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Abstract 

This perspective article reviews recent advances in the study of important catalytic reactions 

on gold electrodes. The paper discusses both oxidation and reduction reactions: the oxidation 

of carbon monoxide and alcohols as well as the oxygen reduction reaction on gold electrodes 

and also a brief discussion of other interesting reactions on gold electrodes such as the amine 

borane oxidation and the CO2 reduction. A common theme in electrocatalysis on gold is the 

sensitive dependence of various reaction rates on pH and gold surface structure. The 

electrocatalysis of redox reactions on gold is highly pH dependent, often preferring alkaline 

media, due to the prominent role of negatively charged reaction intermediates related to the 

fact that gold does not bind the neutral intermediates strong enough. Gold also tends to be a 

selective catalyst, again due to its weak adsorption properties, as on gold the reaction often 

stops when a difficult bond breaking or making event would be the necessary next step. 
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 2 

1. Introduction 

“Gold makes the ugly beautiful” is a quote from Jean-Baptiste Poquelin, better known 

as Molière, a French theatre writer, director and actor, and considered as one of the masters 

of comic satire.  In catalysis, gold was long considered the “ugly duckling” for being a too 

noble and therefore catalytically inactive material. However, during the last three decades, 

the catalytic activity of gold has attracted increasing scientific attention1-12. In gas-phase 

catalysis, most of the work has focused on the catalytic activity of gold nanoparticles 

supported on different metal oxides 13-18, which were shown by Haruta to have a surprisingly 

high catalytic activity towards CO oxidation at low temperature16,19 . Even though well-

defined Au surfaces have showed an interesting reactivity toward other reactions in the gas 

phase 11,20-24, the CO oxidation is catalyzed only by oxide-supported gold nanoparticles. It is 

well documented that the size and the shape of Au particles, the nature of the support, and the 

preparation method all play a crucial role in influencing the catalytic activity 8,9,15,17,18,25. 

In liquid-phase electrocatalysis, the catalytic activity of bulk gold surfaces in 

electrochemical environment has been investigated extensively1,3,4,26-36. The low 

overpotential for the oxidation of carbon monoxide on gold electrodes in alkaline media was 

reported first by Roberts Jr. and Sawyer in 1964 26,27. The most significant parameters that 

influence the catalytic activity of gold in electrochemical media are the surface structure 30-

32,34,37 and the electrolyte pH 26,27,29,31,38. However, the surprisingly high catalytic activity of 

gold under electrochemical conditions goes beyond the oxidation of carbon monoxide since 

in alkaline media gold electrodes also show enhanced catalytic activity for the oxidation of 

alcohols1,33,39 and for the oxygen reduction reaction (ORR)40-42. Contrary to the situation in 

gas phase catalysis, only few studies in electrocatalysis have considered the effect of the 

support on the catalytic activity of supported gold nanoparticles. Significantly, a contribution 

by Hayden et at.43,44, who studied the catalysis of gold nanoparticles on carbon and 
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conductive titanium oxide electrodes in acidic media, showed that carbon-supported gold 

nanoparticles show a low activity towards the CO oxidation similar to that of bulk gold in 

acidic media, in contrast to gold nanoparticles supported on sub-stoichiometric titanium 

dioxide which showed high activity at low overpotential, comparable to bulk gold in alkaline 

media.  

This paper explores the conditions and properties that make “ugly gold” beautiful 

under electrochemical conditions, under the assumption that if these properties are better 

understood, gold may be better exploited for (electro)catalysis. On the basis of the examples 

collected in this Perspective, we will argue that it is the tunability of gold’s relative catalytic 

inertness, in combination with the electrolyte pH, that makes it such an interesting catalyst for 

certain catalytic transformations.   

2.  The electrochemical oxidation of carbon monoxide on gold electrodes. 

The electrochemical CO oxidation on gold has been widely studied. In particular the 

effect of the surface structure and the effect of the pH on the catalytic activity have attracted 

the attention of many groups 26,27,29-32,37,38,45,46. Before discussing the effect of the pH on the 

adsorption and oxidation of CO on gold electrodes, it is important to realize that a change of 

pH results not only in a change of the H+ or OH- concentration in the electrolyte but also 

results in an indirect change of the absolute potential range and the electrostatic properties of 

the electrochemical interface. As the oxidation of CO is a reaction in which an equal number 

of protons and electrons are transferred (i.e. two), from a thermodynamic point-of-view it 

makes sense to plot the voltammetry on the pH independent reference scale of the Reversible 

