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Abstract
The reduction of oxygen on gold electrodeposited on an organic template has been
investigated. The template consisted of reduced 4-nitrophenyl groups attached to glassy carbon
(GC) by the electrochemical reduction of the corresponding diazonium compound. The
electrode modified by this Au nanostructured film shows electrocatalytic properties for the
oxygen reduction reaction (ORR) different from those of bulk Au, GC or GC grafted with 4nitrophenyl groups. The reduced nitrophenyl film inhibits the O2 reduction reaction. A twostep reduction mechanism with production of hydrogen peroxide in the first step and water in
the second was observed in alkaline solutions. The standard heterogeneous rate constants for
this EE reduction mechanism have been calculated using non-linear regression analysis (NLR).
Key words: Electrocatalysis, Oxygen Reduction, Gold nanostructures, Templated Deposition,
Hydrogen Peroxide production

1. Introduction
There has been an increased interest in the use of nanosized particles of metals and alloys as
electrocatalysts since these present a much higher catalytic activity than bulk materials due to
their large surface area and the presence of reactive surfaces sites .1,2 Moreover, their catalytic
properties are strongly dependent on their size and shape.3,4 Electrocatalysts made from size
and shape-controlled metal nanoparticles are being developed for the efficient and selective
control of electrochemical reactions for example, for the electrocatalytic reduction of oxygen
of importance in fuel cell technology.1 Nanoparticles can be attached to an electrode surface by
either chemical bonding or physical attachment and by controlled electrodeposition. The
preparation of metal nanoparticles and/or nanostructured surfaces by electrodeposition has the
advantage of simplicity, low cost and also, decreasing the risk of contamination during
preparation.5-7 In order to reduce oxygen selectively and efficiently on noble metals deposited
1

on an electrode, the deposition process must provide control of metal particle size and
geometry.4

The present work has attempted to modify deliberately the substrate surface to

control the size of the electrodeposited nanostructures.

Nanostructured electrocatalysts have been previously prepared by chemical reduction of metal
ions coordinated to an amino terminated film attached to HOPG8 and by electrodeposition. For
the latter, Pt,9 Ag10 and Pd11 nanoparticles have been grown on organic functionalised carbon
nanotubes and/or carbon electrodes for O2 reduction or methanol oxidation. Boron-doped
diamond (BDD),12,13 Au,14 Pt15 and glassy carbon (GC)16 have been used as substrates for
electrodeposited gold. There has been recently interest in templated deposition as a means of
controlling size and shape of nanostructures.17-20

and organic monolayers have been

investigated as templates.9,11, 21-23 Significant improvements in the uniform deposition of metal
nanoparticles were reported when suitable organic monolayers were attached to the electrode
surface prior to deposition. For instance, nanoparticles of Pd21 and Pt22 have been grown on
self-assembled monolayers (SAMs) chemisorbed on Au electrodes and nitrophenyl monolayers
have been used as a template for the deposition of Pt,9 Ag10 and Pd11 nanoparticles on multiwalled carbon nanotubes. Electrodeposition of Au on Pt(111) modified with a layer of
benzenethiol and 1,2-benzenedithiol has also been reported.23 The deposition of threedimensional gold clusters was observed for the former.
The electrochemical reduction of oxygen follows two main pathways: a “direct” 4-electron
reduction leading to water or OH ions in acid and alkaline solutions, respectively, and/or a
pathway involving the formation of hydrogen peroxide as an intermediate. The peroxide
formed can be further reduced following chemical/electrochemical mechanisms or it can
disproportionate.24-27 Which of these reaction channels is followed depends greatly on the
electrode material and/or its crystal orientation and therefore, on the coordination of adsorbed
oxygen.24 Gold can supports both two- and four-electron pathways depending on surface
orientation and experimental conditions.24-27

