
Chapter 16

Au Electrocatalysis for Oxygen Reduction

Francisco J. Vidal-Iglesias, José Solla-Gullón, Enrique Herrero,
and Juan M. Feliu

Abstract This chapter reviews the recent advances on the study of the oxygen

reduction reaction (ORR) on gold electrodes. The initial part is devoted to the

study of the reaction on single-crystal electrodes to determine the effect of the surface

structure on the reactivity of gold electrodes for this reaction. The best reactivity is

found for the Au(100) electrode in alkaline medium. For the nanoparticle electrodes,

the reactivity for this reaction depends on two different effects: size and surface

structure effects. Regarding the size effects, the different studies found in the litera-

ture do not agree on whether the size of the nanoparticles has a significant impact on

the reactivity for the ORR. This disagreement between different authors is probably

due to the lack of control of the surface structure of the nanoparticles. On the other

hand, significant effects are found when the surface of the nanoparticle is changed. In

general, the reactivity in alkaline media increases as the fraction of {100} domains on

the surface increases. In some cases, the reactivity of gold in alkaline medium is

similar to that measured for platinum electrodes.

16.1 Introduction

It is clear that the oxygen reduction reaction (ORR) is one of the most important

electrochemical reactions since it has multiple applications. The potential fields

range from the energy conversion to corrosion science. For this reason, it has been

the subject of numerous works throughout the years. In the complete reduction of

oxygen to water, there are four electrons exchanged. This high number of electrons
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exchanged necessarily implies existence of several intermediates. Since the reac-

tion is sensitive to the nature of the electrode, at least one of the intermediates (if not

all) should be adsorbed on the electrode surface. Thus, nature and surface structure

of the electrode is a fundamental aspect to consider when the ORR is studied.

Among pure metals, platinum is recognized as the electrode with the highest

electrocatalytic activity [1].

The substrate not only affects the electrocatalytic activity but also the final

product of the reaction and the mechanism. The general mechanism for oxygen

reduction consists in two interconnected parallel pathways: the first leading to the

formation of water (OH� in basic media) with hydrogen peroxide (HO�
2 in basic

media) as intermediate species and the second path yielding water (OH� in basic

media) directly [2, 3]. Depending on the metal, the final product can be water

(OH�) or hydrogen peroxide. In these latter cases, the further reduction of hydrogen
peroxide is highly inhibited.

In the case of gold electrodes, the general mechanism for the ORR [1] can be

simplified as follows for the reactions in acid medium:

where the subscript “a” denotes an adsorbed species and “b” a bulk species. When

the reaction occurs in alkaline medium, the mechanism is transformed into

In this chapter, recent results on the oxygen reduction reaction will be covered.

We will focus on the results obtained with gold nanoparticles. However, some

results obtained with single-crystal electrodes will be presented since they are

necessary to understand the results found for the nanoparticle electrodes. Although

the mean electrocatalytic activity of the gold electrode is lower than that of

platinum, Au(100) electrode in alkaline medium has a similar activity for the

ORR than platinum, and for that reason, it has been studied systematically and

abundantly.
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16.2 ORR in Gold Single Crystals

The electrocatalytic activity of gold electrodes for the ORR is not very high. The first

studies carried out in acid medium with Au single crystals showed that the reaction

was structure sensitive, but the onset for the ORRwas ca. 400 mVmore negative than

those measured in equivalent conditions for platinum [4, 5]. Additionally, the number

of electrons transferred in the reaction was two, indicating that the final product was

hydrogen peroxide. In fact, the reduction of hydrogen peroxide was highly inhibited

and only took place at potentials close to hydrogen evolution.

When the same experiments were carried out in neutral and alkaline media,

the voltammetric behavior showed significant differences for some electrodes. The

Au(111) and Au(110) electrodes exhibited a similar behavior to that observed in acid

medium. However, the onset for the ORR on the Au(100) electrode was displaced

significantly to more positive potentials, with an electrocatalytic activity similar to

that of platinum (Fig. 16.1) [6–13]. Additionally, four electrons were exchanged at

high potentials, whereas a change in mechanism took place at lower potential and

only hydrogen peroxide was formed. In parallel with this behavior, the Au(100)
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Fig. 16.1 Top panel. Current
densities measured for
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Na2SO4 (pH ¼ 6) for the Au

(100), Au(111), and Au(110)

electrodes. Bottom panel.
Effect of the pH in the oxygen

reduction in the impinging jet

system for the Au(100)

electrode
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electrode exhibited a significant activity for the reduction of hydrogen peroxide in the

same region where the four-electron mechanism is operative [6, 9]. In the transition

between the two- and four-electron mechanisms, oscillations can be observed [9, 13].

The oscillations are linked to the appearance of the inhibition of the reaction at lower

potentials, which corresponds to a negative resistance in the equivalent that

compensates the solution resistance [14].

The studies with stepped surfaces revealed that the enhanced electrocatalytic

activity for the ORR in alkaline solutions is exclusively linked to the presence of

{100} bidimensional domains [10, 12, 15, 16]. However, the origin of the high

catalytic activity of these domains for the ORR is still not clear. Adzic and col.

attributed the differences to the different OH adsorption properties of the domains

[15]. In summary, it has been proposed that adsorbed OH catalyzes the cleavage of

the O–O bond in the peroxide and leads to the transfer of four electrons [10, 17].

However, the voltammetric profiles of the different electrodes show similar OH

adsorption properties in the region where the oxygen reduction takes place [13].

Thus, it was proposed that different behavior for the ORR should be related to

structural differences. Additionally, the transition between the two- and four-

electron mechanism takes place at a constant potential, which also suggests that

OH adsorption is not responsible for the catalytic enhancement of the ORR on the

Au(100) electrode [13]. Some experiments have suggested the presence of adsorbed

HO�
2 in alkaline medium on gold electrodes and attributed a very important role in

the mechanism to this species [18]. Also DFT studies indicate that adsorbed OOH,

rather than O2, is the most important intermediate which determines the final outcome

of the reduction process [19]. Other studies propose that the Au(100)–O2 interaction

and the number of sites available for the reduction of oxygen controls the reaction

rate [20].

