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2. ABBREVIATIONS AND SYMBOLS
A
AFM
AQ
Ar
AuNPs
BDD

cOb 2

CV
d

DO 2

DFT
E
E0
E0(i)
E0

Q / Q2−

E1/2
EC
EC-NMR
Ef
F
GC
GIXRD
h
HOPG
I
ID
Ik
IR
j
jdl
jk
k
k0 ’
kc
ki

geometric surface area of an electrode
atomic force microscopy
9,10-anthraquinone
real surface area of the catalyst
gold nanoparticles
boron-doped diamond
concentration of oxygen in the bulk solution
cyclic voltammetry
particle diameter
diffusion coefficient of oxygen
density functional theory
electrode potential
standard potential
standard potential of surface Q/Q2– couple
standard potential of surface Q/Q2– couple
half-wave potential
electrochemical-chemical
electrochemical nuclear magnetic resonance
redox potential
Faraday constant
glassy carbon
glancing incidence angle X-ray diffraction
nominal film thickness
highly oriented pyrolytic graphite
current
disk current
kinetic current
ring current
current density
diffusion-limited current density
kinetic current density
heterogeneous electron transfer rate constant
the apparent electrochemical rate constant for O2 reduction
rate constant of the reaction between quinone radical anion and O2
rate constant of the reaction between quinone radical anion and O2
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ki Γ i
K-L
MA
MEA
MWCNTs
N
n
ORR
PQ
PtNPs
Q
R
r.d.s.
RDE
RRDE
SA
SCE
SHE
T
TEM
v
XAS
XPS
α
Γi
ΓQ
∆E(i)
ν
Φ
ω

chemical rate parameter
Koutecky-Levich
mass activity
membrane-electrode assembly
multi-walled carbon nanotubes
collection efficiency
number of electrons transferred per O2 molecule
oxygen reduction reaction
9,10-phenanthrenequinone
platinum nanoparticles
quinone
universal gas constant
rate-determining step
rotating disk electrode
rotating ring-disk electrode
specific activity
saturated calomel electrode
standard hydrogen electrode
temperature
transmission electron microscopy
potential scan rate
X-ray absorption spectroscopy
X-ray photoelectron spectroscopy
transfer coefficient
surface concentration of quinone species
surface concentration of quinone species
difference between the standard potentials of the Q•–/Q2– and Q/Q•–
couples
kinematic viscosity of the solution
percentage of peroxide formation on the disk
electrode rotation rate
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3. INTRODUCTION
The oxygen reduction reaction (ORR) is an important process in fuel cells and
other electrochemical technologies and its kinetics has been widely studied [1–
4]. The reaction proceeds either as a four-electron process or a two-electron
process, depending on the electrode material as well as on the reaction
conditions, such as the solution pH [1–3]. Platinum has been the electrode
material of choice for fuel cells, as it supports the four-electron reduction of O2
at relatively low overpotentials [1–3], but its high cost has led to researches for
other catalytically active materials. Still, for the low-temperature fuel cells the
platinum group metals and alloys have displayed the best characteristics and
using these catalysts in a highly dispersed form on high surface area carbon
support allows to reduce the loading of this costly metal. However, it has been
found that the electrocatalytic properties of nanoparticles can differ from those
of the bulk metal and the catalyst activity may decrease as the particle size
decreases down to a few nanometres, thus counterbalancing the effect of
reducing the metal loading by decreasing the particle size [5]. The particle size
effect and the adsorption of reduction intermediates and spectator species are
the key issues of the electrocatalysis of O2 reduction on platinum [2,6].
Gold has long been regarded as an inactive metal, however, in the last
decade gold nanoparticles have gained attention for unique catalytic properties
for several reactions, such as low temperature CO oxidation [7]. Therefore, it is
of particular importance to study the particle size effect of gold for O2
reduction.
Hydrogen peroxide is produced commercially via a chemical route using the
anthraquinone process [8]. Alternatively, peroxide can be generated by
electrochemical reduction of oxygen, employing electrocatalysts that support
only two-electron reduction of oxygen, such as carbon materials [2]. Their low
cost and high surface area makes them suitable for commercial applications.
The carbon surface can be easily modified, for example, by grafting with
quinones, thereby further enhancing its electrocatalytic activity for oxygen
reduction. Electrochemical generation of peroxide has several advantages over
the chemical route [9].
In the present work, oxygen reduction has been studied on various electrocatalysts. 9,10-anthraquinone (AQ) [I,II] and 9,10-phenanthrenequinone (PQ)
[II] have been grafted onto glassy carbon (GC) [I], boron-doped diamond
(BDD) [II] and highly-oriented pyrolytic graphite (HOPG) [II] surface and the
kinetic parameters of oxygen reduction have been determined. In the second
part of the work, thin gold films have been prepared by vacuum evaporation
onto the GC electrodes and the dependence of the oxygen reduction kinetics on
the film thickness has been studied in acidic and alkaline solution [III, IV]. In
the third part, thin platinum films on GC [V] and gold substrates [VI] were
prepared by the same method and the kinetic parameters of oxygen reduction as
a function of the film thickness were determined in HClO4 and H2SO4 solutions.
3
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4. LITERATURE OVERVIEW
4.1. The general scheme of oxygen reduction
The oxygen reduction reaction (ORR) is a multielectron reaction that involves a
number of elementary steps and various reaction intermediates. The reaction
proceeds by either a direct four-electron pathway, where the final product is
water:
O2 + 4H++ 4e− → 2H2O

E0 = 1.229 V vs. SHE

(1)

or by two-electron pathway yielding hydrogen peroxide:
O2 + 2H++ 2e− → H2O2

E0 = 0.67 V.

(2)

E0 = 1.77 V,

(3)

Peroxide can be further reduced:
H2O2 + 2H++ 2e− → 2H2O

or catalytically decomposed (disproportionated):
2H2O2 → 2H2O + O2

(4)

In alkaline solution, the corresponding reactions are:
O2 + 2H2O+ 4e−→ 4OH−
−

−

E0 = 0.401 V.
−

(5)

0

O2 + H2O+ 2e → HO2 + OH ,

E = –0.065 V,

(6)

HO2− + H2O + 2e− → 3OH−,

E0 = 0.867 V,

(7)

2HO2− → 2OH− + O2 .

(8)

[1–4].
The simplified reaction pathway is shown in Scheme 1.
k1

O2

O2(ads)

k2

H2O2(ads)
k4

k3

H2O
k5

H2O2
Scheme 1. Simplified mechanism of oxygen reduction in acid solutions. The rate
constants for the different steps in the scheme are indicated in the figure (ki). (ads)
denotes the species in their adsorbed state.

Despite the apparent simplicity, these overall reactions represent a complex
electrocatalytic network and involve many elementary steps. The dominating
pathway depends on several factors, for example, on the electrode material,
solution pH and on electrode potential [1,4].
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4.2. Oxygen reduction on carbon materials and on
quinone-modified electrodes
Oxygen reduction on carbon materials has been extensively investigated [2–
4,9–22], because it is a cheap and widely available support for the other, more
expensive catalysts such as Pt. In alkaline solution, the high surface area carbon
itself is a rather active catalyst for ORR [9]. However, there is still no general
agreement on the ORR mechanism on carbon surfaces and several mechanisms
have been proposed [10–19]. For example, Morcos and Yeager suggested a
mechanistic scheme where the reduction of adsorbed O2 (Reaction (10)) is the
rate-determining step (r.d.s), which is followed by disproportionation [10]:
O2 → O2(ads)

(9)

–

–

O2(ads) + e + H2O → HO2(ads)+ OH
–

–

2HO2(ads)+ OH → HO2 + H2O + O2

(10)
(11)

Xu et al. have considered the following pathway [16]:
O2 + e– → O2●–(ads)
O2●–(ads)

+ H2O →

HO2● (ads)+

(12)
–

OH

(13)

HO2● + O2●– → HO2– + O2

(14)

HO2●(ads) + e– → HO2–

(15)

or

They proposed that adsorption of O2●– on a carbon surface makes this species
more basic and therefore accelerates its protonation (Reaction (13)), which is
the rate determining step at pH > 12. At pH < 10, the first electron transfer
(Reaction (12)) becomes rate-determining. At lower pH, adsorbed HO2● blocks
the adsorption centres of O2 and the reduction proceeds by the outer sphere
route.
The electrocatalytic properties of bulk carbon materials are highly dependent
on their structure. Glassy carbon (GC) and graphite are rather active catalysts
for ORR, but on boron doped diamond (BDD) and on the basal plane of highly
oriented pyrolytic graphite (HOPG) this process is extremely inhibited also in
alkaline solution. Tryk et al. have studied the reduction of O2 on these materials
and suggested that there are two distinct types of reduction processes [19]. In
the first process, the first electron transfer (Reaction (12)) is rate-determining.
The second process is considered to be electrocatalytically mediated by the
quinone radical anions that are formed from the native quinone-type
functionalities on carbon surface at certain potentials [12]:
Q + e– → Q●–

(16)
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Q●– + O2 → Q + O2●–
●–

2O2 + H2O → O2 +

(17)
HO2–

–

+ OH

(18)

or
O2●– + H2O + e– → HO2– + OH–

(19),

where Q is the surface quinone species. Reaction (17) has been proposed as the
r.d.s. [12]. At more negative potentials, the quinone radical anions are reduced
to dianions (Reaction (20)) that are not electrocatalytically active towards O2
reduction:
Q●– + e– → Q2–

(20).

The native quinone functionalities are present on GC surface, but their surface
concentration is very low on BDD and on basal plane of HOPG. This explains
why the pre-wave of O2 reduction is observed on GC, but not on BDD and
HOPG and three orders of magnitude larger electron transfer rate constants for
O2 reduction on GC [19]. Depending on the E0 values for Reactions (16) and
(20), there is a small range of potentials where the surface concentration of
semiquinone is high and this leads to a peak shape for O2 reduction I-E curve.
The more positive the redox potential of surface quinones the lower the O2
reduction overpotential would be.
To improve the catalytic activity of carbon electrodes towards O2 reduction,
the surface pre-treatment by electrochemical and chemical oxidation has been
employed [14–16,20]. Pre-treatment may increase the electrode roughness and
number of active sites and it can introduce more oxygen-containing (quinonetype) functional groups, serving as mediators [16,20]. Oxidised carbon surfaces
may also catalyse the further reduction of hydrogen peroxide in alkaline
solutions [14,16,20].
The electrocatalytic activity of carbon electrodes towards O2 reduction can
be further increased by surface modification with quinones [3,11,12,20–39].
Several methods have been proposed for attaching the quinones on carbon. For
instance, adsorptive attachment provides an easy preparation procedure for the
study of the kinetics of O2 reduction [3,11,12,24–27,33–36]. A disadvantage of
this modification method is that quinones tend to desorb from the surface during
long-term operation, especially in alkaline solutions [25,34]. An alternative
strategy is to attach the quinones covalently to the surface [12,21,23,29,30–
32,37–39]. The most convenient method for the covalent modification of carbon
electrodes was developed by Allongue et al. and this is based on the electrochemical reduction of diazonium salts [40]. In the first step the aryldiazonium
cation (R–N2+) is electrochemically reduced yielding an aryl radical (R●):
R–N2+ + e– → R● + N2

(21)

In the second step the radical reacts with a carbon surface and a strong covalent
(C–C) cond is formed:

12

R● + GC → R–GC

(22)

This procedure has been employed for the modification of the electrodes with
quinones [21,29,30,38]. Besides carbon materials the electrografting by
diazonium reduction can be used for the covalent modification of metals and
semiconductors with aryl group [41]. An advantage of the diazonium reduction
method is that it can be carried out in an aprotic media as well as in aqueous
acidic solutions. Alternatively, the covalent modification can be achieved by
anodic oxidation of carboxylate substituents [31,37].
The reduction of oxygen on quinone-modified carbon surfaces has been
extensively investigated [3,11,20,21–39]. The reaction is believed to follow the
mechanism of electrocatalytic redox mediation via semiquinones (Reactions
(16–19)). The reduction rate is proportional to the surface concentration of the
semiquinone radical formed by the electrochemical reduction of quinone groups
[21]. Various quinones have been employed: 9,10-phenanthrenequinone (PQ)
[12,29,36,38], 1,2-naphthoquinone [36], 1,4-naphthoquinone and its derivatives
[3,11,23,24,27,32,33] and most frequently, 9,10-anthraquinone (AQ) and its
derivatives [11,12,21,25,26,34–38,42–45]. The main factor determining the O2
reduction activity of a surface-confined quinone is its redox potential, but it is
also influenced by the rate constant of the reaction between the semiquinone
and O2 [29]. For instance, the redox potential of PQ in 0.1 M KOH is about 300
mV more positive than that of AQ and therefore, the PQ modified electrode has
considerably higher electrocatalytic activity towards O2 reduction than AQmodified electrode [29]. The standard potentials of the reduction of quinones to
corresponding neutral semiquinones and quinols have been found using the
quantum chemical calculations and the results obtained were in a good
agreement with experimental data [46]. Introducing the substituents into the
quinone molecule may stabilise the semiquinone radical intermediate and
therefore, increase the activity of the quinone towards O2 reduction [30].
The O2 reduction activity of quinone-modified electrodes has been found to
significantly depend on the solution pH [24,26,38,45]. It has been shown that
the protonated semiquinones that prevail at low pH (pH < pKa of the
protonation equilibrium of the semiquinone radical anion) are much less
reactive than the radical anion at high pH [24,45]. This observation has also
been rationalised by the results of quantum chemical calculations [47].
It is of special importance to determine the intrinsic catalytic activity of
surface-bound quinones for the reduction of oxygen. On quinone-modified GC
electrodes, both the native quinone groups and attached AQ are electrocatalytically active towards O2 reduction and give their contribution to overall
reaction. To analyse the I-E curves of the O2 reduction of quinone-modified
electrodes, a surface redox catalytic cycle model has been proposed [21].
According to this model, O2 reduction proceeds in parallel on three different
surface sites: at native quinone groups on the substrate, at surface-confined AQ
and at a heterogeneous electrode surface. The kinetic parameters of O2
reduction were found by non-linear regression analysis of the I-E curves [21].
4
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The model clearly shows that it is possible to control the electrocatalytic
properties of the surface in two ways: by controlling the quinone redox potential
with appropriate substituents and by altering the reactivity of the radical
intermediate towards oxygen [21]. A further proof for the validity of this model
is provided by Kullapere et al. by studying the reduction of O2 on a mixed film
of AQ and phenyl groups on GC [48]. The current peak related to the native
quinone groups on GC was absent on this modified electrode and it was
attributed to blocking effect of the attached phenyl groups. The values of the
kinetic parameters related to surface-bound AQ were in a good agreement with
those determined for GC/AQ electrodes [I].
The rate constant of the reaction between O2 and quinone radical anion (kc)
has been shown to depend on the nature of the quinone, however, the variation
between the different quinones is not very large. For instance, the kc values
calculated for PQ and AQ on GC were similar [38]. The values of kc for sulfurcontaining derivatives of anthraquinone in 0.1 M KOH [30] were of the same
order of magnitude as that of AQ [I]. It has been shown that the kc value may
also depend on the electrode substrate, for instance, four times higher value of
kc was found for PQ-modified edge plane pyrolytic graphite, as compared to
GC/PQ electrode at pH = 10 [35].
It is expected that the protonation of the semiquinone results in a decrease in
the rate constant of the chemical step of over four orders of magnitude, as
predicted by quantum chemical calculations for pH << pKa (pKa of the protonation equilibrium of the quinone radical anion) [47]. This is supported by
experimental data: for GC/AQ and GC/PQ electrodes the kc value considerably
decreases with decreasing pH and is less than 1×108 cm3 mol–1 s–1 for pH < 8.
Complete inactivation of quinones is expected in acidic solution [47]. However,
the reports by Compton and co-workers show that quinones retain considerable
activity even at low pH. At pH = 3, the kc values for 1,2-dihydroxyanthraquinone between 2.1×106 and 2.2×107 cm3 mol–1 s–1 depending on the surface
coverage were obtained [26]. In addition, very high kc value has been found at
pH = 2.5 for AQ covalently attached to multi-walled carbon nanotubes
(MWCNTs) (kc = 8.6×108 cm3 mol–1 s–1) [49]. For AQs-incorporated clay
modified electrodes [43] and carbon paste electrodes [42], the optimum pH for
O2 reduction has been found close to neutral.
Due to the native oxygen-containing groups on the GC surface, this material
is rather active towards oxygen reduction in alkaline solution and it may be
difficult to distinguish between the contributions of surface-bound quinone and
native quinone groups. As compared to GC, the oxygen reduction overpotential
on bare BDD [50,19] and HOPG [10,15,16,19] electrodes in alkaline solution is
considerably higher. Therefore, using these materials as electrode substrates
enables one to observe the effect of the quinone directly and to determine the
kinetic parameters more precisely.
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4.3. Oxygen reduction on gold electrodes
Gold is a rather inactive electrocatalyst for ORR in acid media and a twoelectron reduction of oxygen takes place on Au electrodes, the first electron
transfer being the r.d.s. [51–56]. In alkaline solutions, the electrocatalytic
activity of Au for O2 reduction is considerably higher and this reaction has been
extensively studied on polycrystalline gold electrodes [57–62] as well as on
single crystal surfaces [56,63–70]. Considerable efforts have been directed at
establishing the oxygen reduction mechanism on gold [56,58,62–76]. In both
acid and alkaline solutions the reaction has been found to be structure sensitive.
In acid solutions, the order of activity increases in the sequence: Au(111)
< Au(110) < Au(100) [1,53,56]. In alkaline solution, Au(100) has much higher
activity than the other low-index surfaces [63,64] and it has been reported to be
even more active than polycrystalline Pt [1], however, the reason for this effect
still remains unclear. On the Au(111) and Au(110) plane at low overpotentials,
hydrogen peroxide is the main product of O2 reduction, but Au(100) supports its
further reduction to OH– in a limited potential region at low overpotentials [63–
70]. McIntyre and Peck attributed the activity of Au(100) for 4e– reduction to its
four-fold symmetry and the transfer to 2e– reduction at more negative potentials
to the reconstruction of the Au surface to “hex” surface with hexagonal
overlayer, which is likely to behave similarly to the Au(111) surface [76].
However, it was confirmed later using in-situ X-ray diffraction that the
reconstruction cannot be the dominant mechanism for the change of reaction
pathway [70]. Another explanation that was given to the unique catalytic
properties of Au(100) is related to its four-fold symmetry that is suitable for a
strong chemisorption of OH– in this potential region, which in turn enables the
dissociative adsorption of O2 [63,69,70]. Studies of the stepped Au surfaces
have shown that the surfaces vicinal to Au(100) support the 4e– reduction only
if they are composed of very long (100) oriented terraces [53]. At elevated
temperatures, significantly more peroxide is further reduced to H2O on all
crystal faces [65]. The O2 reduction pathway can also be influenced by adsorbed
inert species. For instance, oxygen reduction on fullerene-modified gold
electrodes produces hydrogen peroxide selectively [77].
More recently, the role of adsorbed OH in the exceptional activity of
Au(100) has been disputed, as the OH adsorption takes place also on the other
crystal faces and the reaction order for OH– is close to zero, which indicates that
OH– is not involved in the reaction mechanism. The 4e– reduction pathway on
the Au(100) electrode was attributed to adsorbed HO2– that has a specific
interaction with the Au(100) but not with the other crystal faces. At potentials
negative to the potential of zero charge it desorbs from the surface and the
reduction proceeds by 2e– route [67]. The presence of adsorbed HO2– on Au in
certain potential range in alkaline solution was confirmed by surface enhanced
infrared reflection-absorption spectroscopy. It was proposed that in acid solution, protonation of HO2– is fast and H2O2 diffuses into the solution, therefore,
15