The purpose of the present work was to investigate the reduction of oxygen on nanostructured
gold surfaces formed by electrodeposition through a nitrophenyl film used as a template
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through which gold was electroplated. Grafting of the film to a glassy carbon electrode was
achieved by the reductive cycling of the corresponding diazonium compound, a technique that
has been extensively employed for the surface modification of carbon materials and metals
with different functional groups.28-32 It was of interest to investigate if templated
electrodeposits could direct the reduction of oxygen in a different way from that of the bulk
metal.9-20

2. Experimental
2.1.

Chemicals

4-Nitrobenzenediazonium tetrafluoroborate (NBD, 97%, Aldrich), hydrogen tetrachloroaurate
(III) trihydrate (HAuCl4×3H2O, 99.9+%, Aldrich) and tetrabutylammonium tetrafluoroborate
(TBABF4, 99%, Aldrich) were used without further purification. Acetonitrile (HPLC grade,
99.93%, Aldrich) was stored over activated molecular sieves. Potassium hydroxide was from
BDH (AnalaR); oxygen (99.95%) and Ar (99.997%) were obtained from BOC gases (UK).
MilliQ® water (Millipore, Inc.) was used throughout.

2.2.

Electrochemical measurements

A Pine Instrument Company glassy carbon (GC)-Au disk-ring electrode of 0.164 cm2 disk area
was employed. For the measurements in alkaline solutions, the ring potential was set at 0.0 V
to ensure quantitative detection of the peroxide produced on the disk. A collection efficiency of
0.22 was determined from measurements of hexacyanoferrate(III) reduction. The electrode was
polished to a mirror finish using increasingly finer aqueous alumina slurries (1.0, 0.3 and 0.05
m, Buehler) prior to each experiment, followed by repeated sonication in water. The electrode
was finally dried in a stream of high purity argon before surface modification. All experiments
were performed in a three-electrode glass cell with a platinum gauze counter electrode and a
saturated calomel reference electrode (SCE); all potentials are referred to this electrode. The
potential was controlled with an Autolab PGSTAT20 potentiostat (Eco Chemie B.V., The
Netherlands). The working electrode was rotated using a Pine Instrument Company (Grove
City, PA, USA) AFMSRX rotator and MSRX speed controller. All measurements were made
at room temperature (21 ± 1 C). Non-linear regression analysis fits were performed using
Microcal™ Origin® Version 7.0.
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The O2 reduction results were analysed using the Koutecky-Levich relationship:33
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where I is the measured current, Ik and Id are the kinetic and diffusion-limited currents,
respectively, n is the number of electrons transferred per O2 molecule, k is the rate constant for
O2 reduction, F is the Faraday constant (96485 C mol 1), A is the electrode area,

is the

angular rotation velocity (in rad s 1), cOb 2 is the bulk oxygen concentration (1.21 10

6

cm 3),34 D O 2 is the diffusion coefficient (1.87 10

5

cm2 s 1)35 and

mol

is the kinematic viscosity

of the solution (0.01 cm2 s 1).36 The potential dependence of n was calculated from the slopes
of these plots.

2.3.

AFM and XPS measurements

Tapping mode AFM images were obtained with an STM/AFM (PicoScan 2000®, Molecular
Imaging) equipment using PicoScan® software Version 4.1g and magnetically coated Si
cantilevers. XPS measurements were carried out with a SCIENTA SES-100 spectrometer using
a Mg K

X-ray source (incident energy = 1253.6 eV) and a take-off angle of 90o. The

following parameters were used for the survey scan: energy range = 900–0 eV, 300 W, pass
energy = 200 eV, step size = 0.5 eV, 1 sweep. For high resolution scans the step size was 0.1
eV; 5 sweeps were carried out and averaged.