The previous discussion/introduction summarizes the knowledge of

electrocatalytic properties of Au single crystals toward ORR. Nevertheless, it is well

known that for practical purposes, the use of the catalysts in the form of nanoparticles

of dimensions as small as possible is required. In these nanoparticles the surface over

volume ratio is maximized and consequently the amount of catalyst is minimized, thus

reducing costs associated with their use in large-size/scale applications. In addition, it

is well established that the electrocatalytic properties of a nanoparticle are mainly

determined by the electronic properties of the surface atoms which in turn depend on a

set of physical parameters that include chemical composition (at surface and bulk),

particle size, and particle shape/surface structure. In principle, one could tailor their

properties by controlling any of those parameters to optimize the activity of the

catalyst for a particular reaction. Thus, and because the aim of this chapter is to review

the electrocatalysis of gold toward ORR, the chemical composition of the

nanoparticles is defined (gold), and therefore in the following sections, we will

summarize and discuss the most relevant contributions related to the effect of the

particle size and particle shape/surface structure for gold nanostructures toward ORR.
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16.3 Effect of Particle Size

The electrocatalytic properties defined as the current density per active area

measured at given potential should be in principle independent of the size of the

nanoparticles. However, the diminution of size could lead to changes in the

reactivity due to two main factors: (1) if the number of atoms in the nanoparticle

is too small, the band structure of the metal is not completely developed and the

electronic properties may differ significantly from that observed for bulk gold and

(2) the ratio of atoms with low-coordination number in the surface, which are

regarded generally as more reactive, increases with the diminution of the size.

For that reason, below a certain size (ca. 4–7 nm), different electrocatalytic

activities can be found for the nanoparticles. Thus, the effect of the nanoparticle

size has been extensively studied.

One of the first contributions related to the effect of the particle size for oxygen

reduction on gold was reported by Sarapuu et al. [21]. They investigated the

influence of the loading of evaporated gold on the kinetics of the ORR at thin-

film gold electrodes in acid electrolyte (0.5 M H2SO4) and compared their behavior

with bulk gold with the main objective of evaluating the influence of the particle

size in the ORR. They observed that the kinetics of O2 reduction on the electrodes,

including specific activity, Tafel slope, and n (number of transferred electrons)

value, were almost independent of the film thickness (thickness between 0.25 and

50 nm) and similar to those observed with a bulk gold electrode, thus suggesting the

absence of a particle size dependence. However, subsequent contributions by

El-Deab and Ohsaka [22] and Zhang et al. [23] observed remarkably high

electrocatalytic activities toward oxygen reduction in acidic solutions with electro-

chemically deposited Au nanoparticles on polycrystalline Au and boron-doped

diamond (BDD) electrodes, respectively. El-Deab and Ohsaka [22] reported that

for gold nanoparticles electrodeposited on gold electrodes, the ORR in 0.5 M

H2SO4 solution showed two well-defined reduction peaks at +50 and �250 mV

versus Ag/AgCl. This behavior was remarkably different from that observed with

the bare gold electrode in which only a reduction peak was observed at �200 mV.

They attributed these two reduction peaks at the gold nanoparticles as a two-step

four-electron reduction pathway of O2 in which the peak at more positive potential

was due to the two-electron reduction of O2 to H2O2, whereas that at lower

potentials was assigned to the further reduction of H2O2 to H2O. This behavior

was clearly different from that found with the bulk gold electrode, at which only the

two-electron reduction peak of O2 to H2O2 was observed. The proposed mechanism

was verified by performing similar ORR experiments in presence of 2.3 mM H2O2

solution resulting in an evident increase in the reduction peak current related to the

reduction of H2O2 to H2O, while the reduction peak current associated with the

reduction of O2 to H2O2 remained almost unaltered. Interestingly, they also

observed that the increase of the particle size resulted in a clear loss of the activity

of the two-electron reduction of O2 to H2O2 (Fig. 16.2).
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In a later work, and using the RDE, they also observed [24] that the number of

electrons involved in the electrochemical reduction of O2 was about 4 for the Au

nanoparticle-electrodeposited electrode and 3 for bulk Au electrode at the same

potential (�350 mV vs. Ag/AgCl/KCl(sat.)) (Fig. 16.3), thus indicating a higher

reduction and decomposition of H2O2 at the gold nanoparticles. In addition, the

reported Tafel slopes for both systems (the nanoparticles and bulk gold electrode)

were similar, suggesting that the O2 reduction at both electrodes proceeds by a

similar mechanism. However, they also observed that the kinetic current of the gold

nanoparticles was higher than that of the bulk Au electrode at the same potential.

Similarly, Zhang et al. [23] reported that the O2 reduction rate on the Au

nanoparticles (~60 nm) deposited on BDD was 20 times higher than that of bulk

Au electrode. In addition, they also observed that the reaction mechanism of oxygen

reduction was modified from a two-electron reduction to a four-electron reduction

in the potential range of �200 to �400 mV versus SCE at the Au nanoparticle-

deposited BDD. However, when similar experiments were performed in alkaline

(0.1 M KOH) or in neutral (0.1 M phosphate buffer solution ~ pH 7.2) solutions,

such enhanced activity toward ORR was not clearly observed [25, 26].

When the electrocatalysis of the ORR was studied on gold nanoclusters depos-

ited by vacuum evaporation on a BDD electrode in 50 mM H2SO4 solution, Yagi

et al. observed that the ORR activity was again influenced by the particle size [27].

Thus, the electrode with 3 nm nanoparticles was the most active. Unfortunately, as

authors stated, the size dispersions of the samples were quite broad and the

optimum particle size for oxygen reduction could not be determined. However,

the activity of the samples was significantly higher than that at a polycrystalline

gold electrode, and a clear positive shift of the O2 reduction peak toward positive

potentials and an increase in the current efficiency consumed for the four-electron

reduction were observed. In addition, a two-step four-electron reduction pathway of

Fig. 16.2 CVs obtained for

the O2 reduction at Au

nanoparticle-deposited Au

electrodes in O2-saturated

0.5 MH2SO4. A potential step

from 1.1 to 0 V was used for

the electrodeposition of Au

particles from 0.5 M H2SO4

solution containing 0.11 mM

Na[AuCl]4 with deposition

time of (a) 5 s and (b) 10 s.

Potential scan

rate ¼ 100 mV s�1

(extracted from [22])
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O2 to H2O at the Au nanoparticles was directly proved by a four-electrode configu-

ration. Also, they observed that after a heat treatment (600 �C under H2 atmosphere)

of the samples, the electrocatalytic activity improved, which was attributed to a

modification of the particle shape and consequently with a modification of the

crystallographic orientations exposed at the surface of the nanoparticles.

In good agreement with Yagi et al., Guerin et al. observed that for gold

nanoparticles supported on substoichiometric titanium dioxide (TiOx) and on car-

bon, the activity decreased for diameters <3 nm with decreasing particle size,

independently of the supporting material [28]. Nevertheless, unlike the aforemen-

tioned studies, the catalytic activity was clearly independent of particle size above

this critical size (Fig. 16.4).

In contrast with some of the previous observations, Bron observed that the ORR

in acidic electrolyte solution at various Au/C catalysts with different support

materials (VULCAN XC72 and Black Pearls) and different gold particle sizes

between 2.7 and 42 nm [29] was neither dependent on the particle size nor on the

supporting material. In addition, he found Tafel slopes around 105 mV and an

average number of electrons transferred per oxygen molecule between 2 and 3,

finding also that both parameters were independent on the gold particle size. From

these results, he concluded that the oxygen reduction on carbon-supported gold

catalysts is structure insensitive for particle sizes up to 2.7 nm.

