pathway as formaldehyde. Since

formaldehyde is almost completely hydrolyzed to methy-

lene glycol (H2C(OH)2) in aqueous solutions [43], which

can be oxidized to formic acid on the Pt surface [44], a

reaction path producing formaldehyde indeed implies the

existence of formic acid in solution, making the detection

of methylformate a practical method for measuring the

activity of the direct pathway in methanol oxidation.

Therefore, the relationship between the electrode surface

structure and the activity of the direct and indirect path-

ways was obtained by following the ratio between the

masses of methylformate (m/z 60), indicating the activity of

the direct pathway, and CO2 (m/z 44), a measure of the

activity of both the indirect pathway and the direct path-

way. Consequently, a higher m/z 60:44 ratio points to a

higher selectivity towards the direct methanol oxidation

pathway.

On the basal planes, the cyclic voltammograms show

that the maximum activity toward the electrochemical

oxidation of methanol decreases in the order Pt(100) [
Pt(110) [ Pt(111) both in sulfuric acid and in perchloric

acid. As an example, a typical mass resolved voltammo-

gram obtained from the OLEMS experiments for Pt(100) is

shown in Fig. 7. The methylformate–CO2 ratio signals

integrated over a single voltammetric cycle in sulfuric acid

are 3.3, 2.4, and 1.2 for Pt(111), Pt(110), and Pt(100),

respectively (see Table 1), indicating that, in this medium,

the selectivity towards the direct methanol oxidation

pathway of a Pt basal plane is negatively correlated with its

overall activity. A noticeably different trend in the m/z

60:44 ratio is observed for the cyclic voltammograms

recorded in perchloric acid: compared to sulfuric acid, the

selectivity of Pt(100) and especially Pt(110) towards the

direct oxidation pathway is enhanced, while Pt(111) is less

active towards the direct pathway in perchloric acid com-

pared to that in sulfuric acid. This observation is in

agreement with results from Batista et al. [45], who found

that on Pt(111) the pathway producing adsorbed CO is

inhibited in the presence of H2SO4. This enhanced selec-

tivity of the direct oxidation pathway in sulfuric acid was

explained as follows: adsorption of methanol via the

C-atom and subsequent dehydrogenation to COad requires

several neighboring Pt sites, while adsorption of methanol

as methoxy and subsequent dehydrogenation to formalde-

hyde requires only a single vacant surface site [40, 41]. A

recent study by Cuesta has shown that on Pt(111) the

ensemble required for COad formation must at least consist

of three Pt atoms arranged in an equilateral triangle [46].

Since (bi)sulfate adsorbs much more strongly on Pt(111)

than perchlorate, it is expected that the number of

ensembles of vacant sites available for the formation of

COad species, is much lower in sulfuric acid than in per-

chloric acid, effectively suppressing the indirect pathway in

sulfuric acid on surfaces with a low number of crystalline

defects.

To gain further insight in the structure sensitivity of the

methanol oxidation reaction, the mass ratio 60:44 was

followed as a function of the potential (Fig. 8). In sulfuric

acid all recorded signals (Fig. 8a) show a similar trend: in

the positive scan, starting from *0.6 V (versus RHE),

poisoning CO is oxidized to CO2, resulting in a decrease in

the 60:44 mass ratio on all surfaces. In the return scan,

competitive adsorption between (bi)sulfate and methanol

reduces the number of ensemble sites available for the

indirect pathway, thereby increasing the 60:44 mass ratio.

At potentials below *0.6 V (versus RHE), CO is stable on

the surface. On the one hand, this leads to an increase in the

60:44 ratio, since at these potentials only methylformate

(and small amounts of CO2 produced in the direct

Fig. 7 Mass resolved cyclic voltammograms for Pt(100) in 0.5 M

methanol and (a) 0.5 M H2SO4 or (b) 0.5 M HClO4 at a scan rate of

2 mV/s. The top mass shown displays the methylformate (m/z 60)

signal and the bottom one the carbon dioxide (m/z 44) signal [40]
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oxidation pathway) is detected. On the other hand, the

stable COads slowly poisons the surface, blocking both

pathways. These two effects lead to a maximum in the m/z

60:44 ratio at *0.45 V (versus RHE) for Pt(100) and

Pt(110). The maximum for the 60:44 mass ratio for Pt(111)

is shifted to lower potentials due to (bi)sulfate desorbing

from this surface at potentials lower than 0.45 V. This

leads to an increase in the number of sites available for

methanol decomposition, forming either COad, which is not

detected in the OLEMS setup, or soluble intermediates,

resulting in an increase in the m/z 60:44 ratio. The relative

selectivity towards the direct pathway increases in the

order Pt(100) \ Pt(110) \ Pt(111) (c.f. Table 1).

