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CO electrooxidation on Au(111), Au(100) and Au(110) electrodes in 0.1 M HClO4 and

0.1 M NaOH solutions has been studied by means of voltammetric measurements with

hanging meniscus rotating bead-type electrodes. It is found that the reaction order in CO

concentration is close to unity at potentials close to the onset of CO oxidation, and then it

becomes higher than unity at higher potentials for all studied surfaces except for Au(111) in

0.1 M HClO4. This behavior indicates that CO oxidation on gold takes place through a

self-promotion mechanism, in which the presence of CO on the gold surface enhances the

adsorption of its own oxidant. Specifically, this mechanism offers a plausible explanation for

the higher catalytic activity in alkaline solutions, since CO adsorption is stronger under

these conditions, and thus it can lead to a higher enhancement of the adsorption of the

oxidant species.

1. Introduction

The present understanding of gold catalysis is still far from

complete. Gold was essentially overlooked as catalyst until the

late 1980s. Then, since the first report of Haruta,1 supported

gold catalysts have attracted increasing interest because their

exceptional catalytic activity toward many important reac-

tions, such as the water–gas shift reaction2 and several hydro-

carbon oxidations.3 Nevertheless, despite the extensive

research in this field, a complete molecular-level insight into

the catalytic origin of gold catalysts remains a pending task.

Noteworthy, 24 years before the Haruta’s work, the surprising

catalytic activity of gold towards the oxidation of CO at room

temperature was reported in an electrochemical environment.4

One striking aspect of gold electrochemistry, in comparison

with gas-phase reactions, is the very important effect of the pH.

Alkaline media appear to be optimum for CO electrooxidation

on gold, which takes place at ca. 0.5 V lower overpotential than

in the case of the platinum,5 the latter being the most common

catalyst in fuel cells.6 It is also important to mention that, as

opposed to the situation in the gas phase, the electrocatalytic

activity of gold also pertains to the bulk material and not just to

supported nanoparticles. In addition, gold is used in electro-

chemical environments to catalyze other important reactions

such as hydrocarbon oxidation,7,8 borohydride oxidation,9 or

oxygen reduction,10 which may have important applications for

low-temperature fuel cells.

In order to possibly utilize the unexpected catalytic

activity of gold, it is essential to understand the mechanism

of gold catalysis. Electrochemical measurements are especially

well-suited to address this task because electrochemistry

allows separating the oxidation and reduction reactions.

Thus, understanding CO electrooxidation on gold may help

to elucidate the gas-phase catalysis on gold. Besides, this

approach is also advantageous because CO electrooxidation

is catalyzed by gold single-crystal electrodes, and thus this

study can be performed under conditions of well-defined

electrode structure.

The present work provides a detailed characterization of the

kinetics of CO electrooxidation on gold single-crystal electrodes

in alkaline and acidic solutions. The experiments were performed

by using cyclic voltammetry with hanging meniscus rotating

bead-type electrodes. The present work complements a previous

study in alkaline media,11 since it extends the characterization

of CO electrooxidation to acidic media, and it provides a more

detailed analysis of the experimental data. In our previous

work,11 we proposed that gold catalysis proceeds through a

self-promotion mechanism in which the presence of CO on the

electrode surface enhances the adsorption of the oxidant species.

The present work provides further experimental support to this

model, and also proposes a plausible explanation for the marked

pH effect of CO electrooxidation on gold.

2. Materials and methods

The experiments were performed with bead-type gold single-

crystal electrodes acquired from icryst. Prior to each experi-

ment the electrodes were annealed in a propane–air flame to

red heat and quenched with ultrapure water. A two-compartment

electrochemical cell was employed, with a gold wire as the

counter electrode and a reversible hydrogen electrode (RHE)

as the reference electrode. All potentials in this work are

referred to the RHE scale. Electrochemical measurements

were performed with an Autolab PGSTAT12. Solutions were

prepared from NaOH (99 998%, Sigma-Aldrich) or HClO4

(Merck, ‘‘Suprapur’’) and ultra-pure water (MilliQ gradient

A10 system, 18.2 MO cm). Ar (N66) was used to deoxygenate

all solutions and CO (N47, stored in an aluminium cylinder
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and connected through aluminium valves, in order to prevent

iron carbonyl contamination) was used to dose CO.