In the same way, Sarapuu et al. [30] extended their previous works studying the

ORR on nanostructured gold electrodes both in acidic (0.5 M H2SO4) and alkaline

Fig. 16.3 Dependence of n on the potential for O2 reduction at (open circles) bulk and

(filled circles) Au nanoparticle-electrodeposited Au electrodes (extracted from [24])

16 Au Electrocatalysis for Oxygen Reduction 489



Fig. 16.4 Specific oxygen reduction activity of carbon-supported gold particles at (a) 0.40 V and

(b) 0.30 V versus RHE measured on the (10 � 10) array of electrodes. The error bars along the

particle size axis indicate the range of particle size (in fact, the standard deviation of the particle size)

observed by TEM. The error bars on the specific activity axis reflect the standard deviation of the

currents measured at the 10 electrodes on the array with a mean particle size (extracted from [28])
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(0.1 M KOH) media. Thin films of gold surfaces, with a nominal thickness of

0.25–20 nm, were prepared by vacuum evaporation onto glassy carbon (GC)

electrodes and coated with a Nafion film. The Au particle size was clearly depen-

dent on the loading of gold and varied from 2.7 � 1.0 nm for a nominal thickness of

0.25 nm to 16 � 6 nm corresponding to 20 nm nominal thickness. In agreement

with their previous findings, they again observed that the Tafel slopes were close

to �120 mV for all electrodes in both solutions, indicating that the O2 reduction

mechanism is the same for thin film as for bulk Au electrodes. In addition, the

specific O2 reduction activity (SA) of the nanostructured Au electrodes in 0.5 M

H2SO4 was almost constant over the range of Au thicknesses studied, whereas in

0.1 M KOH, the SA slightly decreased with decreasing film thickness. However, it

is important to point out that the average SA values were approximately three times

lower (0.14 � 0.03 mA cm�2) than those obtained with Au films in the absence of

Nafion (SA ¼ 0.43 � 0.05 mA cm�2) [21]. This evidence was attributed to a

decrease in the number of reaction sites by Nafion, as proposed by Maruyama

et al. who studied the effect of fluorinated alcohols on the kinetics of the ORR on

bulk Au electrodes [31, 32]. A similar decrease of the kinetic current was also

reported on Nafion-coated GC electrodes as compared to bare GC which was

related to the lower pH at Nafion-coated GC and/or to blocking by the side chains

of the Nafion polymer.

Subsequent studies by Tang et al. [33] suggested a strong size effect. They

analyzed the dependence of the kinetics of the ORR in alkaline solution (0.5 M

KOH) with the particle size of gold nanoparticles (3 and 7 nm) supported on carbon

(Fig. 16.5). They observed that the ORR activity (kinetic current density, jk) of the
3 nm gold nanoparticles was 2.5 times higher than that obtained with the 7 nm gold

nanoparticles (3.5 vs. 1.5 mA cm�2 measured at �0.6 V vs. Ag/AgCl). In addition,

a two-electron reduction was obtained with the 7 nm, whereas in case of the 3 nm, a

four-electron reduction was observed. This unusual four-electron transfer obtained

with the 3 nm Au nanoparticles was speculatively explained due to the high density

of low-coordination sites on the 3 nm nanoparticles that may increase the activation

of the peroxide intermediate, facilitating further reduction to water. Very interest-

ingly, from experiments at different temperatures, they estimated the apparent

activation energy for the 3 nm particles that was found to be half that of the 7 nm

particles (0.1 and 0.2 eV, respectively). They proposed that the presence of a high

fraction of surface sites with low-coordination atoms together with the decreased

electrophilicity of the 3 nm Au nanoparticles results in an increase in the O–Au

bond energy with a corresponding decrease in the activation energy of the critical

step of molecular oxygen dissociative chemisorption, thus accelerating the rate-

limiting step for oxygen reduction.

Likewise, Inasaki and Kobayashi [34] studied the influence of the particle size of

Au nanoparticles on the kinetics of ORR in acidic solution (0.5 M H2SO4) and

found a size effect. They prepared carbon-supported Au nanoparticles with differ-

ent particle size (1.7 � 0.5, 4.8 � 2 and 13.2 � 2 nm) and evaluated their

electrocatalytic activity toward ORR together with that of a bulk Au electrode

(Fig. 16.6). The results obtained showed a clear dependence of the ORR activity
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with the particle size. In detail, they reported that whereas for bulk gold, the number

of electrons involved in the ORR was 2 and nearly constant at potentials above

�0.2 V, for the nanoparticles, the n values increased as the potential became more

negative and reached values of 2.3, 2.6, and 3.0 at �0.2 V versus Ag/AgCl for

particles sizes of 1.7, 4.8, and 13 nm, respectively. These findings suggested that for

smaller particle size, a two-step four-electron reduction or the direct four-electron

reduction of O2 to H2O was favored.

Erikson et al. [35] also reported ORR results obtained with carbon-supported Au

nanoparticles in 0.5 M H2SO4 and 0.1 M KOH solutions. They used commercial Au

catalysts with different metal loading, 20 and 30 wt%, which also resulted in a

different particle size, 11.0 � 1.7 nm for 20 wt% catalyst and 14.0 � 1.7 nm for

30 wt% catalyst. Nevertheless, in agreement with some of their previous studies,

they concluded that the oxygen reduction activity of both carbon-supported Au

Fig. 16.5 Oxygen electroreduction on 3 and 7 nm Au nanoclusters in oxygen-saturated 0.5 M

KOH. Cyclic voltammograms (sweep rate 10 mV s�1) of Au nanoparticles on carbon rotating disk

electrodes at several rotation speeds: (a) 3 and (b) 7 nm clusters. Levich plots of the

voltammogram data (the currents at �0.6 V were used): (c) 3 and (d) 7 nm clusters (extracted

from [33])
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nanoparticles was similar to the activity of bulk Au, both in acid and alkaline

solutions. In addition, they also observed that the specific activity of Au was

independent of the thickness of the catalyst layers, between 1.5 and 10 μm,

indicating that the diffusion of O2 within the layer was not affecting the results.

In addition, they reported that the number of electrons involved in the reaction and

the Tafel slopes were similar to those of bulk polycrystalline gold, which implies

that the mechanism of O2 reduction is not affected by the particle size.

The activity of very small nanoparticles has also been studied. Chen and Chen

[36] prepared a series of Au nanoclusters with 11–140 gold atoms in the cores,

corresponding to 0.8–1.7 nm in diameter, and performed ORR studies in alkaline

medium to evaluate the size effect on the ORR electrocatalytic activity. Clear size

dependence was observed in (1) the limiting current densities, increasing with

decreasing core size; (2) the onset potential for ORR shifted to negative potential

values with increasing Au cluster size; and (3) the kinetic current density increased

with decreasing particle cores. Also, the oxygen reduction reaction was found to

proceed by the efficient four-electron reaction pathway with the smaller clusters

(Au11, Au25, and Au55), whereas incomplete reduction occurred with the largest one

(Au140), for which the two-electron reaction route was favored.