the 2e– mechanism prevails [73]. An alternative hypothesis has been recently
proposed that on the Au(100) surface the peroxide is further decomposed by
disproportionation process catalysed by base [74]. The role of interaction
between OOH and Au(hkl) surface in determining O2 reduction activity and
pathway has also been emphasised by the recent quantum chemical calculations
[75].
In the last decade Au nanoparticles (AuNPs) have received an increasing
attention, especially for unique catalytic properties for low temperature CO
oxidation [7]. During the last five years, several authors have also studied O2
reduction on AuNPs supported on bulk carbon materials, such as glassy carbon
[78–87], highly oriented pyrolytic graphite [86,87] and boron-doped diamond
[88–92]. Various methods have been used to prepare the nanostructured gold
electrodes and thin Au films, for example vacuum evaporation and sputter
deposition [71,89–91,93], attachment of colloidal Au nanoparticles on selfassembled monolayers [94,95] and most often, electrodeposition [82–88,92].
The morphology, particle size and also the crystallographic orientation of the
electrodeposited AuNPs are markedly influenced by the nature of the underlying substrate as well as by the electrodeposition conditions [85,87]. It is
particularly attractive to attach AuNPs to carbon nanotubes, as these hybrid
materials have shown excellent electrocatalytic properties for O2 reduction in
0.5 M H2SO4 [96].
The electrocatalytic activity of nanostructured Au electrodes for O2 reduction
can differ from that of the bulk polycrystalline gold. El-Deab et al. observed
increased ORR activity and enhanced further reduction of H2O2 on AuNPs
electrodeposited on Au electrodes as compared with bulk gold in acid solution,
which was attributed to the enrichment of Au surface by steps [97,98]. The
same authors also found that the oxygen reduction wave at a Au/GC electrode
prepared by electrodeposition in the presence of cysteine showed a positive shift
compared to that for bare polycrystalline Au [85]. The increased ORR activity
has also been observed on AuNPs deposited on a BDD support as compared to
bulk gold [88–91]. Previous works have mainly employed relatively large Au
particles, with particle diameter d > 15 nm [85,88–90,97,98]. Only Yagi et al.
have studied smaller Au particles (d > 2 nm), which have displayed a positive
shift of the O2 reduction potential and increased current efficiency for the 4e−
reduction. Heat treatment improved the electrocatalytic activity of the
electrodes, probably due to the shape change and the thermal facetting of the
particles [91]. However, the specific activity of O2 reduction for the Au catalyst
has not been determined in these works [85,88–91,97,98]; therefore, no
conclusions about the particle size effect can be made. A moderate increase in
O2 reduction specific activity has been observed for Cu particles coated by Au.
This was attributed to particulate, nano-sized nature of the catalyst, however,
the size of the particles was 200–300 nm, which is too large for true particle
size effect [99].
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By contrast, a rapid decrease of the O2 reduction specific activity with
decreasing Au particle size for particle diameters below ~3.0 nm has recently
been observed by Guerin et al. for vacuum deposited Au thin films in acid
media. They carried out a combinatorial study using an electrode array that
allowed simultaneously obtain 19 data points with different Au particle
dimensions, the rotating disk electrode (RDE) experiments were performed for
comparison purposes. The loss in activity at small Au centers was observed on
both TiOx and carbon substrates. As a result, the maximum in the mass
normalised catalyst activity was at around 3 nm particle size [100].
The structure sensitivity of the ORR on gold in alkaline solutions is more
evident than in acid media and this reaction has been used as an indirect means
for characterising the crystallographic orientation of nanostructured Au
electrodes [78,79,83,84,86,87]. El-Deab et al. have studied O2 reduction in
0.1 M KOH on AuNPs with different distribution of surface sites prepared by
electrodeposition on GC and/or HOPG in the presence of L-cysteine or I− as
additives. The Au nanostructures prepared in the presence of cysteine were
enriched in the Au(100) orientation and supported 4e– reduction of O2 at low
overpotentials [84,86,87]. The presence of I− at the electrodeposition decreases
the size of Au particles formed [86]. For HOPG substrate, the electro-oxidative
pre-treatment resulted in deposition of smaller Au particles with increased O2
reduction activity, as compared to the AuNPs electrodeposited onto the
untreated HOPG substrate [86]. However, the particle size effect cannot be
evaluated in these works, as the electroactive Au surface area has not been
determined.
The effect of particle surface structure has also been investigated by Hernandez et al., who synthesized AuNPs using the water-in-oil microemulsion
method in the presence of I− or S2− as additives. The rotating ring-disk electrode
(RRDE) studies of O2 reduction revealed a high number of electrons (n = 3.5)
transferred per O2 molecule at low overpotentials. The nanoparticles
synthesized at the presence of I– had the highest ratio of Au(100) crystal facets
and the highest electrocatalytic activity towards O2 reduction [78]. They have
also prepared gold nanorods with only (111) and (110) surface domains [79]
and cubic Au nanoparticles with high amount of (100) sites [80] and showed
that at low overpotentials, the nanorods catalyse 2e– reduction and cubic AuNPs
4e– reduction of O2.
There are many reports on the unique catalytic activity of Au nanoparticles
for various reactions, as reviewed by Meyer et al. [7]. Their exceptional activity
towards CO oxidation has been attributed to increased adsorption strength of
CO and oxygen at low coordinated Au atoms at the particle edges and corners,
as shown by DFT calculations [101]. The binding energy of O2 and reaction
intermediates with the metal catalyst also displays an important role in O2
electroreduction; therefore, the particle size effect is expected for this reaction.

5
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4.4. Oxygen reduction on platinum electrodes
The electrochemical reduction of oxygen on platinum in acid media has been
extensively investigated, as it finds application in the fuel cell technology [1,2].
The structure sensitivity of the ORR on Pt(hkl) surfaces is well established and
is due to the structure sensitive adsorption of spectator species, such as OHads
[102], HSO4(ads) [103], Clads [104], Brads [105], and Hupd [103]. For example, in
H2SO4 solution the ORR activity increases in the sequence Pt(111) < Pt(100)
< Pt(110) [103,106–108]. Very strong inhibition of the ORR has been found on
Pt(111) and it has been attributed to strong adsorption of the (bi)sulfate anions
because of the symmetry match between geometries of the Pt(111) face and
oxygen atoms of the sulfate anion [103,108]. The adsorbed anions apparently
block the centres for initial O2 adsorption, therefore hindering the ORR, but the
reaction pathway is not affected, as no H2O2 is produced in the kinetically
controlled potential region [108]. In the solution of HClO4 where no strongly
adsorbing anions are present, the activity of Pt single crystal faces for ORR
increases in the sequence Pt(100) < Pt(111) < Pt(110) [102,106,107]. In this
solution, the oxygen reduction kinetics is affected by the adsorption of oxygencontaining species (OHads). The ORR is most strongly inhibited by OHads on
Pt(100), which is possibly related to high affinity of Pt(100) sites for the
adsorption of oxygen-containing species that block the centres of O2 adsorption.
More recently, it has been found that in addition to the site blocking effect, the
adsorbed OH and sulfate ions have a strong negative electronic effect on the
kinetics of the ORR on Pt(111). The change of the coverage of OHad in the
mixed kinetic-diffusion controlled region has been suggested as the reason why
the apparent Tafel slope deviates from its intrinsic value in HClO4 but not in
H2SO4 [109].
Considerable efforts have been directed towards improving the catalyst
efficiency of energy conversion and lowering the content of costly Pt in electrocatalysts [110]. In practical electrodes, Pt nanoparticles (PtNPs) dispersed on
high surface area carbon supports are used, but it has been found that if the size
of these particles is in the range of a few nanometres, their electrocatalytic
properties can differ from those of the bulk polycrystalline platinum [5]. To
evaluate these size effects, numerous investigations have been carried out using
PtNPs supported on porous carbon [111–127]. As the testing of membraneelectrode assemblies (MEAs) in fuel cells is often complicated, an alternative
technique was developed on the basis of the RDE method, where the supported
catalyst is deposited onto a GC disk and can be readily tested in an ordinary
electrochemical cell [128]. This method was complicated by a strong diffusion
resistance of O2 through the Nafion film and mathematical modelling was
necessary to extract the kinetic parameters [129]. By attaching the catalyst layer
to the GC support via an only sub-micrometer thick Nafion film placed on top
of the dried catalyst layer, Schmidt et al. [130] were able to minimize the film
diffusion resistance and to determine the kinetic current densities directly from
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the RDE data. Later this method was also applied in the RRDE configuration
[131].
Thin Pt films on flat carbon substrates consisting of small Pt islands can also
be regarded as a model system for studying the particle size effects, therefore,
the ORR on the vacuum-evaporated thin Pt films on glassy carbon [132] and on
sputter-deposited thin films on graphite [133] has been studied. The model
catalyst approach has also been used for the study of electrocatalytic properties
of Pt/GC electrodes for O2 reduction in alkaline solution [134].
Despite the numerous researches on Pt particle size effects, the results are
still contradictory. In most of these studies, a decrease in the catalytic activity of
oxygen reduction with decreasing the particle size has been observed [112–
124,132,135]. However, some authors have found no effect of particle size on
the kinetics of O2 reduction [111,125,126]. For example, recent EC-NMR
studies have indicated that the difference in the surface electronic properties of
the PtNPs of different sizes is negligible and therefore, the ORR activity is
independent of particle size [126]. Watanabe et al. proposed that the O2
reduction activity depends on the intercrystallite distances, not on crystallite
sizes [125], but this hypothesis was opposed by Giordano et al. [116]. The
recent studies on the uniform arrays of Pt particles of the same size have also
shown that ORR activity is independent of the interparticle spacing [136].
However, it was shown very recently using the planar model Pt/GC electrodes
with low Pt loading that the mass transport effects depend on Pt loading and
may affect the ORR activity and increase H2O2 production [137].
The particle-size effect has been attributed to the geometric factors,
associated with the distribution of the crystal facets on the particle surface
[138], or to the change in the electronic structure of smaller particles that
increases the adsorption energy of oxygenated species [124,132,139]. Kinoshita
has modelled the changes in the surface fraction of Pt atoms on the (100) and
(111) crystal facets, edges and corners as the particle size decreases, and found
that the ORR activity decreases at the PtNPs (d < 6 nm) where the fraction of
(111) facets on the surface grows rapidly. The maximum of mass activity (MA)
should appear at about 3.5 nm grain size for cubo-octahedral Pt particles [138].
This prediction has found experimental evidence [114,115]. In accordance with
that, the cubic PtNPs with Pt(100) surface orientation showed higher O2
reduction activity in H2SO4 solution than polycrystalline Pt particles [140,141].
It has also been noted that Pt surface oxide reduction wave shifts to lower
potentials as the particle size decreases, which led to the suggestion that the
origin of the size effect is associated with the stronger adsorption of oxygenated
intermediate species on the smaller particles that inhibits O2 reduction
[114,123,124]. Stronger adsorption of OH on smaller PtNPs has been confirmed
by in situ XAS investigation [139]. The results obtained on Pt stepped surfaces
in H2SO4 and HClO4 have suggested stronger adsorption of OH on step sites, as
compared to the terraces [142,143]. Decreased O2 reduction activity of carbonsupported PtNPs in sulfuric acid solutions as compared to the electrolytes
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containing only non-adsorbing ions has also been noted [117,118,131]. Chen
and Kucernak have studied and modelled the electrochemical reduction of
oxygen on single submicrometer-sized Pt particles and found that in addition to
the site-blocking, anion adsorption may change the potential near the inner
Helmholtz plane and thereby change the effective driving potential for reactants
and intermediates [144]. Furthermore, the particle size dependent double-layer
effects may affect the O2 reduction kinetics [144].
Another promising way to further reduce the Pt content in ORR electrocatalysts without losing activity involves using Pt alloys with other metals or
very thin Pt layers supported on metal nanoparticles [145,146]. In such
bimetallic systems, the activity of Pt can be changed through electronic and/or
geometric effects [145–147]. Enhanced O2 reduction activity has been found in
many Pt-M bimetallic systems as compared to pure Pt, for example, on Pt-M
alloy nanoparticles where M = V, Cr, Fe, Co, Ni [148]; on Pt3M surfaces where
M = Ni, Co, Fe, Ti, V [149], on Pt monolayers on Pd [146], etc.
Due to its inertness, gold is the metal of choice to be used in combination
with Pt. There are several reports on O2 reduction studies for Pt catalysts
supported on various forms of gold: bulk polycrystalline Au [150–153],
Au(111) monocrystal [154–157], Au nanoparticles [156,158,159] and Au
sputtered onto BDD [160]. Platinum-plated nanoporous gold has shown good
performance and stability in MEAs [161]. Bare gold is a much less active
electrocatalyst than platinum for ORR in acid media [53,54]. However, in some
cases it has been found that the activity of Au-supported Pt is higher than that of
Pt. Van Brussel et al. have studied O2 reduction on polycrystalline gold
electrodes modified by Pt and noted that the electrocatalytic activity of the
electrodes was lower than that of the bulk Pt electrode in the negative potential
scan, but significantly higher in the positive scan [150,151]. Desic et al. have
also found that in the high current density region, Au–Pt electrodes showed
higher O2 reduction activities than pure platinum [152]. On the other hand, Pt
monolayer [154,155,157] and Pt islands [154] on Au(111) appeared to be less
active than bulk Pt. The activity of Au/Pt core-shell nanoparticles increased
with increasing the thickness of Pt shell [159]. In addition, O2 reduction has
been studied on Pt-Au alloy nanoparticles and their catalytic activity increased
with increasing the Pt content in alloy in acid media [162,163]. The activity of
Pt-Au alloy nanoparticles also depends on the preparation method and may be
almost equal to the activity of Pt particles [164]. It was recently demonstrated
that modifying PtNPs with Au clusters considerably stabilises these during
prolonged potential cycling [165].
The change of the Pt reactivity in the Pt-Au bimetallic systems has also been
a subject of theoretical modelling. The calculations have indicated that the
oxygen reduction activity of transition metal catalysts is primarily determined
by changes in the oxygen binding energy [166]. The ORR electrocatalytic
activity of platinum monolayers supported on other metal monocrystals shows a
volcano-type dependence on the d-band centre of the platinum monolayer
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structures [155]. The differences in the electrocatalytic activity of Pt-Au
systems as compared to pure Pt have been attributed to expansive strain of Pt
overlayer on Au(111) that increases the metal d-band centre energy and leads to
stronger binding of OH [157]. More recently, it was shown by DFT calculations
that the adsorption energy of oxygenated intermediates depends also on the
electron density near the Fermi level, for instance, Pt pseudomorphic overlayer
on Au(111) binds both O and OH more strongly than Pt(111) [167]. Adsorbed
OH on Pt is known to inhibit the ORR by site blocking and electronic effects
[105,109,124].
The history and prospects for Pt-alloy cathode catalysts have been reviewed
by Gasteiger et al. They have pointed out that the reports on the catalytic
activity of platinum-based catalysts for the ORR are contradictory and have
provided the benchmark oxygen reduction activities to establish the relative
merit of candidate catalysts by using two different testing procedures [110].
Mayrhofer et al. have emphasised the significance of the respective experimental parameters for obtaining reliable data and have given some guidelines
for the RDE measurements and for the determination of the specific activity of
O2 reduction [168]. These aspects are very important for the development of
new electrocatalysts for oxygen reduction to improve the performance of low
temperature fuel cells.