It should be noted that the contact of the electrode with the

electrolyte solution was performed at E= 0.1 V, and less than

20 s were required to properly position the electrode in the

hanging meniscus configuration. Previous works have

shown that the exposure of gold electrodes to CO-containing

solutions at low enough potentials leads to the formation of

chemisorbed CO species that may inhibit substantially the CO

electrooxidation.5,12 The formation of such species is negligible

under the present experimental conditions, as will be shown in a

forthcoming publication.13

It should also be mentioned that the voltammetric experi-

ments on CO oxidation on hanging meniscus rotating bead-

type single-crystal electrodes were performed with particular

caution. The presence of CO in the atmosphere of the electro-

chemical cell may produce the appearance of an additional

oxidation current, whose origin is likely related to the fast

diffusion of gas-phase CO to the meniscus solution layer. In

order to avoid these complications, previous works embedded

the gold electrodes in Teflon.14,15 However, that procedure may

damage the surface structure of the single-crystal electrodes.

For this reason, in the present work, the effect of gas-phase

CO has been eliminated by performing the experiments with a

blanket of argon. In addition, the flow and duration of the

argon flow within the cell atmosphere were minimized, in

order to avoid the decrease of the concentration of dissolved

CO in solution by argon purging. Furthermore, in order to

rule out the possibility that gas-phase CO would interfere

in the measurements, additional experiments were performed with

a Teflon-embedded polycrystalline gold electrode (see ESIw). In
this way, it could be corroborated that the conclusions from this

work are not related to an artifact associated to the use of the

hanging-meniscus configuration.

3. Results

3.1 Preliminary considerations about the surface structure of

Au(111), Au(100) and Au(110) in 0.1 M HClO4 and 0.1 M

NaOH solutions, as a function of potential

Before addressing the analysis of CO electrooxidation on gold

single-crystal electrodes, it is first necessary to describe the

surface structure of these electrodes and how it changes with

potential. Fig. 1 and 2 show the cyclic voltammograms of

Au(111), Au(100) and Au(110) electrodes in 0.1 M HClO4

and 0.1 M NaOH solutions, respectively. The characteristic

profiles of the voltammograms in these figures are typical

for clean and well-ordered Au(111), Au(100) and Au(110)

electrodes, as reported previously in acidic16 and alkaline17

media. The surface structure of these electrodes, under electro-

chemical conditions, has been characterized in several papers

by means of in situ scanning tunneling microscopy (STM) and

X-ray scattering (SXS). It has been shown that the three gold

basal planes reconstruct. The Au(100) surface has been studied

the most extensively. Several SXS18–21 and STM22,23 works

and electroreflectance measurements24 have shown that

Au(100) reconstructs to an incommensurate densely-packed

hexagonal layer, with a periodicity close to (5 � 27). The

reconstruction is gradually lifted in perchloric acid solutions

when the applied potential is higher than ca. 0.5 V, leading to

the appearance of a small anodic peak at 0.87 V in the cyclic

voltammograms recorded at 50 mV s�1.18–22,24 After that, the

reconstruction is slowly recovered as the potential is decreased

below ca. 0.3 V for several minutes.18–22,24 In alkaline media,

the lifting of the reconstruction appears as a sharp anodic peak

at 1.0 V in the voltammogram at 50 mV s�1, and after that, the

reconstruction is gradually recovered when lower potentials

are applied.19–21,23,24 It is also worth mentioning that the

transition between reconstructed and unreconstructed struc-

tures is essentially unaffected by the presence of CO in

perchloric acid solutions.20,21 In contrast, in CO-saturated

alkaline solutions, the lifting of the reconstruction takes place

at higher potentials than in CO-free solutions, according to

STM and SXS studies.21,23 However, as will be shown below,

the marked anodic peak characteristic of the lifting of the

reconstruction for Au(100) in 0.1 M NaOH (Fig. 2) is also

visible in the presence of CO in solution (Fig. 4), and it is

observed that its potential is essentially unaffected by the

presence of CO.