In all these studies regarding the size effect in the ORR on gold electrodes, a

general problem is the size distribution. The electrochemical response is always a

macroscopic property which depends on the individual contributions of the different

Fig. 16.6 RRDE voltammograms for the oxygen reduction in O2-saturated 0.5 M H2SO4, at

(a) (1.7 nm), (b) (4.8 nm), and (c) (13.2 nm) Au/C-modified GC electrodes and (d) bulk Au

electrode at a rotation rate of 500 rpm. Curves a0–d0 represent the corresponding Pt-ring currents

(polarized at 1.0 V). For the Au/C-modified electrodes, loading of Au metal on a GC electrode was

fixed at 0.45 μg/electrode. ν ¼ 10 mV s�1 (extracted from [34])
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nanoparticles in the sample. In order to understand the effects of the size in the

reaction, it would be important to address the reactivity of a single nanoparticle, as has

been done using innovative methods by Li et al. [37]. In this study, they were able to

immobilize a single Au nanoparticle at a SiO2-encapsulated Pt disk nanoelectrode,

previously oxidized and silanized. In such a system, the ORR in alkaline medium

(0.1 M KOH solution) was studied. The Au single-nanoparticle electrode (SNPE)

provided a larger diffusion-limited steady-state current than the one obtained with the

bare Pt nanoelectrode. The Au nanoparticle exhibited a one-step process instead of a

two-step pathway, similarly to the behavior of the bare Pt nanoelectrode for the ORR

in alkaline medium. Moreover, the half-wave potential for the ORR at the Au SNPE

was shifted toward higher potentials. The electrocatalytic activity for the ORR was

also compared with Au nanoparticles of different sizes (14, 18, and 24 nm) and shown

in Fig. 16.7. The steady-state limiting current increased with increasing the size of the

Au nanoparticles, being 1.0, 1.7, and 2.0 pA for the 14, 18, and 24 nm Au

nanoparticles, respectively. In addition, the half-wave potential at larger Au

nanoparticles was also shifted to higher potentials, indicating higher catalytic activity.

The half-wave potentials shifted from �365 mV versus Ag/AgCl at the bare Pt

nanoelectrode to �130, �75, and �35 mV at the 14, 18, and 24 nm samples,

respectively. These results clearly evidence a goodAu size-dependent electrocatalytic

activity toward ORR.

In some studies, the higher activity for the nanoparticle samples was credited to a

lower contamination of the surface and/or the presence of higher number of low-

coordinated atoms. Thus, Lee et al. [38] obtained the electrocatalytic properties for

ORR in alkaline medium (0.5 M KOH solution) of carbon-supported Au

nanoparticles with controlled particle size (3, 6, and 8 nm). The activity of these

samples was compared with that obtained with commercial 5 and 10 nm Au

nanoparticles. In all cases, the activity of the samples was higher than that of the

commercial ones, which was attributed to the effectively cleaning and to the higher

degree of disorder on the surfaces. However, the most active Au samples were those

having 8 nm particle size, even when the currents were normalized by the weight of

Au NPs, which is, from our point of view, quite unexpected.

Also, the surface structure effects were found in the study by Alexeyeva et al.

[39]. They reported the analysis of the ORR on Au nanoparticles deposited on

Fig. 16.7 Voltammetric

responses of an oxygen-

saturated 0.10 M KOH

solution using a bare 7 nm

diameter Pt nanoelectrode, a

14 nm Au SNPE, an 18 nm

Au SNPE, and a 24 nm Au

SNPE. The scan rate was

10 mV s (extracted from [37])
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multiwalled carbon nanotubes (MWCNTs). The carbon nanotubes were decorated

with Au nanoparticles using a magnetron-sputtering technique. The sample was

heat-treated and they found that by varying the annealing temperature it was

possible to modify the morphology of Au nanoparticles thus allowing correlating

their morphology with their electrocatalytic activity toward the ORR in acidic

solution (0.5 M H2SO4). They showed an optimal temperature of 300 �C which

was proved to be beneficial to ensure a larger active surface area and increased

electrocatalytic activity. This sample consisted of regularly shaped rounded Au

nanoparticles with a mean particle size of 11 nm. However, a high Tafel slope value

was observed at low overpotentials (�200 mV), far from the typical slope value for

O2 reduction on gold in acid solution (�120 mV), corresponding to the slow transfer

of the first electron to O2 molecule. The reasons for this high Tafel slope remain still

unclear.

In the same way, Jirkovsky et al. [40] used carbon-supported Au nanoparticles of

mean size between 4.2 and 9.5 nm and studied the dependence of the ORR on

nanoparticle size. Their findings suggested particle size dependence and showed a

maximum electrocatalytic activity at a particle size of 5.7 nm from which the

activity significantly decreased with particle size. In addition, the number of

electrons exchanged per O2 molecule increased from a value close to 2–3.4 as the

potential was made more negative. They proposed different possible reasons to

explain the effect of the particle size, including changes in the stability of surface

oxygen species on Au particles of different sizes as a consequence of the different

abundance of atoms on edges with respect to those on crystal planes [41], the

decrease in number density of {100} surface atoms at these sizes [41], or the

stronger adsorption of OH groups on the surface [42].

More recently, Brülle et al. [43] prepared gold nanoparticles with a narrow size

distribution deposited on HOPG and single-crystalline boron-doped diamond

surfaces using a potentiostatic double-pulse technique. The particle size ranged

between 5 and 30 nm on HOPG and between<1 and 15 nm on boron-doped diamond

surfaces while keeping the particle density constant. The ORR activity of both

samples was studied in 0.1 M H2SO4 (Fig. 16.8). Independently of the particle size

as well as of the substrate, the specific current densities were always higher than that

obtained for a bulk Au electrode. On the other hand, a clear size-dependent ORR

activity was observed, increasing the ORR activity with decreasing particle sizes.