In perchloric acid (Fig. 8b), the trend is similar,

although the relative selectivity towards the direct pathway

changes to Pt(111) \ Pt(100) \ Pt(110). Again, the 60:44

mass ratio decreases at potentials above 0.6 V (versus

RHE) in the positive scan due to oxidation of adsorbed CO

and, in the negative scan, show a maximum due to the

inability to oxidize COad below this potential. Despite the

fact that Pt(111) and Pt(100) present similar calculated

values in Table 1, the latter produces relatively more sol-

uble intermediates at lower potentials than the former.

Based on results of a voltammetric and chronoampero-

metric study obtained on stepped platinum electrodes of

[n(111) · (111)] orientation in sulfuric acid, augmented by

fitting of the current–time curves with a mathematical

model, it was concluded that the methanol oxidation

reaction is strongly catalyzed by the presence of steps and

defect sites [47]. Moreover, the current drop in the chro-

noamperometric transients was found to be faster on

surfaces with a high step density, implying that surface

poisoning by the decomposition of methanol into COad

takes place preferentially at or near the steps of (110)

orientation. The mass 60:44 ratios on these surfaces found

in the OLEMS measurements are presented in Table 1 and

show that not only the total reaction rate is enhanced by

steps, but also the selectivity towards the formation of

soluble intermediates in both electrolytes (with the notable

exception of methanol oxidation on Pt(111) in sulfuric

acid, as discussed above) [40].

By resolving the potential dependent mass signals

(Fig. 9), a considerable difference was found between the

potential dependent pathway selectivity in sulfuric and

perchloric acid. In sulfuric acid, at potentials higher than

0.6 V (versus RHE), the m/z 60:44 ratio decreases with

increasing step density, indicating that in this potential

region, the influence of the indirect oxidation pathway

increases with step density. In the return scan, the selec-

tivity towards the direct oxidation pathway increases in the

order Pt(554) \ Pt(111) \ Pt(553). In perchloric acid

media, the selectivity towards the direct pathway changes

to Pt(111) \ Pt(554) \ Pt(553), i.e., the selectivity

increases with increasing step density, illustrating the

varying effects of anion adsorption on the oxidation at

steps and terraces. On (111) terraces, the strongly

Table 1 Ratio of methylformate (m/z 60) and CO2 (m/z 44) mass

signals calculated for the oxidation of 0.5 M methanol in 0.5 M

H2SO4 or 0.5 M HClO4 for Pt(111), Pt(110), Pt(100), Pt(554), and

Pt(553) integrated over one voltammetric cycle at 2 mV/s

Mass 60/40 ratio · 10–3

Surface H2SO4 HClO4

Pt(111) 3.3 1.5

Pt(110) 2.4 6.8

Pt(100) 1.2 1.7

Pt(554) 1.4 1.9

Pt(553) 1.8 3.1

The given values are averages of 2–3 separate experiments. Repro-

duced from Ref. [40]

Fig. 8 Potential dependents plots of the m/z 60:44 ratio measured for

the oxidation of 0.5 M MeOH by cyclic voltammetry in (a) 0.5 M

H2SO4, or (b) 0.5 M HClO4 on Pt(111) (solid line), Pt(110) (dashed

line), and Pt (100) (dotted line) at a scan rate of 2 mV/s. The m/z
60:44 ratios are displayed as deviations from ratio of the background

levels detected by the mass spectrometer [40]
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adsorbing (bi)sulfate inhibits the formation of COads pro-