Several STM25,26 and SXS27,28 works have shown that the

Au(111) surface forms a reconstructed hexagonal (O3 � 22)

structure at low enough potentials. In 0.1 M HClO4 solutions,

lifting of the reconstruction is induced by application of

potentials higher than 0.8 V for 5–10 min.25 The reconstructed

surface can be recovered by application of low potentials

Fig. 1 Cyclic voltammograms of Au(111), Au(100) and Au(110) in

0.1 M HClO4. Scan rate: 50 mV s�1.
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(E0 V) for 5–10 min.25 On the other hand, atomic-resolution

STM images in CO-saturated 0.1 M HClO4 solutions

show that the transition between the reconstructed and

unreconstructed structures takes place between �0.1 and

0.1 V and it is completed in about 10 min.26 On the other hand,

in alkaline solutions, the lifting of the reconstruction takes

place at ca. 1.1 V, concomitant with the sharp voltammetric

peak at these potentials, and afterwards, the reconstructed

surface is slowly recovered at E o 0.5 V.28 In CO-saturated

alkaline solutions, the lifting of the reconstruction is shifted

ca. 0.1–0.2 V towards higher potentials, and its recovery is

faster than in the absence of CO.28

Finally, the Au(110) surface in perchloric acid solutions

forms, at low potentials, a reconstructed structure with mixed

(1 � 2) and (1 � 3) domains.29–31 Application of potentials

above 0.4–0.5 V induces a fast (nearly immediate) lifting of the

reconstruction. Afterwards, the recovery of the reconstructed

surface, by application of potentials below 0.0 V, is also very

rapid.29–31 In alkaline solutions, lifting of the reconstruction

takes place at E 4 0.8 V, and in CO-saturated alkaline

solutions, the transition takes place at higher potentials.28

3.2 Bulk CO oxidation on gold single-crystal electrodes under

rotating conditions

The bulk CO oxidation was studied by a series of voltam-

metric measurements with bead-type Au(111), Au(100) and

Au(110) electrodes in hanging meniscus rotating disk electrode

(HMRDE) configuration, similar to those described in refs. 32

and 33. The use of rotating electrodes allows the characterization

of the kinetics of bulk CO oxidation under conditions of

continuous supply of CO to the electrode surface. This approach

is advantageous with respect to the voltammetric measurement

under non-rotating conditions, since in the present case, the

kinetically-controlled regime extends over a broader potential

window, and also, the characterization of the diffusion-limited

regime is more straightforward.

We are particularly interested in the characterization of CO

oxidation as a function of the CO concentration in solution. In

order to vary the CO concentration in solution, the aqueous

solutions were purged with a mixture of CO and argon, whose

mixing ratio was varied by means of a gas splitter. Fig. 3 and 4

show the HMRDE voltammograms for Au(111), Au(100) and

Au(110) in 0.1 M HClO4 and 0.1 M NaOH, with different CO

concentrations at a fixed rotation rate of 1100 rpm. It should

be stressed that the electrodes were flame-annealed before each

voltammetric measurement, in order to assure that the surface

structure is well-ordered.

Fig. 3 and 4 clearly show that CO oxidation on gold is

markedly enhanced in alkaline media compared to acid media.

In addition, clear differences in the catalytic activity of the

three gold basal planes are observed. The present paper is

focused on providing a mechanistic understanding of this

behavior. We will first discuss the results in acid media. In

view of Fig. 3, the bulk CO oxidation in 0.1 M HClO4 starts at

around 0.5 V on Au(111) and Au(100), and at around 0.4 V on

Au(110). These potential values agree well with previous

reports on non-rotating Au(111),26 Au(100)14 and Au(110)14

electrodes. Of course, the shape of the HMRDE voltammo-

grams at higher potentials differs from the results obtained

Fig. 2 Cyclic voltammograms of Au(111), Au(100) and Au(110) in

0.1 M NaOH. Scan rate: 50 mV s�1.

Fig. 3 HMRDE voltammograms of Au(111), Au(110) and Au(100)

electrodes in 0.1 M HClO4 with different CO concentrations. Scan

rate: 50 mV s�1. Rotation rate: 1100 rpm.
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under non-rotating conditions. As a result of the depletion of

the CO concentration near the electrode, under non-rotating

conditions, a maximum CO oxidation current is observed at

ca. 0.90, 0.75 and 0.65 V on Au(111),26 Au(100)14 and

Au(110)14 (depending on scan rate). In contrast, much higher

CO oxidation currents are achieved when the electrode is

rotated at 1100 rpm, as shown in Fig. 3. A mass-transport

limited plateau is observed on the HMRDE voltammograms

of the three gold basal planes at potentials higher than 1.0 V,

reaching a maximum current density of ca. 2000 mA cm�2.