6
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5. EXPERIMENTAL
GC, BDD, Au and Pt electrodes employed for RDE experiments were prepared
by mounting the disks into Teflon holders. The RRDE experiments were carried
out on a GC disk-Pt ring electrode, Au disk-Pt ring electrode or GC disk-Au
ring electrode (Pine Instruments). The surface of the GC and BDD electrodes
was polished to a mirror finish with 1.0 and 0.3 µm alumina slurries (Buehler);
the bulk Pt and Au electrodes were finished by polishing with 0.05 µm alumina
slurry. The HOPG disks were mounted in a special holder and the fresh surface
was prepared prior to each measurement by removing the top layers with
adhesive tape.
The covalent attachment of quinones was performed in acetonitrile (Riedel–
de Haën) containing 0.1 M tetrabutylammonium tetrafluoroborate, TBABF4
(Fluka) and 1 mM of the Fast Red AL Salt (Acros Organics) or diazonium tetrafluoroborates of AQ or PQ that were synthesized according to a published
procedure [169]. The electrografting by AQ was also performed in 0.05 M
H2SO4 containing 10 mM of Fast Red AL Salt.
Thin films of Pt and Au with a nominal thickness (h) of 0.25 to 20 nm were
prepared by electron beam evaporation or vacuum evaporation. For TEM
studies, the Au and Pt films were evaporated onto formvar/carbon-coated
copper grids and examined using a Tecnai 12 instrument operated at
120 kV accelerating voltage. The freshly prepared Au thin films were coated
with a 0.5 µm thick Nafion film by applying a droplet of 0.5% Nafion solution
(Aldrich) in ethanol on the electrode surface and allowing the solvent to
evaporate in air.
The electrolyte solutions for studying O2 reduction were prepared from 70%
HClO4 (Suprapur, Merck) or 96% H2SO4 (Suprapur, Merck) or KOH pellets
(AristaR, BDH or pro analysi, Merck) in Milli-Q water; these were saturated
with O2 (99.999%, AGA or 99.95%, AGA) or deaerated with Ar gas (99.999%,
AGA). An EDI101 rotator and a CTV101 speed control unit (Radiometer,
Copenhagen) were used for the RDE experiments. A Pine Instrument Company
AFMSRX rotator and MSRX speed controller were used for the RRDE
measurements. A saturated calomel electrode (SCE) was employed as a
reference and all the potentials are referred to this electrode. The counter
electrode compartment of the three-electrode cell was separated from the main
cell compartment by a glass frit and Pt wire served as a counter electrode. The
potential was applied with an Autolab potentiostat PGSTAT10 or PGSTAT30
(Eco Chemie B.V., The Netherlands) and the experiments were controlled with
General Purpose Electrochemical System (GPES) software. All experiments
were carried out at room temperature (23 ± 1°C).
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6. RESULTS AND DISCUSSION
6.1. Oxygen reduction on quinone-modified
carbon electrodes
The electrochemical reduction of oxygen reduction was studied on glassy
carbon electrodes modified with AQ at various surface concentrations [I] and on
HOPG and BDD electrodes modified with AQ and PQ [II].

6.1.1. Preparation and characterization
of quinone-modified electrodes
The carbon electrodes were covalently modified with AQ or PQ, using the
electrochemical reduction of the corresponding diazonium salts [21]. The first
sweep between 0.65 and –0.45 V showed a high reduction current peak, but
very small currents were observed during the second sweep, indicating that the
first sweep ensured almost complete monolayer coverage. In order to achieve
surface coverages less than a monolayer, a single scan was made and the
potential was reversed at less negative values (Figure 1). For comparison
purposes, grafting of GC by AQ was also made from an aqueous acidic solution
of the AQ diazonium salt.
The stability of covalently attached quinones was characterised by cycling
the electrodes 100 times between 0 and –1.25 V in Ar-saturated 0.1 M KOH.
The peak current decreased significantly during the initial stages of cycling,
indicating desorption of non-covalently attached quinone molecules. Figure 2
shows typical stable cyclic voltammetric responses of GC/AQ electrodes with
different surface coverages. The peaks in the voltammograms correspond to the
quinone/hydroquinone couple. The surface concentration of quinone (ΓQ) was
determined by the charge integration under the CV peaks of surface-confined
quinones.
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Figure 1. Electrochemical grafting of
GC with anthraquinone in Ar-saturated
acetonitrile containing 1 mM Fast Red
AL and 0.1 M TBABF4; v = 50 mV s–1.
Resulting surface concentrations of AQ:
(1) 4.3×10–10 mol cm–2; (2) 3.0×10–10
mol cm–2; (3) 7.8×10–11 mol cm–2.
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Figure 2. Cyclic voltammograms for
GC/AQ electrodes in Ar saturated 0.1 M
KOH for different surface concentrations
ΓQ: (1) 5.2×10–11; (2) 2.3×10–10; (3)
4.3×10–10 mol cm–2. v = 50 mV s–1, A =
0.196 cm2.

6.1.2. Oxygen reduction on AQ-modified glassy carbon
electrodes
Figure 3 shows the RDE results for a GC/AQ electrode with
ΓQ = 2.3×10–10 mol cm–2 at different rotation rates. These results are very similar
to those previously obtained [21]. Typical oxygen reduction polarisation curves
for various AQ surface concentrations are shown in Figure 4 and the results are
compared with those for an unmodified GC electrode. For the latter and for the
GC/AQ electrodes at low surface coverage a current maximum at ca –0.5 V was
observed. It has been proposed that at the prewave potentials, oxygen reduction
is mediated by semiquinone radicals (Reactions (16–19)) existing on the native
GC surface [12,21] and that the surface concentration of semiquinone follows
the same potential dependence as the oxygen reduction current [21]. It is
notable though (Figure 4), that the pre-wave current is lower for higher surface
concentrations of attached AQ, indicating that it is partially blocking the native
GC surface sites and therefore suppressing the rate of O2 reduction at the prewave. The chemical nature of these native groups is unclear at present, but these
are very good electrocatalysts for oxygen reduction in alkaline solution.
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Figure 3. RDE voltammetry curves for
oxygen reduction in O2 saturated
0.1 M KOH on a GC/AQ electrode (ΓQ =
2.3×10–10 mol cm–2) at various rotation
rates. v = 20 mV s–1, A = 0.196 cm2.

Figure 4. RDE voltammetry curves for
oxygen reduction in O2 saturated
0.1 M KOH on: (1) GC; (2) GC/AQ, ΓQ =
7.3×10–11 mol cm–2; (3) GC/AQ, ΓQ =
4.3×10–10 mol cm–2; v = 20 mV s–1;
ω = 960 rpm, A = 0.196 cm2.

At potentials E < –0.7 V oxygen reduction occurs at a heterogeneous electrode
surface and therefore the current increases again on a bare GC electrode. The
GC/AQ electrodes show a sharp current increase at much more positive
potentials, clearly indicating the strong electrocatalytic effect of surface-bound
AQ on O2 reduction. A higher value of ΓQ causes a sharper current increase
close to its diffusion limited value, supporting the assumption that at those
potentials the reduction involves the reaction of oxygen with the AQ
semiquinone intermediate.
The kinetic parameters of O2 reduction as a function of AQ surface
concentration have been calculated following the surface redox-catalytic cycle
model previously proposed [21]. According to this model, O2 reduction at
functionalised GC electrodes proceeds in parallel on two different surface sites,
at surface quinone groups (either native or covalently attached) and at the
heterogeneous electrode surface. In this model, the current density is given by:
1
1
=
−
j j dl

1
2Fc Ob 2 k 0 ' e − fα ( E − E

0

')

+

∑ 1+ e
i

2Fc Ob 2 k i Γ i
f ( E − E(0i ) ) ( f / 2 ) ∆E( i )

e

+e

(23)

− f ( E − E(0i ) ) ( f / 2 ) ∆E( i )

e

where i = 1 corresponds to properties of the quinone groups on native GC and i
= 2 to those of the attached quinone. jdl is the diffusionally controlled limiting
current density; k0’ is the apparent electrochemical rate constant on the free
carbon surface; α is the transfer coefficient for O2 reduction on the free GC
surface; E0’ is the standard potential of the O2/HO2– couple (–0.065 V vs. SHE);
ki is the rate constant for the Reaction (17); Γi is the surface concentration of the
quinone species; E0(i) is the standard potential of surface Q/Q2– couples; ∆E(i) is
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the difference between the standard potentials of the Q•–/Q2– and the Q/Q•–
couples; c Ob 2 is the concentration of oxygen in the bulk (1.2×10–6 mol cm–3)
[170], F is the Faraday constant and f = F/RT.
The rate of the chemical reaction between the semiquinones formed on
native GC and molecular oxygen is proportional to the product k1Γ1.
Unfortunately, for the bare GC electrodes no clearly defined voltammetric peak
was observed on the CV curves recorded in Ar saturated 0.1 M KOH and
therefore, it was not possible to determine the surface concentration of native
quinones (Γ1). For GC/AQ electrodes, the covalently attached anthraquinone
molecules act as electrocatalytic sites and the rate of the chemical reaction
between AQ•– and O2 is given by k 2 Γ 2 cO2 . The increase in current at potentials
more negative than –0.75 V was modelled according to the Butler-Volmer
formalism [21]. Although the surface is heterogeneous, a single average value
of k0’ and α was used to represent electron transfer reactions occurring on a
distribution of surface sites on the native GC surface that become available for
electron transfer in this potential region. This is a simple device for
parameterising a reaction occurring at multiple sites. The purpose of the present
work is not to analyse this potential region but to investigate the kinetics at the
quinone centres.
The kinetic parameters for oxygen reduction were calculated by the nonlinear regression (NLR) analysis of the current-potential curves at different
rotation rates [21]. The values of the diffusion-limited current densities used
were calculated from the Koutecky-Levich plots of O2 reduction and these were
fixed during the analysis. Some dependence of the values of the parameters on
rotation rate was observed and the averages obtained are listed in Table 1. There
was a slight tendency for E0(1) to decrease with increasing AQ surface concentration. As previously observed this is most probably related to a change in
the adsorption conditions on native GC quinone-type sites, which is due to the
influence of AQ attached onto neighbouring sites. The value of E0(2) = –0.88 ±
0.01 V should be independent of ΓQ, as it is indeed observed, if there is no
interaction between the AQ molecules present on the surface. The value of E0(2)
is very close to the average redox potential (Ef) of the GC/AQ electrode in
oxygen-free 0.1 M KOH. For instance, for ΓQ = 2.3×10–10 mol cm–2, Ef = –0.867
V. This value compares well with that previously determined of Ef = –0.860 V,
measured at the same sweep rate [21]. The values of α (α = 0.19 ± 0.01), ∆E(1)
(∆E(1)= –0.23 ± 0.02 V) and ∆E(2) (∆E(2) = –0.34 ± 0.03 V) showed no
dependence on ΓQ. The values of these kinetic parameters at different coverages
are very similar to those previously obtained for ΓQ = 2.5×10–10 mol cm–2 [21].
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Table 1. Average values of kinetic parameters for O2 reduction on AQ-modified GC
electrodes as a function of anthraquinone surface concentration ΓQ. The parameters
were calculated by non-linear regression analysis. The O2 reduction measurements were
carried out in 0.1 M KOH.
1010×ΓQ
(mol
cm–2)
0
0.52
0.73
1.9
2.3
3
3.7
4.3
2.2*

E0(1)
(V)
–0.516
±0.004
–0.53
± 0.01
–0.53
± 0.01
–0.57
± 0.02
–0.55
± 0.02
–0.57
± 0.02
–0.55
± 0.02
–0.55
± 0.02
–0.57
± 0.01

E0(2)
(V)

104 k0’
(cm s–1)

α

∆E(1)
(V)

–0.875
± 0.012
–0.874
± 0.013
–0.860
± 0.006
–0.877
± 0.006
–0.882
± 0.003
–0.890
± 0.006
–0.876
± 0.009
–0.909
± 0.008

(7.2 ±
1.9)
(5.0 ±
2.6)
(4.6 ±
2.5)
(4.0 ±
2)
(3.3 ±
1.8)
(3.5 ±
2)
(3.5 ±
2)
(3.6 ±
2.2)
(2.8 ±
1.1)

0.18
± 0.01
0.19
± 0.02
0.2
± 0.03
0.19
± 0.02
0.2
± 0.02
0.19
± 0.02
0.19
± 0.01
0.21
± 0.02
0.18
± 0.01

–0.192
± 0.004
–0.21
± 0.01
–0.22
± 0.01
–0.27
± 0.02
–0.23
± 0.01
–0.26
± 0.02
–0.22
± 0.02
–0.22
± 0.02
–0.26
± 0.02

∆E(2)
(V)

k1Γ1
k2Γ2
(cm s–1) (cm s–1)

–0.37
± 0.01
–0.36
± 0.02
–0.29
± 0.01
–0.35
± 0.02
–0.34
± 0.03
–0.38
± 0.03
–0.32
± 0.05
–0.39
± 0.01

0.025
± 0.001
0.028
± 0.002
0.027
± 0.002
0.011
± 0.002
0.019
± 0.002
0.014
± 0.002
0.018
± 0.003
0.018
± 0.002
0.008
± 0.002

0.037
± 0.001
0.040
± 0.001
0.072
± 0.004
0.12
± 0.01
0.13
± 0.01
0.14
± 0.03
0.24
± 0.02
0.071
± 0.003

* This GC/AQ electrode was modified in an aqueous solution of Fast Red AL Salt.