Hydrogen Electrode (RHE). Moreover, the electrochemical potential window is restricted to 

the potential range in which water is stable, which is also expected to be independent of 

potential on the RHE scale. However, on the absolute scale of the standard hydrogen 
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 4 

electrode (SHE), a change in pH leads to a change in the absolute potential of 59 mV/pH, and 

a corresponding change in the local double layer structure and the electric field at the 

electrode–electrolyte interface. Such an effect may lead to changes in the adsorption strength 

of carbon monoxide to the (gold) electrode.47 Therefore, the binding of carbon monoxide to 

gold in acidic and alkaline solution may not be same, even if they are studied on the same 

potential on the RHE scale, because the absolute potential on the SHE scale is not the same in 

the two media. A good example of this effect was measured many years ago by Kunimatsu et 

al.48 , who compared the C-O stretching frequency of CO chemisorbed on gold electrodes in 

acidic and alkaline media, showing that the C-O stretching frequencies obtained in acidic and 

alkaline solution fall onto a single curve on the SHE scale. This suggests that the 

electrochemical Stark tuning effect, i.e. the effect of the electrode potential on the vibrational 

properties of a chemisorbate, can also employed to understand differences between 

chemisorbates adsorbed on electrode surfaces at different pH. 

One example of this pH-induced effect is the CO oxidation reaction. In acidic media, 

due to the weak adsorption energy of CO on gold, the CO oxidation takes places at high 

overpotentials 31,38,48,49. This makes gold a “bad” catalyst toward the CO oxidation in acidic 

media. However, it has been demonstrated that in alkaline media the catalytic activity of gold 

towards the CO oxidation is superior to the catalytic activity of a Pt electrode 48,49. Moreover, 

we have reported experimental evidence for the irreversible adsorption of CO on gold single-

crystal electrodes in alkaline media32. Counterintuitively, CO remains chemisorbed on the 

gold surface in alkaline media, even in the absence of CO in solution, leading to the 

appearance of an unusual adsorption state of the CO on Au(111) and hexagonally-

reconstructed Au(100) electrodes. Figure 1A, curve (a) shows the voltammetric profile of  

Au(111) in 0.1 M NaOH. The peak at 1.10 V before the onset of the surface oxidation at 1.2 

V, is associated with the lifting of the (1×√23) reconstruction of the surface34. This lifting of 

Page 4 of 37Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



 5 

the surface reconstruction is supposed to be induced by the early stages of “irreversible” OH− 

chemisorption or oxide formation. Curve (b) corresponds to the voltammetric profile of the 

Au(111) with  CO irreversibly adsorbed.  In the positive scan, a sharp peak is observed at 0.4 

V. When the cyclic scan is limited to the potential region between 0.05 V and 0.5 V (curve 

1b), this peak appears as almost reversible. If the upper limit potential is extended, an 

additional oxidation current is observed between 0.8 and 1.1 V , which is ascribed to the 

oxidation of adsorbed CO, in agreement with earlier observations49. Figure 1c shows the 

voltammetry of the continuous oxidation of carbon monoxide on Au(111), i.e. with CO in 

solution. Most likely, the voltammetric feature at 0.4 V is associated with the co-adsorption 

(and desorption) of hydroxide from the alkaline solution at low potentials, in view of its 

marked pH-dependence 31,32. As was reported previously31,37, in acidic media, the CO 

oxidation on gold takes place at much higher overpotentials (see figure 1B, which the 

continuous oxidation of CO on Au in acidic and alkaline media), and CO does not remain 

chemisorbed on the gold surface in the absence of CO in solution. The higher catalytic 

activity in alkaline media was attributed to CO chemisorption and an associated “self-

promotion mechanism” 29,31. In this mechanism, CO and OH enhance each other’s bonding to 

the Au(111) surface in alkaline media. This leads to a higher coverage of OH on the surface 

than in the absence of CO, and this adsorbed OH is active in the oxidation of solution-phase 

CO: 

COsol + OHads → CO2 + H+ + e-       (1) 

The solution-phase COsol may in fact be in a (weakly) adsorbed state when it reacts with 

OHads, very much like in a Langmuir-Hinshelwood reaction.  

Density Functional Theory calculations indeed predict that CO chemisorbed to 

Au(111) enhances the nearby bonding of OH to the surface, through what appears to be a 
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 6 

local gold-mediated donation-back donation mechanism driven by a change in the local 

electrostatics29,30. Electroreflectance measurements performed by Cuesta et al.38 also confirm 

that CO chemisorption on gold takes place only if a filled high-energy surface state takes part 

in the chemisorption bond. The threshold potential to fill this high-energy surface state is 

only achievable in alkaline media. 