Noteworthy, this value of the maximum current density is in

reasonable agreement with the theoretical limiting current

calculated with the Levich equation:34

jlim = 0.62nFD2/3n�1/6cCOo
1/2 (1)

where n is the number of electrons (n = 2), F is the Faraday

constant (F = 96485), D is the diffusion coefficient (D = 2.0 �
10�5 cm2 s�1),4 n is the kinematic viscosity (n= 10�2 cm2 s�1 in

pure water),35 cCO is the bulk CO concentration (cCO= 1.06 mM

in CO-saturated pure water at 1 atm),35 and o is the angular

rotation rate (o = 1100 rpm = 115.2 rad s�1). Putting these

numbers together gives jlim E 2200 mA cm�2, in reasonable

agreement with the experimental value.

Next, we will discuss the bulk CO oxidation in alkaline

media. Fig. 4 shows that the onset of CO oxidation on gold in

0.1 M NaOH takes place at around 0.1 V on Au(111) and Au

(100) and at around 0.2 V on Au(110). These onset potential

values are about 0.5 V lower than in acid media. Similar

differences in the catalysis of polycrystalline gold electrodes

in acid and alkaline solutions were reported by Kita et al.5

(a decrease of the onset of the bulk CO oxidation by 0.5 V was

observed in 1 M NaOH with respect to 1 M HClO4). Besides,

the catalysis of gold on CO oxidation in alkaline media is so

active, that at potentials above 0.40 V, the mass transport

limited current is achieved for the three basal planes. This

maximum current density equals ca. 2500 mA cm�2, which is

somewhat higher than in acid media. This is probably due to

the fact that the maximum CO concentration achieved in the

present experiments in alkaline media reached the saturation

value, while in acidic media the maximum CO concentration

was lower than saturation. This may be related to the fact that

saturation with CO of perchloric acid solutions required much

longer purging times than in alkaline solutions.

Finally, it should be noted that the present results are not in

agreement with previous reports15 on the bulk CO electro-

oxidation on RDE Au(111), Au(100) and Au(110) electrodes

in 0.1 M HClO4 and 0.1 M KOH. Only in the case of Au(111)

and Au(100) in 0.1 M HClO4 solutions the RDE voltammo-

grams are in reasonable agreement with the present work. In

all other cases, the onset of CO electrooxidation takes place at

clearly higher potentials (the onset potential values being

between 0.1–0.3 V higher than in the present work). In this

regard, it should be noted that the blank voltammograms in

this work show a much higher degree of surface order

and absence of surface impurities than those in ref. 15. This

is probably related to the fact that the present work was

performed with bead-type electrodes under meniscus configu-

rations, while in ref. 15 the electrode was embedded in Teflon.

3.3 Apparent transfer coefficient

The onset of the bulk CO oxidation is kinetically controlled.

The measured current density is independent of the potential

scan rate and the rotation rate of the electrode. Besides, the

transitions between the reconstructed and unreconstructed

surfaces most likely take place at potentials outside this

potential region (see section 3.1). Consequently, within this

region, the apparent transfer coefficient, a, can be determined

from the fit of the logarithm of the current density vs.

potential. The results of these fits at selected CO concentra-

tions are shown in Fig. 5 and 6. In perchloric acid solutions,

a = 0.4–0.3 for Au(111), a = 0.6–0.4 for Au(100) and a =

0.5–0.4 for Au(110). In sodium hydroxide solutions, a =

0.6–0.4 for Au(111), a = 0.6–0.3 for Au(100) and a = 0.5

for Au(110). In all cases, higher a values correspond to higher

CO concentrations in solution.