The constancy of α indicates that the free GC surface responsible for the
reduction following the equivalent of an activated electron transfer step is
unaffected by coverage. Also, the constancy of ∆E(1) and ∆E(2) indicates that the
thermodynamic properties of the semiquinone of the grafted AQ are
independent of coverage in the range investigated. Although there is some
scatter in the data, the rate constant k0’ decreased with increasing ΓQ and this is
most likely due to a site-blocking effect of AQ. There was only a slight
tendency for the parameter of k1Γ1 to decrease at higher surface concentrations
of AQ. Its decrease is expected since the number of native quinone sites on GC
should decrease with increasing surface coverage.
The most notable dependence on AQ surface coverage was observed for the
chemical rate parameter k2Γ2. According to the proposed EC mechanism
(Reactions (16) and (17)) the rate of O2 reduction is limited by the chemical step
when the rate of electron transfer to surface-confined AQ is fast. Therefore, the
reduction rate should increase at higher AQ surface concentrations as can be
seen in Figure 4. Importantly, the calculated parameter k2Γ2 was linearly
dependent on ΓQ, as shown in Figure 5. From the slope of this graph, a value for
the rate constant k2 = (4.7±0.3)×108 cm3 mol–1 s–1 was found.
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A comparison between surfaces functionalised in aqueous solution and
acetonitrile indicated that the conditions under which the electrode was grafted
did not affect the properties of the electroactive groups, as both GC/AQ
electrodes gave similar responses and there was no significant difference in the
kinetic parameters obtained using the NLR analysis. It can be concluded that the
grafting procedure is very robust.
The reduction of O2 on AQ-modified electrodes was also studied using the
RRDE method. The percentage of peroxide formation on the disk (Φ) was
calculated from [131]:

Φ=

200 I R /N
I D + I R /N

(24)

where IR and ID are the ring and disk currents and N is the collection efficiency.
The percentage yields of H2O2 were in the range from 95 to 100% for all the
GC/AQ electrodes studied, showing that O2 reduction proceeds entirely by a 2electron pathway (Figure 6). This is in agreement with the results obtained from
the analysis of the RDE data using the Koutecky-Levich (K-L) equation:

1 1
1
1
1
=
+
=−
−
b
2/3 −1 / 6 b
j j k j dl
nFkcO 2 0.62n F DO 2 ν cO 2 ω 1/2

(25)

where jk and jdl are the kinetic and diffusion-limited current densities,
respectively, k is the rate constant for O2 reduction, DO 2 is the diffusion
coefficient of oxygen (1.9×10–5 cm2 s–1) [170], c Ob 2 is the concentration of
oxygen in the bulk (1.2×10–6 mol cm–3) [170] and ν is the kinematic viscosity of
the solution (0.01 cm2 s–1) [171].
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The number of electrons transferred per O2 molecule (n) was derived from the
K-L plots and a value of n close to 2 was found for GC and GC/AQ electrodes.
This is showing the great promise of these materials as electrocatalysts for the
production of hydrogen peroxide.

6.1.3. Oxygen reduction on AQ- and PQ-modified BDD
and HOPG electrodes
In contrast to glassy carbon, boron-doped diamond and highly oriented
pyrolytic graphite are rather inactive towards oxygen reduction in alkaline
solutions [II]. It has been proposed that at potentials E > –0.7 V, the reduction
of oxygen on GC is mediated by the native quinone-type groups on the GC
surface [21]. On HOPG, these functionalities can exist only on defect sites and
their surface concentration is very small. There is only a minor current peak
seen at ca –0.55 V, which is almost independent of rotation rate. It is also
apparent that the number of active sites is rather low on polished BDD. As a
result, the current of oxygen reduction on BDD and HOPG is very low for
E > –0.9 V. The apparent electron transfer rate constant (k0’) was found to be
(4.5±1.2)×10−5 cm s−1 and (5.7±0.7)×10−5 cm s−1 for the bare HOPG and BDD
electrodes, respectively. These values of k0’ are more than an order of
magnitude lower than that obtained for a bare GC electrode [21]. This
behaviour is very convenient for investigating the kinetics of oxygen reduction
on surface-bound AQ and PQ without contributions from the electrode substrate
and is advantageous over the GC electrodes.
Figure 7 presents the RDE results for oxygen reduction at a
BDD/AQ electrode (ΓQ = 1.3×10−10 mol cm−2) and a HOPG/AQ electrode
(ΓQ = 0.8×10−10 mol cm−2). A current maximum at ca –0.83 V was observed in
both cases. The current decreases at more negative potentials, in agreement with
the surface redox-catalytic cycle model proposed earlier [21]. It should be noted
that such a large current decrease was not observed for GC/AQ electrodes for
which only a small hump was observed at ca –0.8 V [I]. Therefore, the
voltammetric data presented here further confirm the validity of the redox
catalytic cycle model of oxygen reduction on quinone-modified electrodes,
which predicts a decrease of current at potentials more negative than the redox
potential of surface-confined quinones (Ef) [21].
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Figure 7. RDE voltammetry curves for oxygen reduction in O2-saturated 0.1 M KOH:
(a) BDD/AQ electrode (ΓQ =1.3×10−10 mol cm−2); (b) HOPG/AQ electrode (ΓQ =
8×10−11 mol cm−2). ν = 20 mV s−1. Dashed lines correspond to the O2 reduction on (a)
bare BDD and (b) bare HOPG electrode at 360 rpm.

Figure 8 shows similar results for phenanthrenequinone functionalised BDD/PQ
(ΓQ = 3.6×10−10 mol cm−2) and HOPG/PQ (ΓQ = 1.3×10−10 mol cm−2) electrodes.
The half-wave potential of O2 reduction (E1/2) on PQ-modified electrodes is
much more positive than that of the electrodes modified with AQ [29]. The
difference between the E1/2 values of the AQ and PQ modified electrodes is ca
0.25 V for both substrates at the same rotation rate and the same surface
concentration of quinones. The higher electrocatalytic activity of PQ-modified
carbon electrodes is primarily caused by the more positive redox potential of
PQ compared to that of surface bound AQ. The number of electrons transferred
per O2 molecule (n) in the potential region of maximum electrocatalytic activity
by the attached quinone groups, i.e. at the current maximum was calculated
from the K-L equation (Equation (25)). The value of n was found to be close to
two in all cases, indicating that the reduction of oxygen stops at peroxide stage.
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Figure 8. RDE voltammetry curves for oxygen reduction in O2-saturated 0.1 M KOH:
(a) BDD/PQ electrode (ΓQ=3.6×10−10 mol cm−2); (b) HOPG/PQ electrode (ΓQ =
1.3×10−10 mol cm−2). ν = 20 mV s−1. Dashed lines correspond to the O2 reduction on
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The kinetic parameters of O2 reduction for BDD and HOPG electrodes grafted
with quinones were calculated following the surface redox-catalytic cycle
model described above. This model was further simplified, because no
contribution from the native quinone groups on carbon surface had to be taken
into account, allowing more accurate determination of the kinetic parameters for
oxygen reduction on quinones. In the case of BDD/PQ and HOPG/PQ
electrodes for which the oxygen reduction peak appeared at rather positive
potentials (Figure 8), it was assumed that at potentials E > –0.65 V the
reduction of O2 is solely mediated by the surface-bound PQ. Therefore, the term

2Fc Ob 2 k 0 e − fα ( E − E

0

)

describing the O2 reduction on the substrate surface in

Equation (23) was considered negligible. However, for AQ-modified electrodes,
this term cannot be disregarded, because at more negative potentials
(E < –1.0 V) a significant reduction current is observed for both electrode
surfaces (Figure 7). The oxygen reduction kinetic parameters were calculated by
a non-linear regression (NLR) analysis of the current-potential curves at
different rotation rates [21]. From the product k2Γ2, the rate constants for the
reaction between semiquinone and molecular oxygen (kc) were calculated, using
the ΓQ values determined from the cyclic voltammograms in Ar-saturated
solution. Some dependence of the values of the parameters on rotation rate was
observed and the averages obtained are listed in Table 2.
Table 2. Comparison of the kinetic parameters for oxygen reduction on quinonemodified BDD and HOPG electrodes in 0.1 M KOH.
E0

Electrode
BDD/AQ
HOPG/AQ
BDD/PQ
HOPG/PQ

Q / Q 2−

/V

–0.825 ± 0.008
–0.833 ± 0.004
–0.522 ± 0.003
–0.537 ± 0.003

∆E / V

10−8 kc / cm3 mol−1 s−1

–0.33 ± 0.02
–0.26 ± 0.02
–0.16 ± 0.01
–0.16 ± 0.01

2.7 ± 0.2
1.9 ± 0.3
2.2 ± 0.2
2.8 ± 0.3

The redox potential of the quinone/hydroquinone couple ( E 0

Q / Q 2−

) is the main

factor that determines the electrocatalytic activity of the quinone-modified
electrodes. The E 0 2 − values obtained for PQ and AQ are somewhat more
Q/Q

positive than those obtained on a GC substrate (–0.56 V [29] and –0.86 V [I] for
PQ and AQ, respectively). This small shift can be attributed to the different
binding sites and/or orientation of the quinone molecules on different substrates.
On the other hand, on modified GC electrodes the carbon surface is rather
active and the extraction of the parameters of attached quinones is a more
complicated task, therefore, the values for quinone-modified GC electrodes may
have been determined with less accuracy. The E 0 2 − values obtained from the
Q/Q

NLR analysis are close to the redox potentials determined from the cyclic
voltammograms in Ar-saturated solution, which indeed should be the case
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according to the redox-catalytic cycle model of oxygen reduction on quinonemodified electrodes [21].
The values of kc obtained for surface-bound AQ and PQ on different substrates are all in the order of 108 cm3 mol−1 s−1. This indicates that the quinone
structure does not have a large influence on the rate constant of the reaction
between the semiquinone radical anion and molecular oxygen. The values of kc
obtained for AQ-grafted HOPG and BDD (Table 2) are somewhat smaller than
these of GC/AQ (4.7×108 cm3 mol–1 s–1 [I]). The difference is not large and may
be related to the different binding sites or orientation of quinone molecules on
different substrates. Very high kc value was obtained for GC/AQ electrode, as
compared to these obtained for various quinones at lower pH-s [26,35,36,42–
44]. Surprisingly, even higher kc value has been found at pH = 2.5 for
AQ covalently attached to multi-walled carbon nanotubes (MWCNTs)
(kc = 8.6×108 cm3 mol–1 s–1) [49], however, the untreated MWCNTs are rather
active towards O2 reduction [172] and it is not clear whether their contribution
has been eliminated.
Determination of exact values of rate constants for quinones is often complicated by the effect of substrate and the results may depend on the method of
analysis used. Nevertheless it is important from the fundamental point of view
that the kc value has less influence to the O2 reduction activity (overpotential)
than the redox potential of the quinone couple.
Our results show that the quinones are very active catalysts for O2 reduction
in alkaline media and catalyse almost exclusively the 2e– reduction, showing the
great promise of these materials as electrocatalysts for the production of
hydrogen peroxide.

6.2. Oxygen reduction on nanostructured
Au electrodes
The electrochemical reduction of oxygen on vacuum-evaporated thin Au films
was studied in acid and alkaline solutions, in order determine the effect of Au
film thickness on the kinetics of O2 reduction. Preliminary experiments were
carried out in acid media [III]. In the next stage of work, the electrodes were
covered with a 0.5 µm Nafion film, to provide an environment more similar to a
fuel cell cathode compartment [IV].

6.2.1. Surface morphology of thin Au films
The surface morphology of thin Au films was studied using atomic force
microscopy (AFM) and transmission electron microscopy (TEM). Complete
coverage of the substrate by gold was achieved at a nominal 10 nm Au film
thickness. The thinner films consisted of separate gold clusters; the island
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growth mode observed for Au films deposited on carbon substrates is in
agreement with previous observations [93]. Particle size was clearly dependent
on the loading of gold. The lowest Au loading (h = 0.25 nm) showed roundshaped particles with a mean particle diameter of (2.7 ± 1.0) nm. The particles
grow and start to merge into larger agglomerates as the Au loading is increased,
however, even for films as thick as 5 nm, a fraction of Au is still present as
small clusters, with a particle diameter of d < 4 nm. For example, for the 1 nm
Au film, a bidisperse system is formed, where the size of Au nanoclusters is
(14 ± 3) nm and (2.0 ± 0.6) nm.
For comparison, glancing incidence angle X-ray powder diffraction
(GIXRD) was used for the estimation of crystallite size of the Au films. The
crystallite size calculated from the Scherrer equation increases from (4.4 ± 2)
nm to (16 ± 6) nm with increasing film thickness from 1 to 20 nm. The
crystallite size measured by GIXRD is in general smaller than the size of the Au
islands revealed by TEM. Since GIXRD actually measures the mean size of
coherently diffracting domains, it is not surprising that larger dimensions are
observed by TEM since the film is formed by agglomeration of several small
crystalline domains with different lattice orientations.

6.2.2. Cyclic voltammetry of thin Au films
Prior to O2 reduction measurements, the thin-film Au electrodes were electrochemically characterised by cyclic voltammetry in Ar-saturated 0.5 M H2SO4
(Figure 9). The CV curves were similar for bare [III] and Nafion-coated [IV]
thin-film Au electrodes. The CV behaviour of the thin-film Au electrodes was
similar to that of bulk polycrystalline gold, but for the thinner films, the first
anodic peak at 1.16 V was lower compared with the second peak at 1.33 V. The
real surface area of gold (Ar) was determined from the CV curves by charge
integration under the oxide reduction peak. For Au films thicker than 5 nm, Ar
was approximately twice higher than the geometric area (A) of the electrode and
the Ar/A ratio decreased for the thinner films. This ratio was around 0.5 for the
thinnest film (h = 0.25 nm).