duced in the indirect pathway, while it suppresses the direct

pathway on step sites compared to perchloric acid elec-

trolyte. A possible explanation would be that (bi)sulfate

hinders the approach of methanol to the steps, which by

themselves catalyze the direct reaction pathway. Finally, it

should be noted that although the selectivity towards the

direct oxidation pathway is higher on Pt(110) than on

Pt(554) and Pt(553), the total oxidation current densities

for the stepped surfaces are higher. This may indicate that

the oxidation of methanol via the indirect pathway pro-

ducing COads requires a combination of both steps and

neighboring terrace sites, since in the absence of terraces,

as on the Pt(110) surface, and in the absence of steps in

sulfuric acid media, as on the Pt(111) plane, methanol

preferably decomposes to soluble intermediates.

On basis of the literature data and the OLEMS data, a

detailed and consistent reaction scheme incorporating both

the direct and indirect pathway was suggested (Scheme 1).

As in the mechanism of Cao et al., the decision between

the direct and indirect pathway is already made at the

initial dehydrogenation step in the approach of the meth-

anol to the surface [39]. The indirect path (reactions 1–7) is

initiated by the dehydrogenation of methanol to hydroxy-

methyl, which is further dehydrogenated to a C/O/H

species, the nature of which is still unclear, and eventually

to COads, which acts as a surface poison at low potentials.

The OLEMS results indicate that the indirect pathway is

favored on (111) terraces in the absence of a strongly

adsorbing anions and on the Pt(100) plane. The direct

pathway, reactions 8–15, is initiated by O–H scission to

form methoxy, a reaction known to occur readily under

UHV conditions [48]. Under electrochemical conditions,

the OLEMS data suggest methoxy formation is preferred

on Pt(111) in sulfuric acid media, on Pt surfaces with (110)

steps in the absence of (bi-)sulfate and on Pt(110) regard-

less of the electrolyte. Furthermore, DFT calculations by

Cao et al. indicate that dehydrogenation to methoxy is also

preferred on (100) steps [39]. The formed methoxy is

further dehydrogenated to adsorbed H2CO (reaction 9),

which may desorb as formaldehyde. Formaldehyde is then

nearly completely hydrated to methylene glycol, which

will be oxidized to formic acid in solution, either directly

(reaction 12) or through adsorbed formate (reaction 11 and

13). Finally, this scheme also explain the fact that formate

was observed on platinum surfaces during the electro-

chemical oxidation of methanol (reactions 8–12), formic

acid (reaction 13) and formaldehyde (reactions 10–13), as

well as the fact that COads was found during the oxidation

of formaldehyde and of formic acid (reactions 10, 11, and

16) by various authors [44, 49–51], substantiating the

proposed reaction scheme.

5 Conclusions

In this paper, we have reviewed the electrochemical oxi-

dation of carbon monoxide on stepped single-crystal

platinum and rhodium surfaces, as well as the oxidation of

methanol on single-crystal platinum electrodes. For the

oxidation of carbon monoxide, a common poison in fuel

cell catalysis, two processes can be distinguished on

Pt[n(111) · (111)] electrodes in sulfuric acid: a reaction

initiation which shows an apparent zeroth-order depen-

dence on the CO coverage, followed by the main oxidation

process of the Langmuir–Hinshelwood type with compet-

itive adsorption between CO and OH. Both the reaction

initiation and the main oxidation process are structure

sensitive: with increasing step density, the current in the

reaction initiation process increases, while the main oxi-

dation process proceeds faster as well. The kinetics of the

main oxidative process can be described by a mean field

Fig. 9 Potential dependents plots of the m/z 60:44 ratio measured for

the oxidation of 0.5 M MeOH by cyclic voltammetry in (a) 0.5 M

H2SO4, or (b) 0.5 M HClO4 on Pt(111) (solid line), Pt(554) (dashed

line), and Pt (553) (dotted line) at a scan rate of 2 mV/s. The m/z
60:44 ratios are displayed as deviations from ratio of the background

levels detected by the mass spectrometer [40]
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model. These findings were rationalized by a reaction

model in which the reaction preferentially takes place in

the troughs of the steps, while the terraces supply carbon

monoxide through fast diffusion. The potential dependence

of the apparent reaction rate constant was found to be

structure insensitive and has a Tafel slope of ca. 80 mV/

dec, indicating a chemical step following an electron

transfer reaction as rate determining step.