2.4. Modification procedure
Electrode grafting of the GC electrode with nitrophenyl groups was performed by cycling the
potential three times between 0.4 and -0.4 V in a 10 mM solution of NBD in anhydrous
acetonitrile containing 0.1 M TBABF4 as base electrolyte at a sweep rate of 100 mV s 1. A
fixed potential of -0.25 V was applied for 300 s at the end of these cycles in order to ensure full
surface coverage. The electrode was rinsed with acetonitrile and then sonicated in acetonitrile
for 10 min. to remove excess NBD. It was then rinsed with acetone and water before use. The
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attached

NO2 groups were reduced first by cycling three times in 0.1 M aqueous KOH

between 0 and -1.2 V and then holding the potential at -0.8 V for 300 s to ensure complete
reduction of the attached nitrophenyl to nitrosophenyl groups. Gold deposition was carried out
on this modified electrode by applying a potential step from 0.5 to –0.3 V for 0.5 s when in
contact with a freshly prepared 1 mM solution of HAuCl4 in 0.1 M KOH. The reason for using
alkaline media was to provide a system (see below) that would display characteristic nucleation
and growth phenomena that could be used to produce a nanoparticulate surface. The GC
modified electrode was then rinsed thoroughly with water and cyclic voltammograms were
recorded in Ar saturated solutions. The grafting and deposition procedures are outlined in
Scheme 1.
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Scheme 1. Schematic description of the nucleation and growth of a nanostructured gold layer
templated by a grafted film.

3.

Results and discussion
5

3.1. Electrografting of the template molecular film
Figure 1 shows the cyclic voltammogram for the reductive grafting of NBD. A large
irreversible cathodic wave is observed, which leads to the formation of the nitrophenyl radical
and its attachment to the carbon surface. As previously observed, the current on the second
sweep is greatly reduced due to coverage by nitrophenyl groups;28-32 subsequent voltammetric
scans show very low background currents (Figure 1).

3.2. Characterisation of the grafted organic film
3.2.1. XPS measurements
Figure 2 shows the XPS results for a functionalised electrode. The peaks for C, O and N in the
survey spectrum clearly indicate the presence of the nitrophenyl film.37 The high resolution
spectrum in the N1s region (Figure 2) shows two peaks at 400 and 406 eV. These correspond
to reduced forms of the nitro group (-NH2 and/or –NHOH38) and to the NO2 group,
respectively.38-40 The spectrum suggests that a partial reduction of the nitro groups might take
place either during grafting or caused by the X-ray beam in the XPS chamber as observed for
nitrobenzene grafted on carbon, various metals38 and on SiO2. 40

3.2.2. Electrochemistry of the nitrophenyl film
The cyclic voltammetry of the grafted GC electrode in 0.1 M KOH is shown in Figure 3. A
large reduction wave is observed at approximately -0.92 V in the first scan due to the
irreversible reduction of the –NO2 group followed by an oxidation peak at ca -0.43 V in the
reverse cycle. Further reduction of the surface groups was not observed under these
experimental conditions but in acid media, further irreversible reduction to the amine was
observed at -1.1 V (data not shown).38,39 The electrochemistry and electrocatalytic properties of
the nitrophenyl monolayer film for the reduction of oxygen will be presented elsewhere.41
The surface groups present can be analysed from the known electrochemistry of nitrobenzene,
which follows a two-step reduction in alkaline solutions.38-39 The first step is a two-electron
irreversible reduction to nitrosobenzene followed by a quasi-reversible two-electron, twoproton reduction to phenylhydroxylamine according to:38-39
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Scheme 2.