6.2.3. Oxygen reduction on thin Au films in 0.5 M H2SO4
The ORR electrocatalytic activity of the GC substrate is very low in acid media
and therefore, the activity of the thin-film electrodes is due to the deposited Au
nanoparticles only. Figure 10 shows representative current-potential curves for
oxygen reduction; the background current has been subtracted from these data.
Single-wave polarisation curves with no well-defined current plateau were
observed for all bare and Nafion-coated thin-film Au electrodes studied as well
as for the bulk Au electrode. The RDE data were analysed using the
9
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K-L equation (Equation (25)) and the values for 0.5 M H2SO4: c Ob 2 = 1.13×10−6
mol cm−3 [173], DO 2 = 1.8×10−5 cm2 s−1 [173] and ν = 0.01 cm2 s−1 [171]. The
number of electrons transferred per O2 molecule (n) was calculated at different
potentials (see the inset of Figure 11). n is close to 2 at the foot of the
polarisation curve and therefore, H2O2 is the final reduction product. At more
negative potentials (E < –0.2 V), n gradually increases indicating further
reduction of H2O2, in agreement with previous observations [98]. At very
negative potentials, the value of n depends on the Au film thickness, being
lower for the thinner films. For the bare thin-film Au electrodes, the value of n
at the negative potentials is slightly higher than for the Nafion-coated
electrodes.
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Figure 9. Cyclic voltammograms for
thin-film Au electrodes (curves 2–5) and
bulk Au (curve 1) in Ar-saturated 0.5 M
H2SO4. Au film thickness: (2) 20; (3) 1;
(4) 0.5 and (5) 0.25 nm. ν = 100 mV s−1.
All the electrodes were covered with 0.5
µm Nafion film.
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Figure 10. RDE voltammetry results for
O2 reduction on 2 nm Au/GC electrode in
O2-saturated 0.5 M H2SO4. ν = 10 mV s−1.
The electrode was covered with 0.5 µm
Nafion film.

The polarisation curves of O2 reduction were similar for all bare and Nafioncoated electrodes, but the apparent catalytic activity of the electrodes decreased
with decreasing the film thickness (Figure 11). This is also reflected in the shift
of the half-wave potential (E1/2) towards more negative values (Table 3). A
decrease of the apparent O2 reduction activity with Au loading would be
expected, as the real surface area of Au decreases for the thinner films. To
determine the possible effect of the Au film morphology and particle size on the
electrocatalytic activity of gold, the specific activity (SA) of thin Au films was
calculated:
SA = Ik / Ar

(26)

where Ik is the kinetic current and Ar is the real surface area of gold. SA values
obtained at E = 0.05 V vs SCE are given in Table 3. It can be concluded that for
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bare Au films and for Nafion-coated films of nominal thickness h ≥ 0.5 nm the
SA is independent of Au loading. However, the average SA value for Nafioncoated films is approximately three times lower compared with bare Au films.
This can be 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 [174,175]. The decrease of the
kinetic current has also been observed on Nafion-coated GC electrodes as
compared to bare GC and this effect has been related to the lower pH at Nafioncoated GC and/or to blocking by the side chains of the Nafion polymer [176].
Table 3. Kinetic parameters for oxygen reduction on bare [III] and Nafion-coated [IV]
thin-film Au electrodes in 0.5 M H2SO4.
Au film
thickness

Bare Au films
Tafel slope
(mV dec−1)

0.25 nm
0.5 nm
1 nm
2 nm
5 nm
10 nm
20 nm
Bulk Au

–120 ± 4
–120 ± 5
–107 ± 2
–109 ± 2
–115 ± 2
–115 ± 2
–107 ± 3
–109 ± 2

Nafion-coated Au films

SA
Tafel slope
E1/2
at 0.05 V
(mV)
(mV dec−1)
−2
(mA cm )
–163 ± 8 0.43 ± 0.08 –122 ± 6
–256 ± 14
–142 ± 12 0.39 ± 0.10 –114 ± 1
–156 ± 18
–89 ± 2 0.37 ± 0.02 –113 ± 1
–127 ± 50
–70 ± 8 0.41 ± 0.03 –106 ± 4
0–98 ± 13
–29 ± 3 0.45 ± 0.03 –106 ± 2
0–86 ± 90
–28 ± 3 0.41 ± 0.03 –119 ± 1 0–112 ± 230
–21 ± 5 0.52 ± 0.03 –110 ± 2
0–86 ± 17
–13 ± 4 0.40 ± 0.03 –110 ± 5
0–70 ± 90
E1/2
(mV)

SA
at 0.05 V
(mA cm−2)
0.08 ± 0.01
0.12 ± 0.01
0.13 ± 0.02
0.14 ± 0.02
0.14 ± 0.01
0.12 ± 0.02
0.17 ± 0.01
0.21 ± 0.02

The mass-transfer corrected Tafel plots, normalised to Au real surface area were
constructed from the RDE data (Figure 12). For bare and Nafion-coated thinfilm electrodes, the average Tafel slopes of –112 ± 8 mV dec−1 and –114 ± 6
mV dec−1, respectively, were calculated between 0 and 0.2 V and these values
were independent of the film thickness (Table 3), indicating that the ORR
mechanism does not depend on Au loading or Nafion coating and that the first
electron transfer is the rate-determining step.
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Figure 11. RDE voltammetry curves for
O2 reduction on Au thin films (curves 1–
4) and bulk Au (5) in O2-saturated 0.5 M
H2SO4. Au film thickness: (1) 0.25; (2)
0.5; (3) 2 and (4) 20 nm. ω = 1900 rpm;
ν = 10 mV s−1. The inset shows the potential dependence of n for thin-film and
bulk Au electrodes in 0.5 M H2SO4. Film
thickness: (▲) 0.25; (▼) 0.5; (■) 1; (♦)
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All the electrodes were covered with 0.5
µm Nafion film.
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Figure 12. Potential dependence of theO2
reduction kinetic current density per real
Au surface area for thin-film and bulk Au
electrodes in 0.5 M H2SO4. ω = 1900 rpm.
Film thickness: (▲) 0.25 nm; (▼) 0.5 nm;
(♦) 2 nm; (+) 20 nm. (►) bulk Au. All the
electrodes were covered with 0.5 µm
Nafion film.

The thinnest Nafion-coated Au film (0.25 nm) has a lower SA value than the
thicker films by a factor of two. This may be a particle size effect. The average
particle size for this film is less than 4 nm, whereas for the higher loadings,
larger clusters dominate. These results are in agreement with the observation by
Guerin et al. that the electrocatalytic activity for O2 reduction of Au particles
smaller than d ≈ 4 nm decreases rapidly with size [100]. The origin of these size
effects, however, still remains unclear. It may be related to the changes in
particle morphology. According to the model of Kinoshita for cubo-octahedral
particles [138], the surface fraction of (111) sites increases when the particle
size decreases. The adsorption of (bi)sulfate ions that block the adsorption sites
for O2 is strongest on Au(111) crystal face, whereas the four-fold symmetry of
Au(100) is convenient for O2 adsorption [56]. Therefore, the purely geometrical
considerations can explain the decreased O2 reduction activity. On the other
hand, the role of the low coordinated Au atoms as the adsorption centres for CO
and O2 in CO oxidation has been emphasised [101]; most likely the O2
adsorption on these centres also influences the electrochemical reduction of O2.
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6.2.4. Oxygen reduction on thin Au films in 0.1 M KOH
In alkaline solution, the Nafion-coated Au electrodes are rather active catalysts
for oxygen reduction; the onset potential of the ORR is ca –0.1 V for bulk Au
and thicker films. Figure 13 shows representative current-potential curves for
the ORR for a 1 nm Au film electrode in O2-saturated 0.1 M KOH at several
rotation rates and in Figure 14, a comparison for several thin-film Au electrodes
with bulk Au and the GC substrate at the same rotation rate is presented. The
current-potential characteristics were similar for all electrodes studied and
electrodes with thicker films (h ≥ 5 nm) showed current maxima at
approximately –0.4 V similarly to bulk polycrystalline Au. Extensive studies
with Au single crystals have shown that HO2− is predominantly formed at the
potentials of the first reduction wave on Au(111) and Au(110). HO2− is further
reduced to OH− at the second wave [56]. On the Au(100) plane, the
4e− reduction to OH− takes place at relatively low overpotentials and causes the
current maximum [56]. Similar O2 reduction behaviour has also been observed
for the reconstructed surface of polycrystalline Au (“(100)-like Au”) [62] and
for Au nanoparticles synthesized in water-in-oil microemulsion [78].
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Figure 13. RDE voltammetry curves for
O2 reduction on 1 nm Au/GC electrode
in O2-saturated 0.1 M KOH at different
rotation rates. ν = 10 mV s−1.

-1.2

-1.0

-0.8

-0.6

-0.4

-0.2

0.0

E / V vs SCE

Figure 14. RDE voltammetry curves for
O2 reduction on Au thin films (curves 2–6),
bulk Au (7) and GC (1) in O2-saturated
0.1 M KOH at 1900 rpm. Au film
thickness: (2) 0.25; (3) 0.5; (4) 1; (5) 5 and
(6) 20 nm. ω = 1900 rpm; ν = 10 mV s−1.

The number of electrons transferred (n) was calculated using Equation (25)
and the values for 0.1 M KOH: c Ob 2 = 1.2×10−6 mol cm−3 [170],

DO 2 = 1.9×10−5 cm2 s−1 [170] and ν = 0.01 cm2 s−1 [171]. The n value depends
on potential as well as on Au loading. For high loading, n > 3 at low
overpotentials (E > –0.4 V), indicating that HO2– is partially further reduced. At
more negative potentials, n decreases, being close to 2 for electrodes with low
Au loading and its value is between 2.5 and 3 for electrodes with higher Au
10
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loading, showing that only a fraction of the HO2− formed on the surface of
nanostructured gold is reduced at these potentials. At E < –0.7 V, n increases for
all the electrodes studied up to the value of four at –1.2 V, corresponding to full
reduction to OH−.
The absence of current maxima and lower n values at low overpotentials
observed for the electrodes of smaller Au loading as compared to the thicker
films may be related to the differences in particle size and morphology. HO2− is
further reduced at low overpotentials only on Au(100) terraces [69] that are
more likely to be present on the surface of larger Au clusters, while the small
Au particles have a greater fraction of low coordination surface atoms. In
accordance with this, a strong influence of the nanoparticle morphology on O2
reduction has been observed by Hernandez et al. [78,79] and El-Deab et al.
[83,84,86].
Similarly to the behaviour in acid, the apparent electrocatalytic activity of
the electrodes decreases with the nominal film thickness and E1/2 shifts to more
negative potentials (Table 4). Figure 15 presents the mass-transfer corrected
Tafel plots for O2 reduction in 0.1 M KOH, normalised to Au real surface area.
The Tafel slope between –0.2 V and –0.3 V was close to –120 mV dec−1 for all
surfaces (Table 4), indicating that the O2 reduction mechanism is independent of
the Au film thickness.
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Figure 15. Potential dependence of the
O2 reduction kinetic current density per
real Au surface area for thin-film and
bulk Au electrodes in 0.1 M KOH. ω =
1900 rpm. Film thickness: (▲) 0.25; (×)
0.5; (■) 1; (►) 5 and (+) 20 nm. (●) bulk
Au. All the electrodes were covered with
0.5 µm Nafion film.

The specific activity of the electrodes was calculated at –0.15 V (Table 4). In
contrast to the result in an acid solution, where the O2 reduction activity of the
GC support is very low, the half-wave potential of this reaction for GC in
alkaline solution is approximately 40 mV more negative than for the Au/GC
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electrode with the lowest Au loading. Therefore, the reduction on GC has
undoubtedly some influence on O2 reduction at the Au/GC electrodes of lower
loading. Nevertheless, at E = –0.15 V where the SA for Au electrodes was
determined, the O2 reduction activity of GC is considered to be negligible.
Analogously to the results in acid solution, where the SA is almost
independent of the Au loading, the SA value is only slightly decreased for
thinner films in alkaline solutions. A possible explanation might be the relative
enrichment of larger Au particles with Au(100) crystal facets, as compared to
the small particles. This speculation is supported by the observation that the
average number of electrons involved in O2 reduction increases with the film
thickness at low overpotentials. On the other hand, it might be possible that the
activity loss is due to some other effect related to particle size. It is evident that
the catalytic properties of nanoparticles can be remarkably different from these
of bulk metal [5].
Our results show that there is no evidence of strong dependence of Au
specific activity on the loading over the range of film thicknesses studied. This
is an important finding from the point of view of preparing practical
electrocatalysts for fuel cells.
Table 4. Kinetic parameters for oxygen reduction on thin-film Au electrodes in 0.1 M
KOH [IV]. The electrodes were covered with 0.5 µm Nafion film.
Au film
thickness
0.25 nm
0.5 nm
1 nm
2 nm
5 nm
10 nm
20 nm
Bulk Au

E1/2
(mV)
–334 ± 5
–274 ± 8
–245 ± 8
–273 ± 14
–217 ± 6
–217 ± 5
–210 ± 4
–200 ± 8

Tafel slope
(mV dec−1)
–121 ± 3
–122 ± 4
–119 ± 3
–120 ± 7
–102 ± 5
–100 ± 5
–105 ± 3
–108 ± 11

SA at –0.15 V
(mA cm−2)
0.08 ± 0.02
0.09 ± 0.02
0.11 ± 0.01
0.05 ± 0.01
0.14 ± 0.02
0.18 ± 0.01
0.24 ± 0.03
0.19 ± 0.03

6.3. Oxygen reduction on nanostructured
Pt electrodes
Oxygen reduction on thin Pt films prepared by vacuum-evaporation onto GC
[V] and Au [VI] supports was studied in acid solutions. The objective of this
part of work was to compare the electrochemical behaviour of Pt nanoislands
and thin films in 0.1 M HClO4 and 0.05 M H2SO4 solutions, in order to evaluate
the influence of anion adsorption on nanostructured Pt electrodes to the ORR
kinetics and determine the possible effects of the size of Pt islands and the Pt
film thickness on the oxygen reduction activity.
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6.3.1. Surface morphology of thin Pt films
The morphology of thin Pt films was studied by TEM. The TEM images
revealed that the Pt film formation follows an island growth mode. The thinnest
films consisted of separate, round-shaped Pt islands; the particle size was
1.7 ± 0.2 nm for 0.25 nm film and increased with the film thickness. For thicker
films, a network of Pt islands was formed. For 10 nm film, a continuous film
consisting of Pt clusters with the size of 4.0 ± 0.7 nm was observed.
Unfortunately, we have no information about the surface morphology of Pt
films on Au support. Pedersen et al. have studied deposition of small amounts
of Pt to Au(111) substrate by vacuum-evaporation and found that the islands
grow layer-by-layer, so that the first monolayer is nearly complete before
second layer islands are nucleated [177]. Therefore, Pt islands which are larger
in diameter and more flat are expected to form on Au as compared to the small
hemispherical particles on carbon substrate for the thinnest films.

6.3.2. Cyclic voltammetry of thin Pt films
Thin-film Pt electrodes were cycled in the Ar-saturated HClO4 or H2SO4
solutions prior to the O2 reduction measurements, in order to stabilise and
characterise the Pt film. Figure 16 shows the stable cyclic voltammograms of
Pt/GC and Pt/Au electrodes of various film thickness in 0.05 M H2SO4. For the
thin-film Pt electrodes, the CV response showed features characteristic to the
polycrystalline Pt in both solutions, the Hupd peaks being less pronounced in
HClO4 [178]. It is most significant that the peak potential of Pt oxide reduction
shifted to negative direction for thinner films, the maximum shift being about
50 mV for thinnest films as compared to bulk Pt and thick Pt films. This effect
has been attributed to more irreversible adsorption of oxygenated species on
smaller Pt particles [114,123,124,139]. The negative shift is experimentally
well-established and could be related to lower coordination number of smaller
Pt particles, which in turn changes the electronic properties of nanoparticles
[124]. The peak potentials of oxide reduction were similar in both solutions. For
Pt/Au electrodes, the shift of the oxide reduction peak can also be attributed to
the substrate-induced changes of the electronic properties of Pt surface that
increase the binding energy of adsorbed oxygen-containing species; this has
been observed in earlier studies on the Pt/Au bimetallic systems [152,154,159].
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Figure 16. Cyclic voltammograms for (a) Pt/GC electrodes and (b) Pt/Au electrodes
in Ar-saturated 0.05 M H2SO4. Film thickness: (a) (1) 0.25; (2) 0.5; (3) 1; (4) 2 and
(5) 10 nm; (b) (1) 0.25; (2) 0.5; (3) 2; (4) 5 and (5) 20 nm. The dashed lines
(6) correspond to bulk Pt electrode. ν = 100 mV s−1.