Hayden et al.43,44 prepared thin conductive titania electrodes in order to study the 

effect of the support towards the CO oxidation on supported gold nanoparticles. They found 

that, contrary to the observed low activity of bulk gold electrodes in acidic media, gold 

nanoparticles between 2-7 nm supported on sub-stoichiometric titanium dioxide showed high 

activity towards the oxidation of CO in acidic media with low overpotential (figure 2). The 

highest enhancement was observed for nanoparticle with 3 nm diameter over the sub-

stoichiometric titanium dioxide. We recently confirmed the results presented by Hayden et 

al.43,44, and in addition we showed that the enhancement in the CO oxidation in acidic media 

is also observed when TiO2, TiOx and MgO nanoparticles are supported on Au 

polycrystalline electrode50.  These new results suggest that electronic interaction between the 

gold and the metal oxide are the driving force behind the enhanced catalytic activity of CO 

oxidation in acidic media, an activity which is comparable to the activity observed in alkaline 

media.  We have proposed that the electronic interaction of the oxide with gold yields more 

electron-rich Au particles. Such charge redistribution in the Au/oxide system would shift the 

Fermi level of gold, such that the absolute potential of gold would mimic the conditions in 

alkaline media. As a result, the electronic interaction of gold with the oxide gives rise to the 

conditions similar to the “self-promotion mechanism” of the CO electrochemical oxidation 

on gold in alkaline media29,31. For this model to be fully confirmed, more detailed 

spectroscopic experiments will be necessary in the future, primarily aimed at probing the 

electronic structure of gold under different conditions. 
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3. Electrochemical oxidation of alcohols and sugars on gold  

The electrochemical oxidation of small alcohols has been widely studied because of 

their possible use in fuel cells. Since the development of the proton exchange membrane 

(PEM) as the electrolyte for fuel cells, the oxidation of alcohols such as methanol, ethanol, 2-

propanol, ethylene glycol and glycerol in acidic media has been considered for fuel cell 

applications33,51-55. In direct alcohol fuel cells (DAFCs), the alcohol is directly oxidised at the 

anode, ideally through a complete oxidation pathway to CO2. The oxidation of alcohols on 

gold electrodes in acidic media typically shows very low activity, whilst in alkaline media 

gold is substantially more active for alcohol oxidation, and can even surpass platinum in 

terms of total oxidation current. This makes alcohols interesting fuels for future low-

temperature fuel cells based on alkaline membrane technology, and gold an interesting 

catalyst for such applications. 

The enhanced oxidation of small alcohols, such as methanol, ethanol and glycerol on 

gold electrodes in alkaline media has been attributed to the deprotonation of the R-OH group 

at sufficiently high pH, leading to the formation of the alkoxide species (RO-). The alkoxide 

species is much more active in oxidation reactions39. To illustrate this effect Fig 3A shows 

how the peak current density of the ethanol oxidation on a gold electrode increases rapidly 

with pH 56. It is proposed that at a pH higher than ca. 11, the ethoxy anion is the main 

reactive species and since its equilibrium concentration steeply increases with pH, so does the 

overall oxidation activity 39,56. The first oxidation product is acetaldehyde. A similar pH 

effect has also been observed for other alcohols. Therefore, alcohol deprotonation is the key 

first step for alcohol oxidation in alkaline media: 

R-OH � R-O- + H+
              (2) 
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 8 

with the further oxidation of R-O- to the corresponding aldehyde being rate determining. 

Since the pKa of reaction (2) depends on the nature of R, alcohols with a lower pKa, such as 

the sugar alcohols or glycerol, have a high oxidation activity, whereas alcohols with a high 

pKa (such as isopropanol and isobutanol), are significantly less active at pH = 11. This 

Hammond relationship between oxidation activity and pKa is confirmed in Figure 3B which 

shows an approximately linear relation between the onset potential for the oxidation of 

various alcohols and the pKa of the corresponding alcohol. For this relationship to hold, it is 

important that the variation in the reactivity of R is small. 

The electrochemical oxidation of glycerol is a reaction that has recently been studied 

extensively on gold electrodes 33,57,58. Glycerol can be used as fuel in a fuel cell device but is 

also used in pharmaceutical formulations and in the manufacture of cosmetics. Kwon et al. 

have studied the pH dependence of the activity and product selectivity of glycerol oxidation 

on gold (and platinum) using online HPLC33. At pH=13, the main oxidation products are 

glycolic acid and formic acid (in equal amounts) and a smaller amount of glyceric acid, 

which is the precursor to glycolic acid and formic acid. In neutral media, only glyceraldehyde 

was observed, suggesting that in alkaline media, glyceraldehyde is the precursor for the 

formation of glyceric acid. No products were observed from glycerol oxidation on gold in 

acidic media. Fernandes Gomes et al.58 also reported on the effect of the pH in the oxidation 

of glycerol on gold electrodes and identified from in situ infrared spectroscopy 

dihydroxyacetone, tartronic acid, mesoxalic acid, glyoxylic acid, and carbon dioxide as 

products in alkaline media, whereas in acidic medium tartronic acid, formic acid, and carbon 

dioxide were observed. In the HPLC study 33, these products were only observed on platinum 

electrodes. One striking observation concerns the comparison between the catalytic activity 

of Au and Pt for glycerol oxidation in alkaline media. Whereas on Pt the onset potential for 