It is proposed that the reduction wave observed in the first cycle in Figure 3 corresponds to the
formation of 4-nitrosophenyl groups (NOPh) according to Scheme 2. The voltammetric wave
observed in subsequent scans corresponds to the reduction of the nitroso group as previously
observed for the reduction of nitrosobenzene.38 The surface coverage of the modified electrode
was calculated from the average charge density under the voltammetric peaks at various sweep
rates according to Γ=Q/nFA, where Q is the charge under the peak, n is the number of electrons
involved, F is the Faraday constant and A is the electrode area.33 A surface concentration of
(9±3)×10

10

mol cm

2

was found considering n=2 (Scheme 2). The surface coverage for a

monolayer of 4-nitrophenyl groups calculated from its molecular dimensions is 1.25×10

9

mol

cm 2.29 Therefore, the film obtained from the grafting procedure has a coverage less than or
close to a compact monolayer. Thus, the reduction of the surface nitrophenyl groups leads to
electron-rich 4-nitrosophenyl substituents (NOPh) which can provide nucleation centres for the
electrodeposition of gold and the whole film can then act as a template for the confined growth
of a nanostructured metal electrodeposit. This is the idea that was explored in what follows.

3.3. Electrodeposition of gold on a NOPh grafted GC electrode
Alkaline AuCl4 solutions were used for the electrodeposition of gold since these appeared to
provide a better medium for nucleation and growth of nanocrystals than those from neutral or
acidic solutions. AuCl 4 decomposes slowly in 0.1 M KOH with a half-life time for the full
decomposition of several hours42 forming soluble intermediate hydroxychloro gold(III)
[Au(OH)xCl4-x] complexes.43 The final product is the soluble form of the weakly acidic
Au(OH)3. The equilibrium solubility of gold hydroxide at room temperature in 0.1 M NaOH is
0.1 mM.44 A concentration of AuCl 4 in 0.1 M KOH higher than this was employed in the
present work but the solutions were freshly prepared before use and no precipitation of
Au(OH)3 was observed, as also reported by others.45
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Figure 4 compares the first scan for the deposition voltammograms of Au(III) on bare GC and
GC grafted with 4-nitrosophenyl groups (GC/NOPh). Electrodeposition on both surfaces
shows a characteristic nucleation and growth current-potential feature, with a sharp maximum
in the current during the nucleation step followed by the characteristic growth features
changing form spherical to linear diffusion. The current crossover observed for the forward and
reverse scans is due to the growth of gold on the centres formed during the nucleation step.
The crossover potential has been used as an estimate of the formal potential of the metal
couple12,46 and values of 0.16 and 0.24 V were observed for deposits on GC and on the
template film. The nucleation and growth potentials were approximately 0.06±0.02 V for bare
GC and 0.19±0.02 V for NOPh grafted GC. These potentials are much more negative than
those previously reported for gold deposition on a boron-doped diamond electrode in 0.1 M
H2SO4 (0.67 V).12 The difference is due to the formation of chloro-hydroxo complexes of gold
in the alkaline medium. The gold functionalised electrode (GC/NOPh(Au)) was prepared as
described in Section 2.4.
Coordination of a metal ion shifts its deposition potential to more negative values.21-23
However, the positive potential shift observed between bare and templated glassy carbon is
probably due to the strong interaction of the nitroso groups present on the template film with
the electrodeposited gold. Weaver et al demonstrated that nitrosobenzene is strongly adsorbed
on gold in alkaline media but not in acid solutions using Surface Enhanced Raman
Spectroscopy (SERS).47 In consequence, a positive shift of the nucleation and deposition
potential of small metal clusters due to their interaction with the template medium would be
expected. The deposition current observed for the NOPh modified GC is greater than that of
bare GC for similar experimental conditions (Figure 4) after differences in concentrations are
factored in, indicating a higher number of nucleation sites for the former.