The real surface area (Ar) of Pt was determined by charge integration under the
hydrogen desorption peaks. It was considerably increasing with the film
thickness for thinner films (h < 5 nm), from approximately Ar / A ≈ 0.5 to Ar / A
≈ 3 for 0.25 nm and 5 nm Pt/GC films and from Ar / A ≈ 0.3 to Ar / A ≈ 2 for
0.25 nm and 5 nm Pt/Au films, respectively. For 5 nm and thicker films, there
was only a slight increase of the roughness with the film thickness, as the
substrate surface was already nearly completely covered by Pt. The smaller real
surface area of Pt/Au electrodes as compared to Pt/GC films of the same
nominal thickness may be due to different surface morphology of the films, or
to the surface alloying and Au segregation that is expected to take place during
cycling. Pedersen et al have calculated the surface energy of Pt-Au surface alloy
and found it to be larger than that of Pt-Au capped by pure Au “skin”, therefore,
Pt atoms tend to diffuse away from the top layer [177].

6.3.3. Oxygen reduction on thin Pt films
The electrochemical reduction of oxygen on thin-film Pt electrodes was studied
in 0.1 M HClO4 and 0.05 M H2SO4 solutions using the RDE method. The
representative current-potential curves are shown in Figure 17; the background
current has been subtracted from these data and only the negative potential
sweeps are presented and analysed further. Single-wave polarisation curves
with a well-defined current plateau were observed for all the Pt/GC as well as
for Pt/Au electrodes studied and the apparent catalytic activity of oxygen
reduction increased with the nominal film thickness. It can be seen that in
H2SO4 the electrocatalytic activity of Pt films was lower, the half-wave
potential of O2 reduction being approximately 60–70 mV more negative (Tables
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5 and 6). This is a well-known phenomenon that the adsorbed (bi)sulfate anions
block the sites for O2 adsorption [103,106–109,142,143, 179] and possibly have
a negative electronic effect on the ORR kinetics [109]. The RDE data were
analysed using the Koutecky-Levich equation (Equation (25)) and the values for
0.05 M H2SO4: c Ob 2 = 1.22×10−6 mol cm−3 [180], DO 2 = 1.93×10−5 cm2 s−1 [180]
and ν = 0.01 cm2 s−1 [171]. The K-L plots were constructed and the number of
electrons transferred per O2 molecule (n) was calculated from Equation (25).
The value of n ≈ 4 was found over the whole range of potentials and Pt film
thicknesses studied, both for Pt/GC and Pt/Au electrodes. The 4e– pathway of
O2 reduction on Pt has been confirmed in many studies [1,2], however, it is not
possible to unequivocally establish whether the reduction of O2 proceeds
through “direct” 4e– pathway or through H2O2 intermediate that is immediately
reduced further. It has been stated recently that the reduction via adsorbed
peroxide is more reasonable [105,108,137].
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Figure 17. RDE voltammetry results for O2 reduction on (a) 2 nm Pt/GC electrode
and (b) 2 nm Pt/Au electrode in O2-saturated 0.1 M HClO4 (solid lines) and 0.05 M
H2SO4 (dashed lines). ν = 10 mV s−1.

The electrocatalytic activity of thin Pt films decreased with decreasing film
thickness in both solutions and the half-wave potential shifted in the negative
direction (Tables 5 and 6). This activity decrease is mainly caused by the
decrease of the real surface area of Pt for the thinner films. The catalytic activity
of both GC and Au substrates is very low in acid solutions and therefore the
O2 reduction current at potentials E > 0.25 V is due to the Pt particles only. At
more negative potentials, a small quantity of H2O2 can be produced on GC or
Au substrate, which is expected to be further reduced on Pt particles, as shown
by Antoine and Durand on platinum nanoparticles supported on carbon inside
Nafion [122].
To evaluate the percentage of H2O2 formation, the RRDE experiments were
carried out on the 0.5 nm Pt/GC and 0.5 nm Pt/Au electrodes. The potential of
Pt ring was set to E = 0.95 V, at which the oxidation of H2O2 is diffusion
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limited. The fraction of H2O2 formation on the disk was calculated from
Equation (24). The ring current was rather small at the potentials of E > –0.1 V,
corresponding to less than 3% of H2O2 formation on Pt/GC and less than 5% on
Pt/Au electrodes. At more negative potentials the H2O2 production significantly
increased and the O2 reduction current (ID) decreased accordingly. This has
been attributed to the blocking of the sites for dissociative adsorption of oxygen
molecules by adsorbed hydrogen atoms [103]. The percentage of H2O2
formation appears to be independent of electrode substrate and electrolyte
solution, only slightly more H2O2 is produced on Pt/Au electrodes and in the
H2SO4 solution.
Our results are in agreement with the literature data, where only small
amounts of H2O2 produced have been detected on carbon-supported Pt
nanoparticles [131] and on Pt nanocubes [140]. Increased H2O2 production has
been observed on Pt/GC electrodes of very low Pt loading and it was proposed
that H2O2 formed on the Pt surface does not necessarily undergo instantaneous
further reduction, but that further reduction can occur also after its desorption
and subsequent re-adsorption and the probablity of latter process decreases with
decreasing Pt loading [137]. For Pt/Au systems, small amounts of H2O2
produced have been found on Pt monolayer on Au [155] and significant
formation of H2O2 on AuPt alloy nanoparticle catalysts [162,163], whereas on
Pt-coated Au nanoparticles, O2 was completely reduced to H2O [158].
In Figures 18 and 19, the mass-transfer corrected Tafel plots constructed
from the RDE data are presented. Two Tafel regions with the characteristic
slopes near to –120 mV dec−1 and –60 mV dec−1 are clearly distinguished, a
transition in slope occurring at potentials between 0.45 and 0.5 V. The value of
–120 mV dec−1 indicates that the rate determining step is the transfer of the first
electron to oxygen molecule. As suggested previously, the change of the slope
is not related to the change of the reaction mechanism, but it has been attributed
to the potential-dependent coverage of surface oxides that inhibit the adsorption
of O2 and reaction intermediates [1]. It can be seen that the potential at which
the Tafel slope changes shifts negatively for the thinner films, in agreement
with the shift of the Pt surface oxide reduction peak (Figure 16). In HClO4, the
transition between slopes is more gradual than in H2SO4 solution. The values of
Tafel slopes listed in Tables 5 and 6 do not show a clear dependence on the film
thickness and are similar in both solutions, indicating that the mechanism of
oxygen reduction on nanostructured Pt is the same as on bulk metal and is not
affected by the substrate material.
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Figure 18. Mass-transfer corrected Tafel plots for O2 reduction on thin-film and bulk
Pt electrodes in (a) 0.1 M HClO4 and (b) 0.05 M H2SO4. ω = 1900 rpm. Insets:
Potential dependence of O2 reduction kinetic current density per real Pt surface area.
Film thickness: (▲) 0.25 nm; (●) 0.5 nm; (▼) 2 nm; (+) 5 nm; (■) 10 nm; (►) bulk
Pt.

To distinguish the effects of Pt film morphology and particle size on the
electrocatalytic activity from the activity decrease due to the decrease of the real
surface area of Pt, the kinetic current was normalised to real Pt surface area and
the specific activity (SA) of O2 reduction was calculated from Equation (26).
The SA values obtained at E = 0.55 V vs. SCE in both electrolyte solutions are
given in Tables 5 and 6. It is most significant that in HClO4 solution, the SA of
Pt films on both substrates decreases with decreasing film thickness, whereas in
H2SO4, the SA value is constant over the whole range of film thicknesses
studied. For Pt/GC electrodes, the decrease of the SA with nominal film
thickness is apparently related to decreasing the size of Pt particles. The
decrease of the O2 reduction activity of Pt nanoparticles with the particle size
has been observed in many studies [112–124,132], most often, for particle sizes
below 3 nm. Therefore, the results obtained in HClO4 are in agreement with
literature data. The origin of this size effect has most often been attributed to
stronger adsorption of OH on smaller Pt particles that hinders the reduction
kinetics [114,124]. Adsorbed OH is considered to inhibit the ORR by blocking
the surface sites for O2 adsorption [108,109] and it also has a negative electronic
effect on the ORR kinetics [109]. The more irreversible adsorption of surface
oxygenated species is reflected in the shift of oxide reduction peak to lower
potential values, as can be seen in Figure 16.
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Figure 19. Mass-transfer corrected Tafel plots for O2 reduction on Pt/Au electrodes
and bulk Pt in (a) 0.1 M HClO4 and (b) 0.05 M H2SO4. ω = 1900 rpm. Film thickness:
0.25 nm (▲);0.5 nm (●);2 nm (▼); 5 nm (+); 20 nm (■); bulk Pt (►).
Table 5. Kinetic parameters for oxygen reduction on Pt/GC electrodes in 0.1 M HClO4
and 0.05 M H2SO4 at ω = 1900 rpm.
Electrode
0.25 nm
Pt
0.5 nm
Pt
1 nm Pt
2 nm Pt
5 nm Pt
10 nm
Pt
20 nm
Pt
Bulk Pt

0.1 M HClO4
Tafel slope
(mV dec−1)
I*
II
–62
±4
–65
±4
–60
±4
–60
±2
–66
±1
–64
±2
–70
±2
–63
±3

–123
±5
–129
± 10
–110
±5
–123
±9
–117
±9
–123
±2
–145
±4
–117
±2

E1/2
(mV)
419
± 15
427
± 12
469
±4
484
±7
493
±6
509
±2
517
±6
513
±4

SA at
0.55 V
(mA
cm−2)
0.26
± 0.09
0.28
± 0.08
0.35
± 0.08
0.40
± 0.08
0.45
± 0.06
0.61
± 0.01
0.61
± 0.04
0.79
± 0.03

0.05 M H2SO4
Tafel slope
(mV dec−1)
I
II
–65
±3
–66
±2
–59
±5
–63
±1
–69
±2
–66
±1
–65
±3
–69
±7

–127
±2
–138
±4
–124
±2
–129
±1
–127
±2
–130
±4
–139
±2
–140
± 10

E1/2
(mV)
360
±3
345
± 10
401
±2
410
±2
436
±1
438
±5
440
±5
430
± 12

SA at
0.55 V
(mA
cm−2)
0.10
± 0.01
0.10
± 0.01
0.10
± 0.01
0.10
± 0.01
0.14
± 0.01
0.12
± 0.01
0.10
± 0.01
0.13
± 0.01

* Region I corresponds to low current densities and Region II to high current densities.

For Pt/Au electrodes, the stronger adsorption of oxygen-containing intermediates on Pt can be caused by the electronic effect of Au substrate. The
theoretical calculations have indicated that in case of Pt monolayer on Au(111),
the lattice mismatch induces the expansive strain in Pt and results in a higher
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d-band centre energy that leads to a stronger binding of adsorbates to the
surface [155,157]. The d-band centre energy of the surface Pt atoms decreases
as the number of the Pt layers increases and the Pt–Au interaction decreases. On
the other hand, for the Pt-Au surface alloys the d-band centre of the surface Pt
atoms decreases as the Pt concentration decreases [181]. This implies that the
adsorption energy of O and OH and also the catalytic activity for O2 reduction is
highly dependent on the morphology of the Pt/Au surface and on the Pt loading
and that generally a slight decrease of the specific activity of Pt/Au catalysts is
expected, as compared to pure Pt. In agreement with this proposition, our results
show that thick Pt films on Au are somewhat less active to O2 reduction than Pt
films on GC and bulk Pt. The activity decreases with decreasing film thickness
as the influence of Au substrate increases, the same effect has been observed for
Pt coated Au nanoparticles [159]. Interestingly, the Pt films of low nominal
thickness are slightly more active than the corresponding Pt/GC films. A
possible explanation might be the different morphology of Pt nanostructures on
Au and GC. Pedersen et al have studied deposition of very small amounts of Pt
to Au(111) substrate by vacuum-evaporation and found that the Pt islands grow
layer-by-layer, so that the first monolayer is nearly complete before the second
layer islands are nucleated [177]. Due to the roughness of the polycrystalline Au
substrate used the situation might be somewhat different, but it is still expected
that as compared to small hemispherical Pt particles that we observed on carbon
substrate, the Pt islands on Au are larger in diameter and more flat. Therefore,
the particle size effect to O2 reduction is small and the decrease of O2 reduction
activity as compared to thicker films is caused only by stronger influence of Au
substrate that leads to the more irreversible adsorption of surface oxygenated
species. The more irreversible adsorption is evidenced by the shift of Pt oxide
reduction peak to a negative direction (Figure 16).
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Table 6. Kinetic parameters of oxygen reduction on Pt/Au electrodes in 0.1 M HClO4
and 0.05 M H2SO4 at ω = 1900 rpm.
Electrode
0.25 nm
Pt/Au
0.5 nm
Pt/Au
1 nm
Pt/Au
2 nm
Pt/Au
5 nm
Pt/Au
10 nm
Pt/Au
20 nm
Pt/Au
Bulk Pt

0.1 M HClO4
Tafel slope
E1/2
(mV)
(mV dec−1)
I*
II
–65
±4
–66
±1
–66
±5
–65
±3
–62
±1
–65
±5
–62
±1
–63
±3

–123
±4
–123
±9
–122
± 10
–120
± 15
–105
±2
–116
± 12
–111
±2
–117
±2

398
± 15
429
±9
435
± 14
451
± 10
475
±2
483
±9
509
±2
513
±4

SA at
0.55 V
(mA
cm−2)
0.31
± 0.07
0.34
± 0.03
0.32
± 0.10
0.33
± 0.02
0.34
± 0.02
0.41
± 0.08
0.45
± 0.04
0.79
± 0.03

0.05 M H2SO4
E1/2
Tafel slope
(mV)
(mV dec−1)
I
II
–74
±5
–70
±2
–65
±1
–65
±1
–67
±3
–59
±1
–64
±3
–69
±7

–135
±5
–132
±1
–131
±1
–125
±2
–113
±5
–125
±1
–123
±7
–140
± 10

331
±8
362
±4
381
±2
397
±5
414
±2
416
±3
445
±3
430
± 12

SA at
0.55 V
(mA
cm−2)
0.09
± 0.03
0.11
± 0.01
0.10
± 0.01
0.10
± 0.01
0.10
± 0.02
0.08
± 0.01
0.10
± 0.01
0.13
± 0.01

* Region I corresponds to low current densities and Region II to high current densities.