glycerol oxidation is lower, at high anodic potential (ca. 1.2 V vs RHE), gold exhibits the 
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 9 

higher current density. The main reason for this is the lower propensity of gold to form 

surface oxides, which inhibit the alcohol oxidation activity. Therefore, while Pt is an 

intrinsically better catalyst, with a lower overpotential and the capability to oxidize alcohols 

completely to CO2 (at least to some extent), gold can achieve higher turn-over rates at 

sufficiently high overpotential due its lower reactivity towards water and the absence of CO 

poisoning. Therefore, the high activity of gold for the oxidation of alcohols in alkaline media 

has little to do with any special catalytic property of gold, but rather with the favourable 

reaction conditions in solution combined with low tendency of gold to become poisoned by 

either CO or surface oxides.   

In addition to the oxidation of small alcohols, the electrochemical oxidation of a wide 

range of sugar alcohols (i.e., D-glucose, xylose, etc.) has been studied on polycrystalline gold 

electrodes 59-62. Such studies are of interest because gold is extensively used as electrodes in 

the electrochemical detection of sugar concentration in blood 61-63. Such studies focus on the 

sensitivity of the detection 61-63 and the product selectivity 60.  Kokoh et al. report that gold 

electrodes are more active, and therefore more sensitive, towards the oxidation of D-glucose 

than platinum 64. Rao et al. suggest that this is due to the fact that glucose oxidation leads to 

gluconic acid, in neutral and acidic media; this product accumulates in the bulk and inhibits 

the further oxidation of glucose 65. As with the oxidation of CO and smaller alcohols, the 

reactivity of glucose and other sugars has been observed to be much higher in alkaline 

medium 66. Gold also displays a higher catalytic activity for the oxidation of d-xylose than Pt. 

The lower activity of Pt is again due to oxide formation and CO poisoning on Pt 67. 

 In addition to the pH effect, the surface structure also affects the reactivity of gold 

electrodes for alcohol oxidation 68-70.  Figure 4 shows the activity of the three gold basal 

planes towards the oxidation of ethanol (Fig.4A) and ethylene glycol (Fig. 4B) in alkaline 

media. As can be seen in both figures, even though the onset of oxidation is similar for the 
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 10

three basal planes, the catalytic activity of the Au(111) electrode at high potentials is 

significantly higher than on Au(100), whereas the Au(110) shows the lowest activity. The 

simplest explanation for this observation refers to the propensity of the different surfaces to 

form surface oxides. The Au(110) surface is oxidized the easiest, and is therefore much less 

active for alcohol oxidation than Au(111), which has a much higher surface oxidation 

potential.   

 In a recent paper, we have applied our model for CO oxidation on gold in alkaline 

media (section 2) to the oxidation of alcohols 3.  We demonstrated that in strong contrast to 

transition-metal electrocatalysis, for which CO has always been considered a poison, 

adsorbed CO on Au can act as a promoter for the oxidation of certain alcohols, in particular 

methanol. The idea is that adsorbed CO enhances the adsorption of OH, and this adsorbed 

OH helps the deprotonation of the alcohol to the corresponding aldehyde. Figure 5A 

compares the voltammetry of a 0.1 M methanol solution in 0.1 M NaOH on a “clean” 

Au(111) electrode to the same methanol oxidation reaction on a Au(111) electrode modified 

with irreversibly adsorbed CO.  On the unmodified Au(111) in alkaline media  the onset of 

the oxidation of methanol is at ca. 1.0 V. On the Au(111)-CO electrode, however, an 

oxidation current is observed at significantly lower potential.  By using online HPLC (Figure 

5B and 5C) and in situ FTIR, it was confirmed that this current is due to the oxidation of 

methanol, which is shifted to lower potentials and superimposed on the sharp feature at 0.4 V. 

Figure 5 clearly shows that on the Au(111)-CO electrode, the formation of formaldehyde is 

enhanced and shifted by ca. 0.5 V compared to unmodified Au(111). Clearly, the adsorbed 

CO must act as a promoter for methanol oxidation on Au(111). It is interesting to point out 

that in alkaline media the electrochemical oxidation of methanol on a Pt(111) electrode 

surface starts at around 0.7 V vs RHE 71 , a potential related to the onset of the oxidation of 

strongly adsorbed CO. The electrochemical oxidation of  methanol on a CO-modified 
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Au(111) electrode starts at a lower potential 3. We also note that this promoting effect is 

sensitive to the gold surface structure. The CO promotion effect has only been observed on 

Au(111) and on the hexagonally reconstructed Au(100) surface. Recent Density Functional 

Theory (DFT) calculations 72 suggest that this is an electronic effect: adsorbed CO leads to a 

significant lowering of the work function of gold only on the Au(111) surface. This lowering 

of the work function helps the electron transfer needed to bind the electronegative OH 

adsorbate.  