Figure 5 shows that the functionalisation of GC provides a template for the nucleation of a
nanostructured film. Figure 5a shows an AFM image of the Au deposit on GC/NOPh.
Individual nanosized islands of gold with average size of 20-25 nm are observed. Figure 5b
shows a typical cyclic voltammogram of this modified electrode in 0.1 M H2SO4. The
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oxidation and reduction waves for this surface are similar to those observed for bulk gold.23
The charge under the cathodic wave was approximately 940 μC cm 2. The charge required to
form an oxide monolayer on gold48 is 400 μC cm

2

and hence the roughness factor of the

modified electrode was approximately 2.4. Similar voltammograms in an acid solution have
been reported for Au nanoparticles chemically attached to surfaces through bifunctional
linkers,49 for thin Au films deposited by vacuum evaporation

50,51

and for gold nanoparticles

attached to multi-walled carbon nanotubes.52

The presence of metallic gold was demonstrated by XPS. The high resolution spectrum in the
Au 4f region (Figure 6) shows the Au 4f7/2 and 4f5/2 peaks at 83.8 and 87.6 eV of metallic gold,
in agreement with literature values of 84.0 and 87.7 eV.53

3.4. O2 reduction on GC/NOPh(Au) electrodes
3.4.1. Acid solutions
Figure 7 shows the reduction of O2 on a GC/NOPh(Au) electrode in 0.1 M H2SO4 and the
corresponding potential dependence of n obtained by fitting the experimental results to
Equation (1). n has a value of three at low potentials increasing to four as the potential is made
more negative. These measurements were limited to E > -0.45 V due to the onset of hydrogen
evolution. The increasing contribution of the 4e pathway with increasing negative potentials is
similar to previous results obtained with thermally deposited thin Au films on GC50,51 but
different from those obtained by El-Deab and Ohsaka who compared O2 reduction on
electrodeposited gold nanoparticles with bulk gold.14 A value of n=4 was found for the former
and 3 for bulk Au14 indicating that nanostructured gold is more reactive towards further
reduction and/or disproportionation of peroxide.27 The electroreduction of H2O2 starts at ca. 0.15 V (SCE) and therefore, further reduction of the peroxide formed takes place
simultaneously with O2 reduction.54 These results highlight the profound influence of geometry
of the electrodeposited metal on reduction kinetics.

3.4.2. Alkaline solutions

9

Figure 8 compares cyclic voltammograms of a GC electrode in Ar saturated 0.1 M KOH before
and after modification with NOPh and after Au deposition. After functionalisation, the
characteristic redox processes for the Ar-NO/Ar-NHOH couple are observed (See also Figure
3). After Au deposition, the voltammogram for the GC/NOPh electrode is extensively
suppressed, a consequence of the strong interaction between the nitroso groups and the
deposited gold, as previously described by Weaver et al.47 In the presence of oxygen, the
reduction of O2 on the GC/NOPh electrode is partially inhibited by the attached film but the
inclusion of Au within the film results in the appearance of two well-defined voltammetric
waves indicating that the electrodeposited Au provides electrical communication with the
substrate.

The presence of two reduction waves was further investigated using a rotating disk electrode.
Figure 9 compares the reduction of O2 at a rotating GC disk electrode with various surface
modifications. The lower limiting reduction current observed compared with bulk gold (Figure
9a) is due to partial blocking of the GC active surface by the attached nitrosophenyl film. In
addition, no large catalytic wave associated with the reduction of Ar-NO or with its reduced
form is observed showing that the reduced substrate has a low reactivity towards oxygen. In
contrast with bulk gold, the disk and ring currents clearly indicate a two-step reduction for the
GC/NOPh(Au) electrode. The amount of peroxide produced on the GC/NOPh(Au) electrode
reaches a maximum at approximately -0.7 V and then decreases at more negative potentials.
This is not the case for unmodified GC or GC/NOPh electrodes for which the production of
peroxide increases for E < -0.7 V. Figure 9 also clearly shows that the two-step reduction is a
property of the Au deposited on the template film and not of the underlying GC surface or the
NOPh film. The typical bell-shaped ring currents (Figure 9b) is a clear indication of peroxide
formation and its further reduction at more negative potentials.55