In H2SO4, the values of SA are 2.5 to 6 times lower than in HClO4 (Tables 5 and
6). The adsorbed sulfate ions are known to block the sites for O2 adsorption and
thereby reduce the O2 reduction activity [103,106–108,142,143,179]. The
strongest inhibition has been found on the Pt(111) electrodes, where a
bidimensionally ordered adlayer is formed, which is more stable than the
disordered adlayers on the other crystal faces [142]. On the contrary to the
results obtained in HClO4, the SA of thin-film Pt electrodes in H2SO4 appears to
be independent of film thickness. It might be due to the different adsorption
behaviour of (bi)sulfate ions as compared to adsorbed OH in HClO4. In the
latter solution, the coverage of OH depends on the potential in the kinetic and
mixed kinetic-diffusion region where the SA is determined and varies with the
particle size as discussed above, whereas in H2SO4, the coverage of (bi)sulfate
ions is approximately constant in this potential range [109]. These results are
not in agreement with those obtained by Markovic et al [106], who have
suggested on the basis of their observations on Pt single crystals and using
Kinoshita’s model of cubo-octahedral Pt particles [138] that the O2 reduction
activity should decrease with decreasing Pt particle size in H2SO4, as the surface
fraction of Pt(111) facets increases. However, Macia et al have shown that
stepped surfaces with Pt(111) terraces were considerably more active in H2SO4
than Pt(111) surface and attributed this effect to the formation of
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bidimensionally ordered adlayer of (bi)sulfate ions on Pt(111) [142]. In
accordance with this, Komanicky et al. have found that on (111)–(100)
nanofacetted Pt electrodes with the wedge-to-wedge distance about 12 nm, the
activity of Pt(111) and Pt(100) facets is similar. They have proposed that sulfate
adsorption is suppressed when the size of the Pt(111) terrace becomes to
nanoscale [182]. This is also most likely the case on nanoparticles, therefore,
the increase of the surface fraction of Pt(111) as particle size decreases does not
necessarily increase the (bi)sulfate adsorption. As a result, the effect of
adsorbed sulfate ions on the ORR kinetics is approximately constant over the
range of particle sizes studied, whereas the adsorption of OH in HClO4 solution
is stronger on smaller particles and causes the decrease of O2 reduction activity.
Our results are in agreement with those obtained by Tamizhmani et al., who
have studied the reduction of O2 on Pt nanoparticles in HF and H2SO4 solutions
and found that the O2 reduction activity decreased with decreasing particle size
in the former and did not change in the latter solution [117].
The effect of particle size on the kinetics of O2 reduction is of paramount
importance from both fundamental and practical point of view. Even though the
theoretical modelling of electrocatalytic reactions has seen an enormous
progress in recent years, there is still no literature on the calculation of particle
size effects for O2 reduction. Up to now, all knowledge about this has been
gained through experimental approaches. Unfortunately, the Pt nanoparticles
preparation, characterisation and cleaning procedures differ in different
laboratories and for this reason there is a large scatter in the data on the O2
reduction kinetics. A deep fundamental understanding is needed in order to
explain the effect of the Pt particle size in the electrocatalysis of O2 reduction.
These aspects are important for the development of cathode catalysts for lowtemperature fuel cells [110].
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7. SUMMARY
The electrochemical reduction of oxygen on quinone-modified carbon
electrodes and on thin gold and platinum films has been studied, using the
rotating disk electrode and rotating ring-disk electrode methods. The kinetic
parameters for this reaction have been determined.
The covalent attachment of AQ and PQ onto carbon electrodes was achieved
by the electrochemical reduction of the corresponding quinone diazonium salt.
The reduction of O2 on quinone-modified electrodes proceeds via 2e– pathway,
yielding hydrogen peroxide quantitatively, as confirmed by the RRDE
experiments. The kinetic parameters of oxygen reduction on quinone-modified
electrodes were determined, using a surface redox-catalytic cycle model.
According to this model, the reduction of O2 is catalysed by quinone radical
anions. For AQ-modified glassy carbon electrodes the surface concentration of
quinone was varied and the average value of the rate constant for the chemical
reaction between the semiquinone radical anion of AQ and molecular oxygen
was determined (kc = (4.7 ± 0.3)×108 cm3 mol–1 s–1).
The surface redox-catalytic cycle model was also applied to analyse the
kinetics of oxygen reduction on BDD and HOPG electrodes covalently
modified with AQ and PQ. The results obtained with these modified electrodes
gave further confirmation to the validity of this model. The electrocatalytic
activity of PQ-modified electrodes was considerably higher than that of AQmodified electrodes and this is primarily caused by a more positive redox
potential of PQ. The redox potential of the surface-bound quinones is the main
factor that determines the electrocatalytic activity of quinone-modified
electrodes towards O2 reduction; the rate constant of the reaction between the
semiquinone radical anion and molecular oxygen has a smaller influence.
The reduction of oxygen on vacuum-evaporated thin Au films on GC
(nominal film thickness 0.25 to 20 nm) was studied in 0.5 M H2SO4 and 0.1 M
KOH solutions. The surface morphology examination by TEM revealed that the
complete coverage of the substrate by gold was achieved at a nominal 10 nm
Au film thickness; the thinner films consisted of separate gold clusters and the
cluster size increased with increasing the loading of gold. In acid solution,
the 2e– reduction of O2 prevailed on all electrodes studied and H2O2 was further
reduced only at high overpotentials. In alkaline solution, partial reduction of
HO2– was observed for thicker films also at low overpotentials. Tafel slopes
close to –120 mV dec−1 were obtained for all electrodes in both solutions,
indicating that the O2 reduction mechanism is the same for thin-film as for bulk
Au electrodes. The specific activity of Au films only slightly decreased with
decreasing film thickness in both acid and alkaline media.
The reduction of oxygen on thin Pt films (0.25–20 nm thick) prepared by
electron beam evaporation onto GC and Au substrates was studied in 0.1 M
HClO4 and 0.05 M H2SO4 solutions. The surface morphology examined by
TEM showed that thin Pt films on carbon consist of separate Pt particles; the
13
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particle size increased with the film thickness. The values of Tafel slopes close
to –120 mV dec−1 in the high current density region and –60 mV dec−1 in low
current density region were obtained for all electrodes in both solutions,
indicating that the mechanism of O2 reduction is the same for thin-film
electrodes as for bulk Pt. The RRDE experiments revealed that on thin Pt films,
O2 is predominantly reduced to H2O. The specific activity of O2 reduction in
HClO4 slightly decreased with decreasing film thickness; this was attributed to
the stronger adsorption of surface oxygenated species that hinder the kinetics of
O2 reduction. In H2SO4, the specific activity was lower than in HClO4 and
appeared to be independent of the Pt loading, this is due to the adsorbed sulfate
ions that are known to block the sites for O2 adsorption and thereby reduce the
O2 reduction activity.
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9. KOKKUVÕTE
Hapniku elektrokeemiline redutseerumine kinoonidega
modifitseeritud süsinikelektroodidel ning õhukestel
plaatina- ja kuldkatetel
Doktoritöös uuriti hapniku elektrokeemilist redutseerumist kinoonidega modifitseeritud süsinikelektroodidel ning õhukestel kuld- ja plaatinakiledel,
kasutades pöörleva ketaselektroodi ja pöörlev ketaselektrood rõngaga meetodeid. Saadud andmete põhjal määrati hapniku redutseerumisreaktsiooni
kineetilised parameetrid nendel elektroodidel.
Töö esimeses osas uuriti hapniku redutseerumist kinoonidega modifitseeritud süsinikelektroodidel 0,1 M KOH lahuses. Antrakinoon ja fenantreenkinoon
seondati kovalentselt elektroodide pinnale, kasutades diasooniumisoola
redutseerumise meetodit. Kinoonidega modifitseeritud elektroodidel toimub
hapniku kaheelektroniline redutseerumine ja tekib vesinikperoksiid, mis edasi ei
redutseeru; seda kinnitasid ka pöörlev ketaselektrood rõngaga meetodil läbi
viidud eksperimendid. Hapniku redutseerumise kineetiliste parameetrite
määramiseks kinoonidega modifitseeritud elektroodidel kasutati pinnal toimuva
redoks-katalüütilise tsükli mudelit, mille kohaselt on O2 redutseerumisel katalüütiliselt aktiivsed kinooni radikaalanioonid. Antrakinooniga modifitseeritud
klaassüsinikelektroodidel varieeriti eksperimentide käigus kinooni pindkontsentratsiooni ning leiti, et kinooni radikaalaniooni ja hapniku vahelise
reaktsiooni kiirus on võrdeline kinooni pindkontsentratsiooniga. Selle reaktsiooni kiiruskonstandi keskmiseks väärtuseks saadi kc = (4,7 ± 0.3)×108 cm3
mol–1 s–1.
Järgnevalt uuriti hapniku redutseerumise kineetikat antrakinooni ja fenantreenkinooniga kovalentselt modifitseeritud booriga dopeeritud teemantelektroodil ja kõrgorienteeritud pürolüütilisest grafiidist elektroodil. Andmete
analüüsimisel kasutati taas pinnal toimuva redokskatalüütilise tsükli mudelit
ning saadud tulemused kinnitasid, et mudel kehtib erinevate substraatide korral.
Fenantreenkinooniga modifitseeritud elektroodide elektrokatalüütiline aktiivsus
oli oluliselt kõrgem kui antrakinooniga modifitseeritud elektroodidel ja see on
tingitud peamiselt fenantreenkinooni positiivsemast redokspotentsiaalist.
Kinooni redokspotentsiaal on kõige olulisem parameeter, mis määrab modifitseeritud elektroodide elektrokatalüütilise aktiivsuse; kinooni radikaalaniooni ja
molekulaarse hapniku vahelise reaktsiooni kiiruskonstant avaldab väiksemat
mõju.
Töö teises osas uuriti hapniku redutseerumist klaassüsinikule vaakumaurustatud õhukestel kuldkatetel nominaalse paksusega 0,25 kuni 20 nm
0,5 M H2SO4 ja 0,1 M KOH lahustes. Pinna morfoloogia iseloomustamiseks
kasutati läbistuselektronmikroskoopiat. Pind oli täielikult kullaga kaetud 10 nm
ja paksemate katete korral, õhemad katted olid saarelise struktuuriga ja
saarekese suurus vähenes Au kattepaksuse kahanedes. Happelises lahuses
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toimus kuldelektroodidel valdavalt kaheelektroniline redutseerumine ja moodustuv vesinikperoksiid redutseerus edasi vaid kõrgetel ülepingetel. Leeliselises
lahuses esines HO2– edasine redutseerumine paksemate Au katete korral ka
madalatel ülepingetel. Tafeli tõusu väärtuseks saadi –120 mV dec–1 kõigi
uuritud elektroodide korral mõlemas lahuses ja see annab tunnistust, et
reaktsioonimehhanism õhukesekilelistel elektroodidel on sama, mis kompaktsel
kuldelektroodil. Au kilede eriaktiivsus vähesel määral langes kattepaksuse
kahanedes nii happelises kui ka leeliselises lahuses.
Hapniku redutseerumist uuriti ka klaassüsinikule ja kuldalusele vaakumaurustatud õhukestel plaatinakiledel 0,1 M HClO4 ja 0,05 M H2SO4 lahustes.
Pinna morfoloogia uurimine läbistuselektronmikroskoobi abil näitas, et
õhukesed Pt kiled koosnevad Pt osakestest ning osakese suurus kasvab Pt katte
paksenedes. Tafeli tõusu väärtused olid uuritud elektroodidel mõlemas lahuses
ligikaudu –120 mV dec–1 kõrge voolutihedusega alas ja –60 mV dec–1 madala
voolutihedusega alas, mis annab tunnistust, et reaktsioonimehhanism ei sõltu
katte paksusest ja on sama, mis kompaktsel Pt elektroodil. Pöörlev ketaselektrood rõngaga meetodil läbi viidud eksperimendid kinnitasid, et hapniku
redutseerumine õhukesekilelistel plaatinaelektroodidel kulgeb peamiselt vee
tekkeni. Hapniku elektrokeemilise redutseerumise eriaktiivsus HClO4 lahuses
mõnevõrra vähenes Pt katte õhenedes ja selle põhjuseks võib olla hapnikkusisaldavate (vahe)ühendite tugevam adsorptsioon väiksematel Pt osakestel.
Need ühendid blokeerivad O2 adsorptsioonitsentrid ja pärsivad seega O2
redutseerumise kineetikat. H2SO4 lahuses oli eriaktiivsus madalam kui HClO4-s
ja ei sõltunud Pt kattepaksusest ning selle põhjuseks on pinna tsentrite
blokeerimine adsorbeerunud sulfaatioonide poolt.
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ABSTRACT
The electrochemical reduction of oxygen was studied on vacuum evaporated
thin Pt films (0.25–20 nm thick) on polycrystalline Au substrate (Pt/Au) in 0.1
M HClO4 and 0.05 M H2SO4 solutions using the rotating disk electrode (RDE)
method. The O2 reduction specific activity of Pt films increased with increasing
the film thickness in HClO4, but was lower than that of bulk Pt even for the
thickest films. In H2SO4, the specific activity showed no significant dependence
on the platinum loading and was lower than in HClO4. The Tafel slope values
characteristic to polycrystalline Pt (–120 mV dec−1 and –60 mV dec−1) were
found for all electrodes. The RRDE studies of 0.5 nm Pt/Au electrode revealed
that O2 reduction predominantly proceeds through 4e− pathway and H2O2 is
produced in low quantities.
Keywords: Oxygen reduction; Electrocatalysis; Kinetic parameters; Gold
support; Pt film
1. INTRODUCTION
The oxygen reduction reaction (ORR) on platinum-based catalysts has been
widely studied due to their technical application in fuel cell cathodes [1,2].
Considerable efforts have been directed towards improving the catalyst
efficiency of energy conversion and lowering the content of costly Pt in
electrocatalysts [3]. For this purpose, numerous investigations have been carried
out using Pt nanoparticles supported on porous carbon [3–7]. However, it has
been found that the specific activity (SA) of oxygen reduction decreases with
1

Corresponding author. Tel.: +372 7375168; fax: +372 7375181.
E-mail address: kaido@chem.ut.ee (K. Tammeveski).