 The electrochemical oxidation of alcohols has been studied on Au nanoparticles 

prepared by different synthesis methods73-80 . Even though some of these studies include the 

effect of the electrolyte composition and shape of the nanoparticles, to our knowledge there is 

no detailed study on the influence of the particle size and shape and the effect of the support 

on the activity for alcohol oxidation. 

The special activity of gold nanoparticles has also been studied in the field of liquid-

phase heterogeneous catalysis 81. In such experiments, the alcohol is oxidized in an aqueous 

(typically alkaline) solution of gold nanoparticles using oxygen as an oxidizing agent. The 

role of oxygen here is primarily to impose a potential to the gold-electrolyte interface at 

which the alcohol oxidation can take place electrochemically. This role of oxygen as a depo-

larizing agent rather than as an oxygen transfer agent, was confirmed by isotope-labelling 

experiments 82. Therefore, the oxidation of alcohols under such conditions appears to be not 

essentially different from electrochemical oxidation. The only possible additional effect is 

any direct influence of the presence of oxygen, for instance through the formation of hydro-

gen peroxide, which is the main product of oxygen reduction at the gold-electrolyte interface 

(for a detailed discussion, see next section). Hydrogen peroxide has been suggested as a pow-

erful oxidant in gold-catalyzed alcohol oxidation83,84. This potential role of hydrogen perox-

ide has been studied electrochemically by assessing the electrochemical activity of glycerol 
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 12

oxidation at gold in alkaline media in the absence and presence of oxygen or hydrogen perox-

ide 85. These studies revealed that the presence of hydrogen peroxide does not lead to any 

significant modification of the rate or products of electrochemical oxidation, and therefore 

hydrogen peroxide has no major influence on the rate or the pathway of alcohol oxidation on 

gold in the aqueous phase.  

 

4. The Oxygen reduction reaction. 

An important electrocatalytic reaction that has been extensively studied on gold 

electrodes is the oxygen reduction reaction (ORR) 41,42,86-88. The mechanism for ORR 

includes several individual steps and two main pathways mechanism are normally 

considered. One pathway involves the formation of water through the transfer of four protons 

and electrons, and the other pathway produces hydrogen peroxide through a two-proton-

electron pathway 89. It is likely that these pathways are not actually independent, but that the 

four-electron transfer pathway proceeds through an (adsorbed) hydrogen peroxide-type 

intermediate. A successful ORR fuel cell catalyst would reduce oxygen molecules to water 

through the four-electron route with a low overpotential. Incomplete reduction of oxygen to 

hydrogen peroxide leads to a low energy conversion efficiency. On the other hand, the 

selective formation of hydrogen peroxide could be of interest from the synthetic point-of-

view.  

Experiments show a remarkable influence of the pH and of the crystallographic 

orientation on the kinetics and the mechanism of the ORR on Au electrodes 41,90-94. The ORR 

on Au has a higher rate in alkaline media than in acidic media, a feature that is common for 

all electrode surfaces that interact weakly with oxygen (i.e. Ag, C, and Hg).  The Au(111) 

electrode was found to have the lowest activity towards the ORR among the three basal 

planes of gold, both in acidic and alkaline media, while the most active surface is Au(100) 
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(Figure 6). Most interestingly, in alkaline media Au(100) electrodes follow a complete 4e 

transfer pathway in a certain potential window, while a 2e- process takes place on the 

Au(111) and Au(110) face. Also, the introduction of steps into the Au(100) surface lowers its 

ability to complete the 4e- reduction (see Figure 6).  

The main features of the pH dependence of the ORR on Au electrodes (as well as on 

Ag, C and Hg electrodes) can be understood on the basis of the Pourbaix diagram shown in 

Figure 7, and the assumption that the first and rate-determining step in the mechanism of the 

ORR on Au is: 

 O2 + e- → O2
-(ads)        (3) 

where the O2
- is either in solution or (weakly) adsorbed on the gold surface.  In acidic media, 

the equilibrium potential of this reaction (-0.31 V vs SHE) is very far from the overall 

equilibrium potential for the 2 or 4e- transfer (see Figure 7) and hence the reaction is slow. In 

alkaline media, on the other hand, this difference is much smaller, and potential for the 

formation of the superoxide anion is closer to the overall equilibrium potential. This is the 

main reason why electrode materials that interact weakly with oxygen species, such as gold, 

are such good ORR catalysts in alkaline media 95, though their catalytic interaction is often 

too weak to lead to O-O bond breaking, making hydrogen peroxide HO2
- the final product. 