This clear size dependence on ORR activity was in agreement with previous

observation by Chen and Chen [36]. However, contrarily, Bron [29] reported no

size effect for particle sizes in the range between 2.7 and 42 nm supported on carbon

black in acidic solutions, whereas Guerin et al. [28] observed that the activity

decreased for diameters <3 nm with decreasing particle size. From these previous

discussions, it is evident that the effect of Au particle size on the kinetics of O2

reduction on Au nanoparticles, both in acidic and alkaline media, is a matter of

controversy and very different trends can be observed in the literature. In addition, to

have a full picture of the situation, it is important to note that theoretical studies

predicted an increase in ORR activity with decreasing Au particle size [44]. In our

opinion, and in agreement with some of the conclusions reported by Brülle et al. [43],
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we believe that these discrepancies on particle size trends may be attributed to the

strong dependence of the reaction on the surface structure of the nanoparticles. In this

regard, it is relevant to point out that in one of the first contributions of our group in

this topic [45], we evidenced that gold nanoparticles with a similar particle size

(~4 nm) showed different electrocatalytic properties toward ORR as a consequence

of their different surface structure and in particular to their different fraction of {100}

surface sites. Consequently, as previously demonstrated with Au single-crystal stud-

ies, it is of outstanding importance to evaluate the effect of the surface structure of the

Au nanoparticles and then correlate it with their electrocatalytic properties. In this

context, the correlation between the shape of the nanoparticle and its preferential

surface structure is now well established. Thus, as a first approximation, shape will

determine which surface structure facets will comprise the surface of the nanoparticle.

By controlling their shape, both the reactivity and selectivity of a catalyst can be

tailored because the exposed surfaces of the nanoparticle have different surface

structures depending on its particular morphology/shape. Very relevant contributions

can be already found in the literature about the correlation between the shape/surface

structure of different nanoparticles and their electrocatalytic properties [46–55].

16.4 Effect of Shape/Surface Structure

As previously demonstrated from single-crystal studies, Au(100) was the most

active catalyst in basic media. Moreover, the overpotential on Au(100) in 0.1 M

NaOH is 0.34 V [56] even lower than that on Pt surfaces in 0.1 M HClO4, which is

0.48 V [57]. One of the main strategies to increase the electrocatalytic activity for

Fig. 16.8 Comparison of the ORR-specific current density for Au/HOPG (filled symbols) and Au/

diamond (open symbols). The current densities versus particle sizes are comparable for the two

substrates. The data for an extended gold surface was added as a reference (extracted from [43])
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ORR has been the preparation of gold nanoparticles containing a high fraction of

these {100} surface sites. Therefore, from a crystallographic point of view, the use

of cubic Au nanoparticles in which the amount of {100} surface sites is maximized

should be a clear goal. Nevertheless, it is very important to note that the critical

point determining the electrocatalytic properties is the particular surface structure

of the samples and not the shape. Thus, it is of paramount importance to probe the

correlation between shape and surface structure on a particular sample. Regarding

this issue, one question arises: how can the surface structure of the Au nanoparticles

be evaluated and then correlated with their electrocatalytic properties? From trans-

mission electron microscopy (TEM) images, it is relatively easy to determine the

preferential shape of the samples. However, the measurement of the different types

of sites present on the surface of the nanoparticles by TEM is not simple and

requires more specific instrumentation. In this sense, for instance, Gontard et al.

[58] showed that spherical-aberration-corrected transmission electron microscopy

can be used to provide atomic-resolution information about the local topologies of

active sites on commercial nanoparticles with greatly improved sensitivity, as

shown in Fig. 16.9. Unfortunately, this kind of analysis is still rather unusual due

to the highly sophisticated techniques and time-consuming analyses that are

required.

One option could be the analysis of the oxide formation region which, as

previously reported by Hamelin et al. [59, 60] with Au single-crystal electrodes,

showed different contributions as a function of the specific surface structure.

Unfortunately, the inclusion in such high-potential limits would compromise the

surface stability of the Au nanoparticles, thus resulting in a surface disordering.

Another possibility to qualitatively measure the amount of the different facets is

using surface structure-sensitive reactions which may serve as an indirect technique

to estimate the response dependence on the surface geometry of the sample. In this

sense, electrodeposition of a monolayer of a given metal on a different substrate at a

potential more positive to that of the metal bulk deposition which is known as

underpotential deposition (UPD) is generally regarded as a reaction very sensitive

to the surface structure of the electrodes [61], since it depends on the specific

interaction between the surface atoms of the supporting metal and the depositing

atoms of the foreign metal. Lead UPD and its desorption on Au has shown to be a

structure-sensitive process [45, 62–65], and the three basal planes give well-defined

voltammetric peaks in different potential ranges as shown in Fig. 16.10.

For Au(111) the deposition peak appears at 0.38 V and the dissolution peak

at 0.435 V with an overlapping shoulder in the ascending branch. In the case of

Au(100), two different contributions appear for both deposition (0.38 and 0.43 V)

and dissolution (0.385 and 0.475 V) being those at higher potentials for each

process the main peaks. For the Au(110) electrode, the contributions are much

broader due to the fact that the process is quite slow. Peaks are centered at 0.50 and

0.56 V for the deposition and dissolution processes. Interestingly, the dissolution

peaks for the three basal planes appear at potentials where the other two basal

planes have small contributions. Therefore, these contributions at the
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aforementioned potentials can be used as indicators of the presence of a particular

structure at the surface of a gold electrode.

Surface characterization using Pb UPD of a polycrystalline gold electrode, which

is expected to contain all surface sites, shows three main peaks for the dissolution

processes at the same potentials that the main dissolution peaks recorded for the three

Au basal planes. The only significant difference is that the peak corresponding to the

{111} facets is split. Moreover, other small peaks are observed in the voltammetric

Fig. 16.9 (a) Restored phase

of a 6 nm Pt particle obtained

by applying spherical-

aberration correction and

through-focus exit wave

function restoration to a

defocus series of 20 images

acquired at 200 kV with the

coefficient of spherical

aberration, CS, adjusted to

�30 μm. (b) Best-fitting
simulated phase. (c) Three-
dimensional atomic model

used to calculate the best-

fitting phase in part (b). The
large white arrow indicates

the direction of the electron

beam. The inset overlapping
parts (a, b) shows the
crystallographic details of the

particle. In parts (b, c), 1–4
correspond to the same

features on the surface of the

particle. The notation

Pt(S) � n(x, y, z) � (u, v, w)
refers to the microfacets, on

which n is the number of

atoms in the terrace, (x, y, z) is
the Miller index of the

terrace, and (u, v, w) is the
Miller index of the step

(extracted from [58])
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profile, which are ascribed to the dissolution of lead from steps or kinks in the

polyoriented surface (especially at potentials below 0.40 V vs. RHE) [45]. The charge

of the peaks can be used to qualitatively estimate the relative amount of {100},

{110}, and {111} domains in a polyoriented electrode such as gold nanoparticles.

Nevertheless, as it has been observed with stepped surfaces, when domains become

smaller, the Pb UPD contributions may take place at different potentials, as observed

for Au(775) [45], but the peak shift is small, even for narrow domains, making it

positive for nanoparticle electrode characterization, for which domains are expected

to be small.