Figure 10 shows the RDE polarisation curves for O2 reduction on the GC/NOPh(Au) electrode
at several rotation rates. Although the ring currents clearly demonstrated the formation of
peroxide these had a poor reproducibility and were not quantitative, probably due to
contamination by attached and/or adsorbed nitro- or nitrosobenzene and therefore, the RRDE
mechanistic diagnostic criteria56 could not be applied. These results show the presence of two
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distinguishable reaction mechanisms, a 2e reduction at potentials more positive than -0.9 V
and a 4e reduction at more negative potentials, in accordance with the cyclic voltammetry
results (Figure 8). To the authors’ knowledge, this is the first report of a well-defined two-step
oxygen reduction on a gold nanoparticulate surface. Previous work by Ohsaka et al.57
demonstrated two overlapping waves corresponding to the 2e and the 4e reactions in 0.1 M
phosphate buffer (pH=7.2) for Au electrodeposited on GC. The efficiency of H2O2 production
was dependent on Au loading and the two-step reduction was only observed for very small Au
loadings i.e., for small particle sizes.57 The trend observed in the present work in alkaline
media highlights the influence of metal deposition conditions on product distribution and
hence, of the surface structures obtained. The contributions of the GC electrode support to the
measured currents are minimal and both the grafted nitrophenyl film and the gold layer
effectively block the substrate.

The potential dependence of n is shown in Figure 11 where it can be seen that the calculated
values of n are close to two and four for the first and second reduction steps, respectively.
These results are confirmed qualitatively by the ring currents shown in Figure 9b. This
behaviour is very different from that observed for bulk gold57 indicating that the nanostructured
Au surface induces significant changes in the reduction mechanism.

The sensitivity of the kinetics of oxygen reduction to surface structure has been known for a
long time.58-63 The effect of crystalline orientation has been extensively analysed by Štrbac and
Adžić.63 These authors demonstrated that the reduction mechanism is determined by the
chemisorptions of the OH ion to yield AuOH(1

λ)

. The (100) orientation supports the 4e

reduction while the (111) and (332) surfaces lead almost exclusively to peroxide in the whole
potential range. The details of these reactions are unclear but recent studies by Kim and
Gewirth using surface enhanced Raman spectroscopy (SERS) and density functional theory
calculations (DFT)27 indicate that decomposition of the peroxide produced is catalyzed by the
adsorbed OH species but only on the Au(100) surface. Thus, the four-electron reduction of
oxygen on Au(100) in basic media is accomplished by the disproportionation of peroxide
resulting from the first two-electron transfer steps.27 A change in reaction pathway from 2e to
4e at more negative potentials was observed and ascribed to the potential dependence of the
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hydroxide adsorption on Au(100) that catalyzes the reduction of peroxide.62 This change of
coverage by adsorbed -OH species leads to a current maximum which is also observed for
polycrystalline Au in 0.1 M KOH (see Figure 9) but not for the GC/NOPh(Au) electrode
(Figure 10). A similar trend was also observed by Kuzume et al. for a Au surface modified
with adsorbed fullerene.64 Fullerene is inactive for O2 reduction and its adsorption on Au alters
the adsorption sites for the first reduction intermediate due to a surface blocking effect.

The behaviour observed does not correspond to the underlying NOPh film or to the GC
electrode support due to the blockage of the GC surface by the attached film. Štrbac and Adžić
have commented63 that for all the crystal orientations studied that lead to the reduction to water
at sufficiently negative potentials, a single reduction wave is not observed, i.e. the activation
energies for the 2e and 4e channels are not very different. Not much information on the
electrochemical properties of well-defined gold nanoparticles is available since only recently
attempts have been made to relate their surface structure to their reactivity.65-68 Oxygen
reduction on gold is a strongly surface sensitive reaction. Hernández et al.66 showed that Au
nanoparticles and nanorods containing only (111) or (110) and no (100) surfaces catalyse the
two-electron reduction. In addition, 40 nm Au nanoparticles of preferentially cubic shape
suggesting high percentage of Au(100) domains catalysed the 4e reduction of O2 in alkaline
solution.67 These results correlate well with single crystal studies.