Previous kinetic studies of 0.1 M HClO4 solutions reported

a = 0.53 for Au(111), a = 0.55 for Au(100)-hex and a = 0.73

for Au(110).23,36 Although the present results for Au(111) and

Au(100) are in reasonable agreement with these values, the

value of a for Au(110) obtained here is clearly smaller. In

order to explain these differences, we performed additional

experiments with an Au(110) electrode whose surface structure

had been distorted by successive cycling between 0 and 1.6 V,

leading to a = 0.6. In addition, if the value of a is evaluated

from the values of the potential at the current peak and at one-

half and one-quarter of the peak current, following ref. 36, a

value of a in much closer agreement with the value reported in

ref. 23 and 36 (a = 0.73) is obtained (a = 0.7). Therefore, the

Fig. 4 HMRDE voltammograms of Au(111), Au(110) and Au(100)

electrodes in 0.1 M NaOH with different CO concentrations. Scan

rate: 50 mV s�1. Rotation rate: 1100 rpm.
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differences with previous works mainly originate from the

different methods of evaluation of a and the different degree

of surface order.

Finally, it is worth mentioning that for CO oxidation on

polycrystalline gold in 1 M NaOH, previous works reported

that a = 0.4937 and a = 0.50.4 These results are in excellent

agreement with the present value (a = 0.5) for Au(110) in

0.1 M NaOH.

3.4 Reaction order in CO concentration

The experimental data in Fig. 3 and 4 can be used to evaluate

the reaction order in CO concentration for the CO electro-

oxidation on gold, as previously explained.11 This is done by

plotting the logarithm of the current at a selected potential

where the reaction is kinetically controlled, vs. the logarithm

of the current at a higher potential where the reaction is

diffusion limited. This analysis takes advantage of the fact

that the diffusion-limited current will be proportional to the

CO concentration in solution, cCO, while the kinetically-

limited current will be proportional to cCO
r, where r is the

reaction order. Fig. 7 and 8 show the results of this analysis in

acid and alkaline media, respectively. The diffusion limited

current has been evaluated at E = 1.2 V in perchloric acid

solutions and at E= 0.8 V in sodium hydroxide solutions, but

essentially the same results are obtained by using the measured

current at other potentials within the mass-transport con-

trolled plateau. The kinetically limited current is evaluated at

different potentials within the rising branch of the bulk CO

oxidation curve, within the potential window used in the

evaluation of the effective charge transfer coefficients in

section 3.3.

The values of the slope of the plots in Fig. 7 and 8 equal the

value of the reaction order, r. It is observed that at potentials

close to the onset of CO oxidation, r E 1. Then, at higher

potentials, values of r 4 1 are measured in all cases except for

Au(111) in 0.1 M HClO4. Noteworthy, values of the reaction

order in CO concentration higher than unity have also been

reported by Kita et al.5 for CO oxidation on polycrystalline

gold in 1 M NaOH (r = 1.15). Conversely, Weaver and

co-workers14 reported a reaction order of r = 1.0 � 0.1 on

Au(110) in both acid and alkaline media, within the whole

potential window for the CO oxidation. The discrepancy of

this latter result originates from the fact that, in the work of

Weaver et al., values of the reaction order were estimated

indirectly from the analysis of non-rotating voltammetric data.

This evaluation involves a complex mathematical analysis,

which a priori assumes r � 1. On the contrary, the present

evaluation employs the pure experimental data, and thus

provides a more accurate and reliable evaluation of reaction

orders.

In order to double-check the present findings, additional

experiments were performed with a Teflon-embedded gold

polycrystalline electrode (see ESIw). These experiments were

performed with the electrode completely submerged in the

electrolyte solution, and thus any possible interference from

Fig. 5 Plot of the logarithm of the current density vs. potential, as

obtained from the experimental data for CO oxidation in 0.1 M

HClO4 in Fig. 3. The linear fits within the kinetically-controlled regime

and the corresponding a values are also shown.

Fig. 6 Plot of the logarithm of the current density vs. potential, as

obtained from the experimental data for CO oxidation in 0.1 MNaOH

in Fig. 4. The linear fits within the kinetically-controlled regime and

the corresponding a values are also shown.
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gas-phase CO is fully eliminated. It was found that the

electrooxidation of CO on polycrystalline gold exhibits essen-

tially the same behavior as on Au(110). Furthermore, values of

the reaction order in CO concentration r E 1 have been

obtained at the beginning of the CO electrooxidation, and

then, at higher potentials, r 4 1.