Moreover, Pb UPD can be used to calculate the real area of the electrode from

the recorded charge between 0.25 and 0.75 V and assuming a charge density of

420 μC cm�2 (measured for a polyoriented surface) [45]. Pb UPD can be also

employed to clean the nanoparticles from the organics used during their syntheses

by forming an electrochemical PbO2 film deposited on the gold surface [45, 46,

66–70]. When Pb UPD is performed in basic media (and oxygen reduction is

normally studied in these media), the characterization and ORR can be performed

in the same medium.

Another interesting option to estimate the fraction of the different surface sites

present at the surface of a nanoparticle is the reductive desorption of thiol compounds

such as cysteine, mercaptoacetic acid, or cystamine. El-Deab et al., following

Fig. 16.10 Comparison of the stripping voltammograms for the Pb UPD on the Au(111),

Au(100), and Au(110) electrodes in 0.1 M NaOH + 10�3 M Pb(NO3)2. Scan rate ¼ 50 mV s�1

16 Au Electrocatalysis for Oxygen Reduction 499



previous observations by Porter et al. [71, 72] with polyoriented Au electrodes, used

this approach to evaluate the fraction of the surface sites in different types of gold

nanostructures [73–75].

One of the first papers in this sense, if not the first, was published by Hernández

et al. where gold nanoparticles were synthesized in a water-in-oil microemulsion

[45]. In order to modify the surface structure of the Au nanoparticles, iodide and

sulfide were added as additives to the water phase of the microemulsion before the

chemical reduction with NaBH4. Pb UPD analysis confirmed that those

nanoparticles synthesized in the presence of iodide showed a higher ratio of

{100} and {111} facets. On the other hand, for those in the presence of sulfide,

the two previously mentioned facets were almost missing. Rotating ring-disk

experiments for ORR were performed in 0.1 M NaOH with these nanoparticles

and the results were compared with additive-free spherical nanoparticles prepared

with the same methodology. As expected from single-crystal studies, the gold

nanoparticles prepared in the presence of iodide and containing a higher ratio of

{100} facets had the highest catalytic activity. As a result, for a surface structure-

sensitive reaction as is ORR, a good relationship was obtained between the ratio of

{100} facets and the electrocatalytic activity. As previously stated, the evaluation

of the amount of the different sites was carried out with Pb UPD and an estimation

of the size of the different facets present in the nanoparticles was made by

comparing the Pb UPD profile of the nanoparticles with those obtained for the

gold single-crystal basal planes.

A similar strategy using additives was used by El-Deab et al. [76] where Au

nanoparticles were prepared by adding cysteine or iodide in the electrodeposition

bath. Two effects were observed: (1) those nanoparticles prepared in the presence of

iodide had a lower particle size (10–40 nm), whereas those prepared with cysteine

showed an enhancement of the coalescence of neighboring particles and thus

particle sizes of 50–300 nm were observed, and (2) an enrichment of the

{100} + {110} facet domains at the expense of the {111} facets was observed in

the case of cysteine, while iodide ions enriched the {111} facets of the Au

nanoparticles, contrasting with the higher ratio of {111} but also {100} facets

shown by Hernández et al. [45], although using different synthesis methods.

Therefore, the cysteine-prepared Au nanoparticles exhibited a high catalytic activ-

ity for the ORR as previously reported for Au(100) accomplishing a four-electron

reduction of oxygen to water at a reasonably low cathodic overpotential in O2-

saturated 0.5 M KOH. These findings were more deeply studied by the same group

in different publications [74, 77–79]. In one of these papers, the effect of the support

was also evaluated [79]. Interestingly, when HOPG was used, an electrooxidative

pretreatment of the support led to more active cysteine-prepared Au nanoparticles in

comparison with untreated HOPG. On the other hand, no improvement was

observed in the case of using iodide as additive.

Another strategy was to synthesize nanoparticles with shapes that would have a

preferential surface structure. Concerning this idea, oxygen reduction reaction on

some shape-controlled gold nanoparticles was reviewed in 2009 [46]. In this sense

Hernández et al. studied the ORR with gold nanorods [67]. Their surface structure
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was analyzed with Pb UPD, revealing that their nanorods were composed by {111}

and {110} domains, while {100} domains were practically absent. Hydrogen

peroxide was the final product in the whole potential range confirming the absence

of {100} sites as obtained from the Pb UPD analysis. This conclusion was in

agreement with HRTEM images which indicated that the side faces of the nanorods

were {110} faces [80] and with selective area electron diffraction (SAED)

experiments, which indicated that the nanorods were capped at both ends by five

{111} faces [81]. Nevertheless, Gao et al. observed a higher activity of Au nanorods

in comparison with spherical nanoparticles but their synthesis conditions were

different [82]. In this case the authors used an electrodeposition method in the

presence of cysteine, which as mentioned before produced an enrichment of

the {100} + {110} facet domains at the expense of the {111} facets [76]. For the

nanorods the authors explained the behavior of a continuous unidirectional growth

of the crystal along the {111} orientation, leading to a pin-like morphology of the

crystals.

In analogy with the stereographic triangle where the three basal planes are located

at the vertices, an intrinsic triangle can be made which coordinates the crystal surface

index and the shape of fcc metal nanocrystals as shown in Fig. 16.11 [83, 84]. The

three vertices represent the coordinates of polyhedral nanocrystals bounded by basal

facets, i.e., cube covered by {100}, octahedron by {111}, and rhombic dodecahedron

by {110} faces.

Nevertheless, as previously stated, it is important to recall that the main issue is

the final arrangement of the atoms at the surface, which may not be that expected

from the nanoparticle shape. This fact highlights the importance of characterization

tools such as Pb UPD. Going back to the analogy with the stereographic triangle, if

from single-crystal knowledge it is known that Au(100) is the most active catalyst

Fig. 16.11 Unit stereographic triangle of polyhedral nanocrystals bounded by different crystal

planes (extracted from [83])
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in alkaline medium, it seems interesting to study the ORR with gold nanocubes.

Hernández et al. prepared this type of gold nanoparticles for this purpose [69].

Deliberately, the authors synthesized large cubic Au nanoparticles (average size

40 nm) using a seed-mediated method in the presence of cetyltrimethylammonium

bromide. SAED patterns confirmed that the cubic nanoparticles were single

crystals. Although lead UPD confirmed the presence of a large amount of {100}

domains, the majority of the surface sites had a {111} or {110} symmetry,

suggesting that surface faceting or ripening had taken place. Nevertheless, due

to the large amount of {100} sites, this type of nanoparticles showed a very high

catalytic activity for the four-electron oxygen reduction paths in alkaline medium.

As a result, water was obtained as the final product of the reaction in the whole

potential range, except in the lower potential range where hydrogen peroxide

was obtained, in a similar way as reported for Au(100). Moreover, the authors

studied the stability of the surface of the cubic nanoparticles during the electro-

catalytic experiments performing Pb UPD experiments after the ORR. Although

the reactivity was maintained, the amount of {100} domains decreased, conclud-

ing that the transport-controlled reaction of interest is less sensitive to the surface

order.