The present results are comparable to those obtained from 30 or 40 nm Au films vacuum
evaporated on pyrolytic graphite68 suggesting a similar crystalline ordering to that for films on
a this support. Similar morphological dependence of electrocatalytic activity of nanoparticulate
gold was observed by Jena and Raj who noted two well-defined voltammetric waves for
ascorbate oxidation, different from that of bulk gold.69 The results in Figure 11 do not show a
distinction between the different crystal orientation and the surfaces studied here have very
different properties from those of single crystals or indeed, of polycrystalline Au. The
difference between these electrodes and polycrystalline surfaces is the size of the domains. For
surfaces modified with adsorbed fullerene it is known that a decrease in the domain size leads
to a 2e reduction mechanism.64 The size of the domains of the surfaces studied (Figure 5a) is,
however, too large to account for the influence of orientation changes of adsorbed O2 proposed
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in Ref. 64. A possible explanation for the unusual results in Figure 11 could be surface
restructuring as the potential is made more negative, thus changing surface morphology.
Detailed structural studies are required, however, for a full understanding of these unusual
effects.

3.4.3 The EE reduction mechanism
The results in Figure 10 are further analyzed considering a simple two-step, two-electron
transfer sequential reaction (the EE mechanism):55

O2

HO 2

H 2O

H 2O

2e

2e

HO 2

(I)

OH

(II)

3 OH

The two reaction steps are taken as irreversible and to follow a simple electron transfer rate
determining step.35 The dependence of the current density on potential at different rotation
rates for an EE mechanism is given by:55

j

1

j

1
D

1
b 0'
2Fco 2 k I exp( α I f ( E EI0 ))

2Fcob2 k II0' exp( α II f ( E EII0 )) jD
4Fcob2 k II0' exp( α II f ( E EII0 )) jD

(2)

where j is the current density at potential E, jD is the limiting current density for the first
reduction step (Reaction (I)), F is the Faraday constant, cob2 is the bulk concentration of oxygen,
k I0 ’ and k II0 ’ are the electrochemical rate constants and E I0 and E II0 are the standard potentials

for Reactions (I) and (II), respectively, αI and αII are the corresponding transfer coefficients
and f = F/RT . For the calculations of the rate constants, the potentials were referred to the
same standard potential, that of Reaction (I), in order to be able to compare the Gibbs energy
of activation for the two consecutive reactions. Thus, in the non-linear regression, E II0 was set
equal to E I0 , at -0.315 V.
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Equation (2) can be obtained from the general case presented by Sakai and Ohnaka55 by setting
Λ12 and Λ22 to zero in Equations (7), (8) and (9) of Ref. 55 for the irreversible case discussed
here and using the convention that cathodic currents are negative. A simple derivation of
Equation (2) is also given as Supporting Information. The results shown in Figure 11 were
fitted to Equation (2) by non-linear regression.70 In order to avoid uncertainties with the
regression analysis, the charge transfer coefficients were not considered as variables, thus
reducing the number of independent variables to be fitted. α1 and α2 were estimated from the
potential dependence of the current function log(-j×jD/(jD-j)) in the potential regions for which
n<2 and 2<n<4. Average values of α1 = 0.3 and α2 = 0.6 were obtained. These values were kept
constant during the regression analysis. A comparison of experimental and calculated currents
is shown in Figure 11 where it can be seen that a reasonably good fit is obtained. The rate
constants calculated from this analysis for all the rotation rates studied were kI0’ = (1.5 ± 0.1)
×10

3

cm s

1

and kII0’ = (2.2 ± 0.2)×10

9

cm s 1. For the reasons discussed above, the latter

value was calculated at the standard potential of Reaction (I). Although the above is an
oversimplified reaction model (e.g., no intermediate chemical steps are considered), it is
significant that it reproduces well the experimental current-potential curves. The values of the
rate constants correspond to a difference in Gibbs energy of activation between the first and
second step of approximately 33 kJ mol 1.