4. Discussion

We have recently proposed a new interpretation of the mecha-

nism for CO oxidation of gold.11 According to this mecha-

nism, CO promotes its own oxidation via the enhancement of

the adsorption of its own oxidant (most probably, OH�

species). The mechanism is based on a DFT calculation that

shows that OH and CO enhance each other’s adsorption when

bonded to nearest-neighbor (nn) binding sites on the gold

surface. From this, the following mechanism can be proposed

in alkaline media:

CO + * $ COads (2)

COads + OH� + *nn $ COads + OH�ads,nn (3)

COads + OH�ads,nn - COOHads + * + e� (rds) (4)

COOHads $ COO�ads + H+ (5)

COO�ads - CO2 + * + e� (6)

where rds stands for rate-determining step. The CO2 formed

would quickly form carbonate in alkaline media. In acidic

media, reaction (3) would be replaced by:

COads + H2O + *nn $ COads + OH�ads,nn + H+ (7)

The mechanism proposed here is similar to that proposed by

Roberts4 and Kita5 for CO electrooxidation in alkaline media.

The main difference is that they considered the formation of

the reactant-pair HOCO�ads, according to:

CO + * $ COads (8)

COads + OH� $ HOCO�ads (9)

HOCO�ads - HOCOads + e� (rds) (10)

HOCOads + OH� $ COO�ads + H2O (11)

COO�ads + 2OH� - CO2�
3 + * + H2O + e� (12)

However, the formation of the reactant-pair HOCO�ads has not

been confirmed by spectroscopic studies. On the contrary,

adsorbed CO species on gold have been clearly identified by

a number of spectroscopic studies,12,38–42 thus supporting the

mechanism proposed here.

On the other hand, Weaver et al.14 proposed the following

mechanism in acidic media:

CO + * $ COads (13)

COads + H2O - COOHads + e� + H+ (rds) (14)

COOHads - CO2 + * + e� + H+ (15)

However, this mechanism is not in agreement with the experi-

mental value of the reaction order in H+ concentration of �1.
The mechanism proposed here considers that the oxidant

species for CO electrooxidation are anionic OH� species

adsorbed on nearest-neighbor sites. As a result, the reaction

order in OH� and H+ concentrations would be 1 and �1, in
alkaline and acidic media, respectively, in agreement with the

experiments.4,5,14 In this regard, thermodynamic studies43

have shown that the polarity of the Au(111)–OH bond is large

at the onset of OH� adsorption, suggesting that the adsorbed

Fig. 7 Plot of the logarithm of the kinetically limited current at

selected potentials, as indicated, vs. the logarithm of the mass-transport

limited current at E = 1.2 V, as obtained from experimental data for

CO oxidation in 0.1 M HClO4 in Fig. 3.

Fig. 8 Plot of the logarithm of the kinetically limited current at

selected potentials, as indicated, vs. the logarithm of the mass-transport

limited current at E = 0.8 V, as obtained from experimental data for

CO oxidation in 0.1 M NaOH in Fig. 4.

9378 | Phys. Chem. Chem. Phys., 2010, 12, 9373–9380 This journal is �c the Owner Societies 2010

Pu
bl

is
he

d 
on

 2
4 

Ju
ne

 2
01

0.
 D

ow
nl

oa
de

d 
by

 P
en

ns
yl

va
ni

a 
St

at
e 

U
ni

ve
rs

ity
 o

n 
19

/0
9/

20
16

 1
5:

01
:1

8.
 

View Article Online

http://dx.doi.org/10.1039/b926365a


species can be considered anionic. Moreover, in the simplest

case in which the rate-determining electron-transfer reaction

has a symmetrical barrier, the above mechanism predicts a

transfer coefficient close to a = 0.50, which is in agree-

ment with the experimental results on polycrystalline gold

(a = 0.49,5 a = 0.504) and with the present results for gold

single-crystal electrodes.