The electrocatalytic activity of the different samples can be addressed using the

scanning electrochemical microscopy (SECM). Thus several samples can be

probed simultaneously, allowing a direct comparison. The activity for the ORR of

different shape-controlled gold nanoparticles and nanorods was studied by

Sánchez-Sánchez et al. [70]. The different shaped nanoparticles were characterized

by TEM and Pb UPD, providing information on the shape and surface structure of

the different nanoparticles (spherical and cubic) and short nanorods. Cubic gold

nanoparticles were the most active toward ORR in alkaline medium followed by the

spherical nanoparticles and being the short nanorods the least active, as shown in

Fig. 16.12. These results are expected taking into account single-crystal results

and from the fact that a nanocube is ideally enclosed by six {100} faces. These

results were also in agreement with previous works from the same research group

[45, 67, 69].

Nanopyramidal, nanorod-like, and spherical gold nanostructures were also used to

study the ORR in 0.5 M KOH [85]. They were synthesized on polycrystalline gold

substrates through electrochemical overpotential deposition by manipulating the

deposited potentials and concentrations of HAuCl4. X-ray diffraction and electro-

chemical experiments showed that the pyramidal structures were dominated by {111}

facets, and therefore due to the lowest amount of {100} sites, the activity toward ORR

was the lowest. The reduction peak current increased and the peak potential shifted

positively in the following order: nanopyramids < nanorods < nanospheres.

El-Deab studied the influence of the electrodeposition time on the crystallo-

graphic orientation of Au nanoparticles electrodeposited on glassy carbon prepared

by potential step electrolysis and on their electrocatalytic properties toward ORR in

alkaline medium (0.5 M KOH) [73]. He observed that particles prepared in short

time (5–60 s) had smaller size (10–50 nm) and showed a higher particle density

(number of particles per unit area), as revealed by SEM images, than those prepared
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by longer electrolysis time. On the other hand, Au deposits prepared for times

higher than 60 s were larger (>100 nm). SEM, XRD, and electron backscatter

diffraction (EBSD) techniques were used to characterize both the size and prefer-

ential facet orientation of the nanoparticles. Interestingly from the EBSD patterns,

the author estimated the fraction for the {100} {110}, and {111} orientations

corresponding to the Au samples being the total fraction of a specific facet, the

percentage of a specific orientation relative to the total area of the analyzed region

of the surface [86]. From EBSD analysis the author found that increasing the

deposition time resulted in an increase in the total fraction of {100} and {110}

facets, while for short deposition times the deposit was rich in {111} facets. ORR

was studied with gold nanoparticles prepared after 60, 300, and 900 s and showed to

be influenced by the surface structure as shown in Fig. 16.13. The sample enriched

with {111} domains (60 s) had a much lower activity than those containing a lower

fraction of {111} surface domains (300 and 900 s), being the peak current density

about 1.7 times higher than those prepared after 60 s. This difference was ascribed

to the increase of the number of exchanged electrons as a consequence of their

polycrystalline surface structure instead of a {111} enriched. In fact the behavior

was very similar for the polycrystalline bulk Au electrode and those nanoparticles

prepared after longtime deposits. In addition, a possible particle size effect was

ruled out because the diffusion layer thickness (δ � 0.021 cm) was much larger

than the average distance between Au nanoparticles (�50–200 nm).
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Fig. 16.12 SECM TG-SC images displaying the substrate current for ORR of an array composed

by 3 different types of shape-controlled gold particles supported on a glassy carbon plate. Substrate

potential held constant at (a) 0.35 V, (b) 0.45 V, and (c) 0.55 V versus RHE in an oxygen-free

0.1 M NaOH solution. Tip-substrate distance ¼ 25 μm. Oxygen flux generated at the tip at a

constant current of 150 nA. Scan rate ¼ 125 μm s�1 (extracted from [70])

16 Au Electrocatalysis for Oxygen Reduction 503



Several strategies have been used to maximize the electrocatalytic activity of the

gold nanoparticles by tailoring the shape. Xu et al. [87] studied the ORR with indium

tin oxide (ITO)-supported dendritic gold nanostructures prepared with a “green”

templateless, surfactantless, simple electrochemical route. The samples were

characterized by scanning electron microscopy (SEM), TEM, energy-dispersive

X-ray spectroscopy (EDX), X-ray diffraction (XRD), and X-ray photoelectron spec-

troscopy (XPS). The dendritic gold nanostructures showed an improved behavior

toward ORR in comparison to a bulk gold electrode in neutral O2-saturated KCl

solution as the peak position shifted about 0.2 V positively and the peak current

increased significantly. In the voltammogram for the oxygen reduction with the

dendritic gold nanostructure, two different reduction peaks were observed, the first

one corresponding to oxygen reduction to H2O2 and the second peak corresponding to

the reduction of H2O2 to H2O, which was confirmed by adding H2O2 to the solution.

Similar results were obtained by Jena and Raj [88], who synthesized branched

flowerlike gold nanocrystals using N-2-hydroxyethylpiperazine-N-2-ethanesulphonic
acid as reducing/stabilizing agent. These nanomaterials were self-assembled on a

Fig. 16.13 CVs measured at 100 mV s�1 for the oxygen reduction at (a) bare GC, (b) 60 s nano-

Au/GC, (c) 300 s nano-Au/GC, (d) 900 s nano-Au/GC, and (e) bare polycrystalline Au electrodes

in O2-saturated 0.5 M KOH (extracted from [73])
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solgel-derived silicate network, which was preassembled on a polycrystalline Au

electrode, and they retained their morphology on the silicate network. Their

electrocatalytic activity toward ORR was higher than that of citrate-stabilized Au

nanoparticles, being the reduction of oxygen to hydrogen peroxide and its oxidation to

water in neutral pH (phosphate buffer) observed at more positive potentials. The same

authors also studied this reaction using triangular gold nanoprisms (70–110 nm) and

nanoperiwinkles (150–230 nm), also self-assembled on a three-dimensional silicate

network [89]. The samples were prepared using 5-hydroxytryptamine as a reducing/

stabilizing agent at room temperature. Although the X-ray diffraction profiles of both

samples revealed that they were composed mainly of a Au(111) lattice plane, both

structures showed higher electrocatalytic activity than spherical gold nanoparticles.

Kuai et al. prepared icosahedral Au nanoparticles through a facile, one-pot,

seedless, water-based method and studied ORR with them [90]. The growth mech-

anism indicated that the icosahedral nanoparticles were formed from multiple-

twinned seeds and PVP was used both as reducing agent and surfactant. In spite

of the fact that icosahedra are enclosed by {111} facets, the authors found higher

electrocatalytic activities than sphere-like nanoparticles for ORR in alkaline

medium. In fact, the reduction peak for oxygen reduction was positively shifted

0.05 V for icosahedra and also their peak current was 1.6-fold higher than that of

spherical nanoparticles. Moreover, the gold icosahedra displayed even lower

overpotential than a commercial Pt/C electrocatalyst.