Figure 8 shows the voltammetry of ORR on polycrystalline gold for various pH values, 

plotted on both the Standard Hydrogen Electrode Scale (SHE) and the Reversible Hydrogen 

Electrode scale (RHE), illustrating how with increasing pH the onset potential for ORR shifts 

closer to the overall thermodynamic potential 96. This explanation of the pH dependence of 

the ORR on Au is similar to recent calculations performed by Quaino et al.97. They suggested 

that in acidic media the d-band centre and the strong interaction with the intermediates plays 

an important role in the ORR, while in alkaline media the d-band plays no role and the 
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catalytic activity is mainly due to the weak interaction of the O2
- intermediate and the low 

coverage of adsorbed OH in the region where oxygen reduction takes place. We also note that 

computations that assume the same reaction mechanism for the ORR on Pt and Au, such as 

the one by Viswanathan et al. 98, cannot reproduce the different pH dependences of the 

overall ORR rate between Pt and Au, as such a mechanism does not include the role of the 

O2
- intermediate. 

Studies performed by Adzic’s group on ORR on stepped Au surfaces show that the 

catalytic activity for the 4-electron pathway in alkaline solutions is fully associated to the 

presence of (100) domains40,92,99, as illustrated in Figure 6. In spite of a number of DFT 

calculations which have attempted to understand this peculiar structure sensitivity 100,101, the 

origin of the high catalytic activity of these domains for the ORR is not fully understood. 

Adzic et al. have suggested that the difference is related to the OH adsorption energy on the 

(100) domains40,91,92,94. However, we note that the specific activity of (100) terraces for bond 

making and bond breaking is a rather common observation in electrocatalysis 102. For the 

oxidation of dimethylether on Pt(100), the activity of the (100) surface has been shown to be 

related to an active “ensemble” site consisting of four surface atoms in a square arrangement 

103, and it is likely that this is also the active site for the ORR on Au(100). 

The remarkable structure sensitivity of the ORR on Au in alkaline media translates 

into a corresponding dependence of the ORR activity on the shape of Au nanoparticle 

catalysts. Hernandez et al.88,104-106 used the rotating ring disk electrode (RRDE) to study the 

electrocatalytic activity and mechanism of the ORR on gold nanoparticles with different size 

and surface orientation. As shown in Figure 9A,  the onset potential for the ORR on cubic 

nanoparticles is close to the onset potential of the oxygen reduction on Au(100) single crystal 

electrodes, while the activity of the nanorods is significantly lower than that of the cubic and 

spherical nanoparticles88,104,106. As can be seen in Figure 9B and 9C the formation of H2O2 
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and the total number of electrons transferred per O2 also differ between the different 

nanoparticles, the cubic nanoparticles being the most active for the 4-electron reduction, in 

agreement with the single-crystal results. 

The effect of the support and the particle size of gold nanoparticles towards the 

oxygen reduction reaction have also been subject of study. Gold nanoparticles with particle 

sizes from 1 nm to 30 nm prepared on highly oriented pyrolytic graphite (HOPG) and boron-

doped epitaxial 100-oriented diamond, were investigated for their ORR activity107. A 

dependence of the kinetic currents on the particle size was observed but no effect of the 

different carbon supports on electrocatalytic activity was found. On the other hand, a strong 

support effect was observed by Guerin et al.86 when comparing the catalytic activity of gold 

nanoparticles on carbon and non-stoichimetric TiOx supports. The gold nanoparticles 

supported on non-stoichiometric TiOx showed a 3 times higher specific activity than 

nanoparticles deposited on a carbon support. Guerin et al also reported that, independent of 

the support, nanoparticles with a 3 nm diameter showed the highest specific catalytic activity 

for ORR and the activity decays rapidly for particle sizes below 3.0 nm. Interestingly, while 

the ORR seems to be enhanced on small particles (≈ 3nm), Au particles with a diameter 

below 2.5 nm are less active for oxygen reduction, independent of the supporting material.86 

In agreement with the results of Guerin et al 86, Tang et al. also reported a strong Au 

nanoparticle size dependence of the ORR kinetics in alkaline media, observing that the ORR 

kinetic current density (jkin) of the 3 nm gold nanoparticles was 2.5 times higher than that 

obtained with the 7 nm gold nanoparticles.  

Summarizing, the ORR activity on gold electrodes is highest in alkaline media, as a 

result of a rate-determining step that does not involve proton transfer (reaction 3). The ability 

of gold to complete the four-electron transfer depends sensitively on the gold surface 

structure, in particular on the presence of two-dimensional (100) domains. Therefore, cubic 
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Au nanoparticles in alkaline media exhibit the highest activity. The optimal size of the 

nanoparticles appears to be close to 3 nm, though these nanoparticles will typically not 

possess extensive (100) terraces, and therefore HO2
- will be the main product. The detailed 

effect of the support is still not so clear and not well understood.  

5. Other reactions.  

The study of the electrochemical oxidation of borohydride and amine boranes 

(DMAB) has attracted attention because of their direct use in fuel cells for powering portable 

electronic devices, mainly due to their high energy density related to the number of electrons 

transferred per borohydride ion 4,35,36,108-110. 