If there were no dependence of the adsorption energies of

the various species on the potential, then the above mechanism

would predict very similar kinetics in alkaline and acidic

media, on the RHE scale. However, there is strong evidence

for the enhanced binding of COads on gold in alkaline media

(see discussion below), and we suggest that this causes the

enhanced reaction kinetics in alkaline media.

At steady state, the CO2 production current is given by:

j = 2FkyCOyOx (16)

where 2 is the number of electrons transferred when the CO is

oxidized to CO2, F the Faraday constant, k the oxidation rate

constant, yCO the CO coverage and yOx is the coverage of

the oxidant species on the surface (most likely, yOH�). If the

adsorption energy of the oxidant species is enhanced by the

presence of CO on the surface through a linear dependence on

the CO coverage, one could write for yOx:

yOx = y0Ox exp(gyCO) (17)

From this simple assumption, it follows that the reaction

order, r, in CO concentration, cCO, will be given by:11

r ¼ d ln j

dcCO
¼ 1þ gyCO ð18Þ

Hence this model predicts a reaction order in cCO of r 4 1 if

g 4 0. In conclusion, the self-promotion mechanism is able to

explain the present experimental results of reaction orders in

cCO higher than unity, for Au(111), Au(100) and Au(110) in

acid and alkaline solutions.

Furthermore, the self-promotion mechanism also offers

a plausible explanation for the marked pH-effect on gold

catalysis for CO oxidation. DFT calculations11 have shown

that the CO and OH enhance each other’s binding, through

a local gold-mediated donation-back donation mechanism

driven by a change in the local electrostatics. Consequently,

the enhancement of the adsorption of oxidative species by CO

adsorption will critically depend on the CO adsorption energy

itself. A higher interaction of CO species with the gold surface

will allow for a higher stabilization of co-adsorbed oxidative

species. In turn, the consequent increase of the coverage of

oxidative species will lead to further strengthening of CO

adsorption. Therefore, the enhanced catalytic activity of gold

electrodes in alkaline solutions may be explained by the higher

adsorption energy of CO species under these conditions.

Several works have shown that irreversible adsorption of

CO takes place on gold electrodes in alkaline solutions.5,42

Conversely, in acid media, CO does not remain chemisorbed

on the gold surface in the absence of CO in solution.26,39,41

This behavior is understandable from the point of view that in

alkaline media, CO adsorption is studied at more negative

potentials (vs. SHE) than in acidic media, even if the CV is

plotted on the reversible hydrogen electrode scale (RHE). At

more negative potentials (vs. SHE), more electronic surface

states become filled, and thus they can contribute to the

formation of the Au–CO bond. Indeed, electroreflectance

measurements44 showed that strong CO chemisorption on

gold only takes place at potentials below a threshold only

achievable in alkaline media, and was accompanied by a

significant change in the electroreflectance due to the filling

of certain surface states.

Conclusions

Here we have reported a new interpretation of the kinetics of

CO oxidation on Au(111), Au(100) and Au(110) electrodes in

0.1 M HClO4 and 0.1 M NaOH solutions. We have performed

voltammetric experiments with hanging meniscus rotating

bead-type electrodes as a function of the CO concentration

in solution. It has been shown that the apparent transfer

coefficient for CO electrooxidation is a = 0.4–0.3 for

Au(111), a = 0.6–0.4 for Au(100) and a = 0.5–0.4 for

Au(110) in 0.1 M HClO4, and a = 0.6–0.4 for Au(111), a =

0.6–0.3 for Au(100) and a = 0.5 for Au(110) in 0.1 M NaOH.

These values are in reasonable agreement with previous

studies,23,36 and indicate that the rate-determining step is a

first-electron transfer step, as previously proposed.4,37 Further-

more, the present experimental data show that the reaction

order in CO concentration is r E 1 at the beginning of the CO

oxidation, but r 4 1 at higher potentials (except for Au(111) in

0.1 M HClO4). This agrees with a mechanism in which CO

electrooxidation proceeds through a self-promotion mecha-

nism, whereby CO adsorption enhances the adsorption of its

own oxidant species. This may explain the higher catalytic

activity in alkaline solutions, since the affinity of CO to gold

electrodes is known to increase at higher pH, leading to a

stronger enhancement of the adsorption of the oxidant species.
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