4.

Conclusions

A NOPh grafted GC electrode provides a good substrate for the electrodeposition of Au
nanostructures in alkaline solution for the study of the reduction of O2. An electrochemically
reduced nitrophenyl film provided a suitable template for the adsorption of gold complexes
followed by controlled electrodeposition to produce a nanostructured Au surface. Gold
electrodeposition is facilitated by the presence of reduced nitrophenyl groups.

The

electrocatalytic properties of these surfaces are very different from those of the bulk metal both
in acid and alkaline solutions. A clear distinction between the 2e and the 4e reduction
pathways is observed for the latter and it is shown that the modified electrode partially inhibits
the 4e O2 reduction pathway compared with bulk Au electrodes. The potential dependence of
the current could be fitted to an EE mechanism and the difference in Gibbs energy of activation
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between the 2e and the 4e pathways was 33 kJ mol 1. The nanostructured surfaces prepared
appear promising for the selective reduction of oxygen to hydrogen peroxide in alkaline
solutions.
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Legends to Figures

Figure 1. Electrografting scans of 10 mM 4-nitrobenzenediazonium tetrafluoroborate in
acetonitrile for the first (solid line), second (dotted line) and third (dashed line) cycles. Sweep
rate=100 mV s 1; base electrolyte = 0.1 M tetrabutylammonium tetrafluoroborate.
Figure 2. XPS survey spectra and high-resolution XPS spectra of the N1s region for the
nitrophenyl modified glassy carbon electrode.
Figure 3. Cyclic voltammograms for a nitrophenyl-modified GC electrode in 0.1 M KOH; (1)
first scan (dashed line) and (2) second scan (solid line). Sweep rate = 20 mV s 1.
Figure 4. First scan cyclic voltammograms for the electrodeposition of gold on NOPh
functionalised GC (solid curve) and bare GC (dotted curve) from 1 mM and 0.45 mM HAuCl 4
in 0.1 M KOH, respectively, and for a bare GC (dashed curve) in 0.1 M KOH solution. Sweep
rate= 20 mV s-1.
Figure 5. a) AFM image of a GC electrode after surface derivatisation and Au deposition; b)
Cyclic voltammogram of a GC/NOPh (Au) electrode in Ar saturated 0.1 M H2SO4. Sweep
rate=20 mV s 1.
Figure 6. XPS spectrum of the Au4f region for a GC/NOPh (Au) electrode.
Figure 7. Current-potential curves for oxygen reduction on a GC/NOPh(Au) electrode in O2
saturated 0.1 M H2SO4. Rotation rates: 200, 400, 800, 1500, 2500, and 3500 rpm. The inset
shows the potential dependence of n calculated from the K-L plots.
Figure 8. Cyclic voltammograms of bare GC, GC/NOPh and GC/NOPh(Au) electrodes in Ar
saturated 0.1 M KOH and GC/NOPh and GC/NOPh(Au) in O2 saturated 0.1 M KOH solution.
Sweep rate= 20 mV s 1.
Figure 9. Comparison of O2 reduction on bare GC and Au with that of the modified GC
electrodes at a rotation rate of 400 rpm in 0.1 M KOH; (a) disk and (b) ring currents.
Figure 10. O2 reduction on a GC/NOPh(Au) electrode in O2 saturated 0.1 M KOH. Rotation
rates: (1) 200, (2) 400, (3) 800, (4) 1500, (5) 2500, (6) 3500 rpm.
Figure 11. Example of a non-linear regression simulation curve fit for a RDE oxygen
reduction voltammogram from Fig. 10 at a rotation rate of 800 rpm. The parameters used are
described in the text. The inset is the potential dependence of n for the reduction of O2 on a
GC/NOPh(Au) electrode in 0.1 M KOH calculated from the Koutecky-Levich plots of the data
in Figure 10.
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