Even though the borohydride oxidation reaction (BOR) involves eight electrons per 

BH4
− species (eq.4 below) most of the electrode materials used for this reaction, i.e  Ni-, Pd-, 

and Pt-based electrocatalysts, usually show faradaic efficiencies below 100% 111-113. In 

particular, Pt electrodes show efficiencies in the range of 25–75%. This is due the 

competition between the BH4
− direct oxidation and the unwanted heterogeneous hydrolysis of 

the borohydride promoted by Pt. During the heterogeneous hydrolysis, a significant amount 

of hydrogen is produced (Eq. 5), and the diffusion of the H2 away from the electrode surface 

without further oxidation causes the decrease of the faraday efficiency.  

   BH4 
− + 8OH− → BO2 

− + 6H2O + 8e−                     (4) 
 

 BH4
− + xOH− → BO2

− + (x – 2)H2O + (4 − 0.5x)H2 + xe−            (5) 

Interestingly, it has been suggested that the poor catalytic activity of gold electrodes 

towards the hydrolysis of the BH4
- makes gold an efficient catalyst for the oxidation of 

borohydride and amine boranes 4,114. Still, a recent study from Chatenet et al.108,115 showed a 

small but non-negligible generation of H2 on Au in the BOR potential window. The authors 
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reported that the potential for a sufficient efficiency in the oxidation of  BH4
− (0.5 V vs RHE) 

is not suitable for fuel conversion in the direct borohydride fuel cell115. On the other hand, the 

oxidation of amine boranes in alkaline media on gold electrodes shows negligible hydrolysis, 

low oxidation overpotential and high faradic efficiency. In this regard, the study of the 

oxidation of amine boranes on gold electrodes is important for the development of fuel cell 

technology based on the use of this compound as a fuel. Plana et al.35,36 reported a marked 

difference in the electrochemical oxidation of dimethyl borane on the structure of the gold 

surface. As shown in figure 10, the onset potential for the initial oxidation increases in the 

series: Au(110) < Au(111)< Au(100), although the limiting current is ca. 30% higher on 

Au(100) compared to the other surfaces.  

Another reduction reaction that has been studied quite extensively on gold, in addition 

to the oxygen reduction reaction discussed in section 3, is the electrocatalytic reduction of 

carbon dioxide. Gold is a rather unique electrode material for CO2 reduction as it shows the 

highest activity and faradaic efficiency towards the selective formation of CO, amongst a 

variety of electrode materials studied for this reaction 116. Given the unique ability of gold to 

oxidize CO to CO2, (see section 2) and the expected catalytic reversibility of two-electron 

transfer reactions 117, the outstanding activity of gold towards CO2 reduction to CO is perhaps 

not that surprising. As a result, this reaction has recently regained quite a bit of attention in 

relation to the electrochemical mitigation and utilization of CO2 
118,119. In agreement with 

most other electrochemical reactions catalyzed by gold, also the CO2 reduction on gold is 

sensitive to pH 120. From measurements of the pH dependence, the Tafel slope and the CO2 

reaction order on polycrystalline gold, Noda et al.120 concluded that the rate-determining step 

is the formation of an adsorbed CO2
●- intermediate. Note the similarity with the rate-

determining step for the ORR on gold, which also does not involve a proton transfer, and 

which involves the formation of a (presumably weakly adsorbed) radical anion.  Detailed 
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experimental studies on the structure sensitivity of the CO2 reduction on Au are not available, 

although based on DFT calculations, Zhu et al.119 have suggested that step sites in the gold 

surface are the most active for this reaction. 

5. Concluding remarks 

In this Perspective article, we have reviewed the electrocatalysis of a number of 

important redox reactions on gold electrodes. We believe that from a comparison of these 

reactions, we can identify a number of recurrent themes. First of all, the electrocatalysis of 

redox reactions on gold is typically highly pH dependent, often preferring alkaline media.  

Such pH dependence is usually a sign of decoupled proton-electron transfer steps in the 

mechanism of the catalytic reaction under study 95. The intermediates in such a mechanism 

are often stabilized by their interaction with the solution, implying that the interaction with 

the “catalytic” gold is weak. Electrocatalysis on gold often favours alkaline media as those 

conditions favour the adsorption of OH on gold (for CO oxidation) or the stabilization of 

negatively charged intermediates (for alcohol oxidation, oxygen reduction, perhaps also 

carbon dioxide reduction). Gold can efficiently perform electron transfer but interacts weakly 

with reactants and intermediates so that it does not easily poison. This statement holds 

especially for oxidation reactions, for which the low propensity of gold to form surface 

oxides is especially advantageous. We have speculated 50 that a possible role of the support, 

such as that reported for CO oxidation, may be related to a similar electronic effect as that 

induced by alkaline media, namely that the absolute electrode potential is effectively more 

negative, promoting the adsorption of reactive species. Secondly, gold tends to be a selective 