The oxidation of carbon monoxide on Rh[n(111) ·
(111)] surfaces in sulfuric acid shows a different result:

due the low surface mobility of carbon monoxide com-

bined with the fact that OH formation occurs at a lower

potential on the steps than on the terraces, two features can

be distinguished in both voltammetry and chronoampe-

rometry, one corresponding to the fast reaction of CO at or

near the steps and the other one corresponding to the oxi-

dation of CO on the terraces. The low surface mobility of

CO on rhodium surfaces is ascribed to the strong adsorp-

tion of (bi)sulfate anions and the ease of oxidizability of the

surface and suggests a nucleation-and-growth model as the

best model to describe the kinetics. Upon changing the

electrolyte to perchloric acid, the anion adsorption strength

is reduced, changing both the rate and the dynamics of the

reaction. Due to the low anion adsorption strength, CO

oxidation is no longer limited by surface diffusion, leading

to a case similar to the oxidation of CO on platinum

electrodes, in which the kinetics are best described by a

mean field model.

The electrochemical oxidation of methanol was inves-

tigated on a number of stepped and basal platinum planes

in both sulfuric and perchloric acid. On the basal planes,

the maximum reactivity for the methanol oxidation reac-

tion increases in the order Pt(111) \ Pt(110) \ Pt(100) in

both sulfuric and perchloric acid. Pt(111) shows a prefer-

ence for the direct oxidation pathway of methanol in

sulfuric acid, while the indirect pathway is favored in

perchloric media. This was explained by assuming that

certain ensemble sites are needed for C–H bond scission

which leads to the formation of COads. In sulfuric acid, due

to the strongly adsorbing nature of (bi)sulfate, the amount

of available ensemble sites is lower than in the presence of

weakly adsorbing anions. The presence of steps of (110)

orientation increases the total reaction rate of the methanol

electrooxidation reaction and the selectivity towards the

direct methanol oxidation pathway in sulfuric acid. How-

ever, the (maximum) activity for Pt(110) is lower than the

activities of the stepped surfaces Pt(554) and Pt(553),

indicating the optimal surface combination for methanol

decomposition to consist of a step site plus a neighboring

terrace site. In perchloric acid, increasing step density leads

to an increase in the selectivity towards the direct oxidation

pathway, illustrating the strong effects of anion adsorption

at steps and terraces. Finally, based on literature and

OLEMS data, a detailed scheme of the methanol oxidation

mechanism was presented, incorporating a pathway pro-

ducing COads and a pathway leading to the formation of

soluble intermediates.

Although the surface-science approach discussed in this

paper provides valuable insights into the fundamental

understanding of fuel cell reactions, relating the catalytic

activity of ideal single-crystals to the behavior of catalytic

nanoparticles still provides a significant challenge.

Although it was thought originally that surfaces with

higher step densities would mimic smaller particles, the

contrary was observed for particles in the nanometer range:

while carbon monoxide and methanol oxidation activities

increase with step density, they decrease with smaller

particle size [52, 53]. Furthermore, a great variance is

observed in results from different groups. A recent study by

Maillard et al. provides a tentative explanation [53]: the

Scheme 1 Complete reaction

scheme for the electrochemical

oxidation of methanol on

transition metal surfaces [40]
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particle size effect is related to a size-dependent CO

diffusion rate as well as to a size-dependent interaction

between COads and OHads. On the other hand, Arenz et al.

attribute the difference between single-crystals and nano-

particles to the fact that larger nanoparticles are inherently

rougher, providing more defect sites for CO oxidation [52].

A third explanation is that smaller particles are easier to

oxidize, resulting in a build-up of a non-reactive oxygen

species blocking the active sites [54]. Furthermore, the

differences between the different groups were partly

explained by the variation in nanoparticles preparation and

electrode pre-treatment. A current challenge is to obtain a

precise and consistent view on the field of fuel cell catal-

ysis on nanoparticles, which has to be resolved before a

fundamental molecular-scale understanding of fuel cell

catalysis can be claimed.
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