The electrocatalytic activity of gold nanoplates toward ORR in 0.1 M NaOH was

also evaluated. Seo et al. prepared this type of nanomaterials by reducing KAu(CN)2
in a Na2CO3 solution at a constant potential [91]. The prepared nanoplates were rich

in {110} and {100} domains (studied by Pb UPD) and exhibited higher electro-

catalytic activity than bare gold for ORR. Both the peak potential for oxygen

reduction shifted positively (about 70–80 mV) and the current density increased

(about three times) for the nanoplates in comparison with bare Au. In addition, to

get information about the reduction mechanism, the authors also performed RDE

experiments and found that the number of electrons associated with the oxygen

reduction was 4 for the nanoplate electrode, while on bare Au was 2, thus indicating

the effective four-electron reduction of oxygen to water in alkaline medium for the

Au nanoplates.

Das and Raj observed also an enhancement in the electrocatalytic activity toward

ORR with penta-twined Au nanostructures (average size 52 nm) in neutral medium

[92]. These nanomaterials were prepared using piperazine derivatives in the absence

of seeds or surfactants and were characterized by TEM (average size 52 nm)

and X-ray diffraction, which revealed the existence of face-centered cubic

nanocrystalline Au. The penta-twined nanostructures were reported to catalyze the

reduction of oxygen in neutral solution to water through the formation of hydrogen

peroxide. Two well-defined peaks corresponding to the reduction of oxygen to

hydrogen peroxide and the further reduction of electrogenerated hydrogen peroxide

to water were obtained. A significant increase in the peak current (1.6 times) and a

decrease in the overpotential for the ORR were observed in comparison with spheri-

cal nanoparticles. In fact, the reduction peak potential for the spherical nanoparticles
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was considerably more negative (~120 mV) than that of the penta-twined

nanoparticles. Moreover, the onset potential for the penta-twined nanoparticles was

80–90 mV more positive than for the spherical nanoparticles.

Plowman et al. reported a very interesting contribution determining what the

surface active sites responsible of the activity of different nanostructured gold

electrodes are [93]. In this work they studied anisotropic Au, well-dispersed

hierarchical Au, and continuous porous honeycomb Au structures. The analysis

was carried out under acidic and alkaline conditions using electrochemical

techniques such as cyclic voltammetry and a large-amplitude Fourier transformed

alternating current (FT-ac) method which can effectively discriminate between

capacitive and faradaic processes occurring at an electrode surface. Interestingly,

it was observed that the response of these electrodes is similar to that observed for

activated gold electrodes whose surfaces have been treated by cathodic polarization

in the hydrogen evolution region. According to the authors, this activation results in

the disruption of the outer layers of the metal to create an active surface. These

active sites, which are believed to consist of low-coordinated active gold sites, or

clusters of atoms, are more readily oxidized than the bulk Au electrodes. This

more facile oxidation of active gold results in significant electrochemical

responses recorded in the double-layer region. In particular, they reported the

reduction of oxygen both in acid and alkaline media with the porous honeycomb

Au structures. The results obtained indicated that the ORR commences at

potentials where the surface active sites responses were observed.

Finally, some electrochemical treatments have been also used to change the

surface structure of the gold nanoparticles, so that higher activity for the ORR is

obtained. Shim et al. also studied the effect of an electrochemical pretreatment in a

0.05 M phosphate buffer solution (pH ~7.4) on bulk Au and Au nanoparticles

(~10 nm diameter) toward the ORR [94]. Both samples were electrochemically

pretreated by repetitive potential cycling between �0.2 and 1 V (vs. SCE) for 200

cycles at a scan rate of 50 mV s�1. The RDE voltammetric experiments showed that

after the pretreatment, the ORR activity was enhanced in both samples. The number

of electrons for both pretreated samples became close to 4, the onset potential became

more positive, and the currents became higher. Moreover, nanoparticles’ perfor-

mance was better than that of bulk Au. The authors attributed the enhanced catalytic

activity to the formation of a thick Au oxide layer, which was corroborated with a

thermally pretreated Au microwire electrode. Moreover, the authors claimed that the

Au oxide layer was able to adsorb O2 more favorably than the initial Au surface. In

addition, the pretreated bulk and nanoparticles also showed higher activity toward the

oxidation of hydrogen peroxide than the corresponding untreated ones.

Chen et al. [95], very recently, prepared Au thin-film electrodes made by electro-

less deposition for in situ electrochemical attenuated total-reflection surface-

enhanced infrared adsorption spectroscopy (ATR-SEIRAS) which consisted of

�46 nm Au nanoparticles deposited on a Si infrared window. Very interestingly,

they observed that a square-wave treatment of the Au film led to a much enhanced

ORR activity (O2-saturated 0.1 M HClO4) as a consequence of the surface recon-

struction of the nanoparticle film. Thus, whereas the ORR activity of the initial Au
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film electrode was similar to that obtained with a polycrystalline Au in acid solution,

after the square-wave potential treatment, a remarkable shift to positive potential of

about 0.14 V on the ORR half-wave potential was observed. In addition, the Tafel

slope changed from 119 to 90 mV, indicating a modification in the rate-determining

step. From SEM images, they observed that the square-wave treatment caused a

significant surface reconstruction by “melting” the Au nanoparticles, thus leading to a

more continuous Au electrode surface. However, from the analysis of the

voltammetric curves in the Au oxide region, they observed that the {100} surface

sites remained almost intact or even increased slightly in this reconstructed surface,

whereas the characteristic signal of the {111} and {110} sites decreased. Neverthe-

less, the enhanced ORR activity was not attributed to the {100} orientation of the

reconstructed film but to the formation of a new type of surface sites whose oxide

reduction peak was observed at 0.4 V versus Ag/AgCl once the upper potential limit

was more positive than 1 V. The experimental evidences indicated that this new type

of surface sites was responsible of the ORR activity enhancement, and they suggested

that these new sites could stabilize better the adsorbed ORR intermediates, thus

facilitating the subsequent reaction step(s). More work is still needed to understand

the nature and electrochemical properties of this type of surface sites.

16.5 Conclusions

The results presented in this chapter clearly indicate that the reactivity of gold

for the ORR is mainly controlled by the surface structure. In alkaline medium, the

Au(100) electrode shows a high activity transferring four electrons at high

potentials, whereas a much lower activity with the transfer of only two electrons

is observed for the Au(111) and Au(110) electrodes. The strong surface structure

sensitivity results in a significant effect of the shape of the nanoparticles in the

reactivity for this reaction. Thus, for nanoparticles with similar size, the reactivity

depends mainly on the fraction of {100} domains on the surface.
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