catalyst, again due to its weak adsorption properties. Difficult steps in a mechanism, such as 

bond breaking or bond making steps, are not easily catalyzed by gold, unless these steps are 

clearly favoured by thermodynamics. Perhaps “partial” oxidation or reduction is a better term 

in this respect than “selective”. Thirdly, the catalytic properties of gold may be structure 
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sensitive, as the activity for certain reactions is sensitive to the surface facet studied in single-

crystal experiments. The Au(111) surface seems to be preferred when a high oxidation 

activity is required, due to the weak interaction of this surface with poisoning surface oxides, 

and the Au(100) surface appears optimal when a bond breaking step is involved. Therefore, 

with a suitable tuning of the gold surface structure and the electrolyte pH, gold can indeed be 

a beautiful catalyst for electrochemical reactions.  
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Figure Caption 

Figure 1. (A) Voltammetric profiles at 50 mV s
−1

 of the Au(1 1 1) electrode in 0.1 M 

NaOH (a) in absence of CO, (b) in presence of chemisorbed CO and (c) in presence of 

CO in solution. Copyright from 
32

 (B) Hanging-meniscus rotating disk electrodes 

voltammograms of Au(111)  in CO-saturated 0.1 M HClO4 (black) and in CO-saturated 

0.1 M NaOH (red) Scan rate: 50 mV s
−1

. Rotation rate: 1100 rpm.  

Figure 2. Comparison of the cyclic voltammetry in CO-saturated 0.5 M HClO4 

electrolyte of gold supported on carbon (gray) and titania (black) for four different 

particle sizes (indicated). Scan rate: 50 mV/s; T=298 K.  Reproduced with copyright 

permission from 
44
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Figure 3. (A) Measured current jp for 0.5 M ethanol oxidation on a gold electrode at 

peak potential (black curve) or at 1.2 V vs RHE (red curve) minus the background 

current j0 as a function of the electrolyte pH using 0.1 M phosphate buffers. (B) Plot of 

the onset potential of the oxidation versus of various alcohols vs. their pKa; the alcohols 

are in order of increasing pKa: sorbitol, erythritol, glycerol, ethylene glycol, ethanol, iso-

propanol, iso-butanol. Reproduced with copyright permission from 
39,56

 

Figure 4. (A) Voltammetric profile of the (—)Au(111), (—)Au(100), (—)Au(110) and (—

) Au(polyoriented) electrodes in (A) 0.1 M NaOH + 0.5 M ethanol . (B) Oxidation of 0.1 

M ethylene glycol on Au single crystal electrodes in 0.1 M NaOH. Scan rate: 50 mV/s. 

Reproduced with copyright permission from 
68

 

Figure 5. (A) Voltammetric profile of Au(111) in 0.1 M NaOH + 2.5 M CH3OH in the 

absence (black curve) and presence (red curve) of adsorbed CO, at a scan rate of 1 mV 

s
−1

. b,c, Intensities of the peaks related to the retention times of formaldehyde (B) and 

formate (C) in the HPLC column as a function of potential. Red open circles: with CO 

on the Au(111) surface; black solid squares: clean Au(111) surface without COads. Data 

points in B and C are single-point measurements converted into corresponding 

concentrations by a calibration line with an error smaller than 0.1%. Reproduced with 

copyright permission from 
3
 

Figure 6. Disk current densities at 1600 rpm for ORR on the low-index planes of gold as 

indicated in the figure in 0.1 M NaOH. Reproduced with copyright permission from 
91

.  

Figure 7. Schematic Pourbaix diagram of the relevant reactions for the oxygen 

reduction on gold.  
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Figure 8. Voltammetry of oxygen reduction at a polycrystalline gold rotating disk 

electrode as a function of pH in the absence of buffering anions. (A) voltammetric 

curves plotted vs the SHE reference; (B) voltammetric curves plotted vs the RHE 

reference. Rotation rate 2500 rpm, scan rate 10 mV/s. Reproduced with copyright 

permission from ref 93. 

Figure 9. (A) Disk currents on the gold nanorods (solid line), seed nanoparticles (dashed 

line) and nanocubes (dotted line) in an oxygen saturated 0.1 M NaOH solution at 3500 

rpm. (B) Ring currents recorded on the platinum ring at 1 V versus the disk potential. 

(C) Apparent number of electrons transferred for the oxygen reduction reaction on the 

gold nanoparticles. Reproduced with copyright permission from 
106

  

 

Figure 10. Cyclic voltammograms of Au(1 0 0), Au(1 1 0) and Au(1 1 1) surfaces in 0.1 

M KOH in the absence (dotted lines) and presence of 2.0 mM DMAB. Scan rate = 50 

mVs
−1

. The blank voltammograms were multiplied by a factor of ten to allow 

comparison. Reproduced with copyright permission from 
36
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Figure 3. 
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