1

decreasing particle size [3–6]. A promising way to further reduce the Pt content
in ORR electrocatalysts without losing activity involves using Pt alloys with
other metals or very thin Pt layers supported on metal nanoparticles [8,9]. In
such bimetallic systems, the activity of Pt can be changed through electronic
and/or geometric effects [8–10].
Due to its inertness, gold is a metal of choice to be used in combination with
Pt. There are several reports on O2 reduction studies for Pt catalysts supported
on various forms of gold: bulk polycrystalline Au [11–14], Au(111) monocrystal [15–18], Au nanoparticles [17,19,20] and Au sputtered onto BDD [21].
Bare gold is much less active electrocatalyst than platinum for ORR in acid
media [22–25]. However, in some cases it has been found that the activity of
gold-supported Pt is higher than that of bulk platinum. Van Brussel et al have
studied O2 reduction on polycrystalline gold electrodes modified by Pt and
noted that the electrocatalytic activity of the electrodes was lower than that of
the bulk Pt electrode in the negative potential scan, but significantly higher in
the positive scan [11,12]. Desic et al have also found that in the high current
density region, Au–Pt electrodes showed higher O2 reduction activities than
pure platinum [13]. On the other hand, Pt monolayer [15,16,18] and Pt islands
[15] on Au(111) appeared to be less active than bulk Pt. The activity of Au/Pt
core-shell nanoparticles increased with increasing the thickness of the Pt shell
[20]. In addition, O2 reduction has also been studied on Pt-Au alloy
nanoparticles and their activity increased with increasing the Pt content in alloy
in acid media [26,27]. The activity of Pt-Au alloy nanoparticles depends on the
preparation method and may be almost equal to the activity of Pt particles [28].
It has recently been demonstrated that modifying Pt nanoparticles with Au
clusters considerably stabilizes these catalysts during prolonged potential
cycling [29].
The change of the Pt reactivity in the Pt-Au bimetallic systems has also been
a subject of theoretical modelling. These calculations have indicated that the
oxygen reduction activity of transition metal catalysts is primarily determined
by changes in the oxygen binding energy, however, the OH bonding energy is
also important [30]. Zhang et al have found that ORR electrocatalytic activity of
platinum monolayers supported on other metal monocrystals show a volcanotype dependence on the d-band centre of the platinum monolayer structures
[16]. Recently, it was shown using DFT calculations that the adsorption energy
of oxygenated intermediates does not depend solely on the d-band centre of the
surface, but also on the electron density near the Fermi level. The relationship
between electronic structure and adsorption energies of the O2 reduction
intermediates (O, OH, OOH, O2, and H2O) was modelled for modified Pt
surfaces, including Pt-Au systems. It was found that for instance, Pt
pseudomorphic overlayer on Au(111) binds both O and OH more strongly than
Pt(111) [31].
Adsorbed OH on Pt is known to inhibit the ORR by the site-blocking and
electronic effects [32,33]. In bimetallic systems, the coverage of Pt by OH may
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be lower due to the lateral repulsion, in case OH binds on the neighbouring
metal more strongly. Au, however, is known to bind OH more weakly,
therefore, the O2 reduction currents were lower on Pt-Au monolayer on Pd(111)
than these on Pt monolayer [34].
Besides the adsorption of oxygenated species, the O2 reduction activity of Pt
is highly affected by the adsorption of other ions, like (bi)sulfate and halide
anions [35]. In H2SO4 solution, the greatest decrease in O2 reduction activity has
been observed on Pt(111) plane due to the formation of an ordered adlayer of
specifically adsorbed anions [33,36–41].
The aim of this work was to study the electrochemical reduction of O2 on
vacuum-evaporated thin Pt films on gold support in 0.1 M HClO4 and 0.05 M
H2SO4 solutions in order to determine the effects of anion adsorption and Pt
film thickness on the kinetics of oxygen reduction.
2. EXPERIMENTAL
Bulk polycrystalline gold and platinum electrodes were prepared by mounting
Au and Pt disks into Teflon holders. The geometrical area of the electrodes (A)
was 0.2 cm2. Surface of the electrodes was polished to a mirror finish with
1.0 µm, 0.3 µm and 0.05 µm alumina powder (Buehler). After polishing, the
electrodes were ultrasonically cleaned in Milli-Q (Millipore, Inc.) water for 5
minutes.
Thin films of Pt having a nominal thickness (h) of 0.25 to 20 nm were
prepared on the Au substrates by electron beam evaporation. The nominal film
thickness represents the catalyst loading and both terms are used throughout the
manuscript. The evaporation was made from a graphite crucible using Vacuum
Service OY evaporation device at a base pressure of around 2 × 10−6 Torr. For
X-ray photoelectron spectroscopy (XPS) studies, the Pt films were evaporated
onto Gold arrandeeTM specimen (250 ± 50 nm thick gold film with a pre-layer
of 2.5 ± 1.5 nm of chromium on a borosilicate glass slides, 11 × 11 mm2). The
XPS experiments were carried out with a SCIENTA SES-100 spectrometer
using an unmonochromated Mg Kα X-ray source (incident energy =
1253.6 eV), electron take-off angle of 90° and a source power of 400 W. The
pressure in the analysis chamber was below 10−9 Torr. While collecting the high
resolution scan, the following parameters were used: energy range = 95–60 eV,
pass energy = 200 eV and step size = 0.1 eV.
Oxygen reduction was studied in 0.1 M HClO4 and 0.05 M H2SO4 using the
rotating disk electrode (RDE) and rotating ring-disk electrode (RRDE) methods.
A saturated calomel electrode (SCE) was employed as a reference and all the
potentials are referred to this electrode. The counter electrode compartment of
the three-electrode cell was separated by a glass frit from the main cell
compartment, Pt wire served as a counter electrode. The potential was applied
with an Autolab potentiostat PGSTAT30 (Eco Chemie B.V., The Netherlands)
29
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and the experiments were controlled with General Purpose Electrochemical
System (GPES) software. The solutions were prepared from 70% HClO4
(Suprapur, Merck) and 96% H2SO4 (Suprapur, Merck) and Milli-Q (Millipore,
Inc) water; these were saturated with pure O2 (99.999%, AGA) or deaerated
with Ar gas (99.999%, AGA). An EDI101 rotator and a CTV101 speed control
unit (Radiometer, Copenhagen) were used for the RDE experiments. The
rotating ring-disk electrode (RRDE) experiments were carried out on an Au
disk-Pt ring electrode (Pine Instruments, A = 0.164 cm2) with the collection
efficiency of N = 0.22. A Pine Instrument Company (Grove City, PA, USA)
AFMSRX rotator and MSRX speed controller were used for the RRDE
measurements. The Pt ring electrode potential for detecting peroxide was set to
0.95 V. All experiments were carried out at room temperature (23 ± 1°C).
Prior to the O2 reduction measurements, the electrodes were electrochemically pre-treated in 0.1 M HClO4 or 0.05 M H2SO4 by scanning the
potential between –0.25 and 1.15 V at 100 mV s−1 until a stable CV response
was obtained (10–30 cycles). To study the effect of electrochemical treatment
on Pt films, the Pt films evaporated onto Gold arrandeeTM samples were treated
by scanning the potential between –0.25 and 1.15 V at 100 mV s−1 for 30 cycles
and the XPS spectra were acquired after that.
The real surface area (Ar) of Pt was determined by charge integration under
the hydrogen desorption peaks, assuming a charge of 210 µC cm−2 for the
electroactive Pt surface [42]. After potential cycling the electrodes were
immediately transferred to an O2-saturated solution in another cell in order to
avoid surface contamination in air. For O2 reduction measurements, the
potential was held at 0.8 V for 5 s and scanned between 0.8 and –0.2 V at
10 mV s−1.
3. RESULTS AND DISCUSSION
3.1 XPS analysis
The X-ray photoelectron spectroscopy (XPS) measurements were conducted on
as-prepared and electrochemically treated 0.25 nm, 0.5 nm and 5 nm Pt films on
Au substrate in order to evaluate the possible loss of Pt during potential cycling
(Figure 1). The survey spectra (not presented) showed the peaks of Au, Pt, O
and C, originating from Au substrate, Pt film, oxygen containing adsorbates and
carbon containing contaminants, respectively. High resolution spectra of Pt4f
region showed doublet with peaks at about 71.0 eV (Pt4f7/2) and 74.3 eV
(Pt4f5/2) (Figure 1), these values are characteristic to bulk Pt [43,44]. Au4f7/2 and
Au4f5/2 peaks are located at 83.8 eV and 87.5 eV, respectively, and Au satellite
peaks at 75.5 and 79 eV, the former appearing as a shoulder on Pt4f5/2 peak. In
addition, the slightly asymmetrical shape of Pt4f peaks may be due to the
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overlapping Pt(II) peaks corresponding to PtO that appear at higher binging
energy than Pt(0) [43], or the effect of Pt-Au interface.
Comparing the areas under Pt4f7/2 peaks before and after potential cycling
reveals that the amount of Pt has slightly decreased. This is not unexpected, as it
has been noted before that nanostructured Pt may dissolve during cycling [45].
For as-prepared 5 nm Pt/Au film, the intensity of Au peaks was very low, but it
was increased about two times for the cycled sample, indicating possible
diffusion of Au atoms into the overlying Pt film.
3.2 Cyclic voltammetry (CV)
In order to achieve the stable Pt films or islands on gold, the electrodes were
cycled in the Ar-saturated HClO4 or H2SO4 solutions prior to the O2 reduction
measurements. The representative cyclic voltammograms of Pt/Au electrodes
after repeated potential cycling in 0.1 M HClO4 and 0.05 M H2SO4 are shown in
Figure 2. The CV responses of the Pt/Au electrodes were in general similar to
that of the polycrystalline Pt, but the current peaks related to Au surface oxide
formation (at E > 0.9 V in HClO4 and E > 1 V in H2SO4) and reduction (around
0.87 V) are in evidence even for relatively thick Pt films (h = 5 nm). For thinner
films these peaks slightly increased during potential cycling, indicating the
change of the morphology of the electrodes and possible diffusion of Au onto
the surface of Pt. For thick Pt films the residual Au peaks are apparently related
to a small leakage of the electrolyte to the side area of Au disks. This side
surface does not give any contribution to the oxygen reduction current in the
potential range of interest. The peak potential of the reduction of Pt surface
oxides was more negative for Pt/Au electrodes as compared to bulk Pt and it
shifted negatively with decreasing the film thickness. The negative shift of the
oxide reduction peak of Pt/Au bimetallic systems has been observed before and
it has been attributed to the changes in the electronic properties of the surface
that increase the binding energy of adsorbed oxygen containing species
[13,15,20]. In addition to the electronic effects caused by the Au substrate, the
electronic properties of Pt nanoparticles may change as the particle size
decreases, because the coordination number of the surface atoms decreases [6].
The real surface area (Ar) of Pt was determined by charge integration under
the Hupd desorption peaks. During the initial potential cycling, some decrease in
Ar was observed, especially for the thinner films, where the decrease was up to
20%. This can be attributed to the change of surface morphology, possibly the
diffusion of subsurface Au atoms onto the Pt surface. The final Ar value was
considerably increasing with the Pt loading for thinner films (h < 5 nm), from
approximately Ar / A ≈ 0.3 to Ar / A ≈ 2 for 0.25 nm and 5 nm films,
respectively. It should be noted that the real surface area of Pt for thinner Pt
films is smaller for Pt/Au electrodes than for Pt/GC electrodes of the same
nominal film thickness [46]. It may be due to different morphology of the films,
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or to the surface alloying and Au segregation that is expected to take place
during cycling. Pedersen et al have calculated the surface energy of Pt-Au
surface alloy and found it to be larger than that of Pt-Au capped by pure Au
“skin”, therefore, Pt atoms tend to diffuse away from the top layer [47].
3.3 Oxygen reduction
The electrochemical reduction of O2 on Pt/Au electrodes was studied in 0.1 M
HClO4 and 0.05 M H2SO4 solutions using the RDE method. In Figure 3, the
representative I-E curves (cathodic sweeps only) are depicted at various rotation
rates; the background current has been subtracted from these data. The singlewave polarisation curves for O2 reduction similar to polycrystalline Pt were
observed for all electrodes in both solutions, but in H2SO4 the electrocatalytic
activity was lower, the half-wave potential being about 60 mV more negative
(Table 1). The decrease in the O2 reduction activity of Pt in solutions containing
ions that show specific adsorption, such as (bi)sulfate, is well known and it has
been attributed to the blocking the O2 adsorption centres [33,36–40] and
possible negative electronic effect on the ORR kinetics [33].
The number of electrons transferred per O2 molecule (n) was calculated from
the RDE data using the Koutecky-Levich (K-L) equation:

1 1
1
1
1
=
+
=−
−
b
2/3 −1 / 6 b
j jk jd
nFkC O 2 0.62n F DO 2 ν C O 2 ω 1/2

(1)

where j is the measured current density, jk and jd are the kinetic and diffusionlimited current densities, respectively, k is the rate constant for O2 reduction, F
is the Faraday constant (96485 C mol−1), ω is the rotation rate, C Ob 2 is the
concentration of oxygen in the bulk (1.22 × 10−6 mol cm−3) [48], DO 2 is the
diffusion coefficient of oxygen (1.93 × 10−5 cm2 s−1) [48] and ν is the kinematic
viscosity of the solution (0.01 cm2 s−1) [49].
For all Pt/Au electrodes studied, the average value of n = 3.9 ± 0.1 was
obtained and there was no clear dependence on the Pt loading. This is an
indication that O2 reduction predominantly follows the 4e– pathway. Production
of small amount of H2O2 is possible on thinner films, since there is a significant
amount of free Au substrate that supports partial 2e– reduction of O2 at
potentials E < 0.25 V. However, part of the H2O2 produced on Au sites is
expected to be further reduced to water at nearby Pt islands.
In order to evaluate the fraction of H2O2 formation, the RRDE experiments
were carried out on the 0.5 nm Pt/Au electrode (Figure 4). The potential of Pt
ring was set to E = 0.95 V, at which the oxidation of H2O2 is diffusion limited.
The fraction of H2O2 formation on the disk was calculated from [50]:
6

X H 2 O2 =

200 I R /N
I D + I R /N

(2)

where IR is the ring current, ID is the disk current and N is the collection
efficiency (N = 0.22). The ring current was rather small at the potentials of E >
–0.1 V, corresponding to less than 5% of H2O2 formation. At more negative
potentials the H2O2 production significantly increased and the O2 reduction
current (ID) decreased accordingly. This has been attributed to the blocking of
the sites for dissociative adsorption of oxygen molecules by adsorbed hydrogen
atoms [36]. There are no remarkable differences between the H2O2 formation in
HClO4 and H2SO4, only slightly more H2O2 is produced in the latter solution.
Small amounts of H2O2 produced have been found for Pt monolayers on Au
[16] and significant formation of H2O2 for AuPt alloy nanoparticle catalysts
[26,27], whereas on Pt-coated Au nanoparticles, O2 was completely reduced to
H2O [19].
The mass-transfer corrected Tafel plots were constructed from the RDE data
(Figure 5). It is evident that the Tafel slope gradually changes between 0.45 < E
< 0.5 V, from –60 mV dec−1 at low current density region to –120 mV dec−1 at
high current density region (Table 1). These values are typical for
polycrystalline platinum [1,2], therefore, it may be concluded that the ORR
mechanism is not modified by the presence of the Au substrate. The slope of –
120 mV dec−1 indicates that the transfer of the first electron to O2 molecule is
the rate determining step. The change of the slope has been previously
attributed to potential-dependent coverage of surface oxides that inhibit the
adsorption of O2 and reaction intermediates [41,51]. The values of Tafel slopes
appeared to be independent of the Pt film thickness and were similar in HClO4
and H2SO4. These results are in accordance of the slope values of –122 mV
dec−1 and –64 mV dec−1 obtained for PtAu alloy nanoparticles [28]. Single Tafel
slopes near to –120 mV dec−1 have been observed for Pt monolayers on Au
nanoparticles and Au(111) [17] and –86 mV dec−1 for Pt monolayer on Au(111)
[15], this was attributed to reduced coverage of adsorbed OH on the Pt/Au
catalysts in comparison with pure Pt.
It can be seen in Figure 5 that the electrocatalytic activity of the Pt/Au
electrodes decreases with decreasing film thickness in both solutions; this is
mainly caused by the decrease of the real surface area of Pt. The half-wave
potential (E1/2) of O2 reduction for the electrode of lowest Pt loading is about
100 mV more negative than that of the highest loadings and bulk Pt (Table 1).
The onset of O2 reduction wave on bulk Au in acid solution is around 0.25 V vs
SCE (data not shown). Therefore, at more positive potentials all electrode
activity is due to the Pt islands. The decrease of O2 reduction activity with
decreasing Pt loading is expected, as the real surface area of Pt decreases. To
differentiate the possible effect of Au substrate to Pt films of various thickness,
30
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the specific activities (SA) of O2 reduction for the electrodes at 0.55 V vs SCE
were calculated by dividing the kinetic current at this potential (Ik) to the real
surface area of Pt (Ar). The SA values are given in Table 1 (these correspond to
the negative-going potential scan).
A slight decrease of SA in HClO4 with decreasing Pt loading was observed,
whereas in H2SO4, the SA value was almost independent of the Pt loading.
Theoretical calculations [16,18] as well as experimental data [16–18] have
indicated that Pt-Au bimetallic systems are less active catalysts for ORR than
bulk Pt. The reactivity of bimetallic systems has been described previously
using the d-band centre model [52]. In case of Pt monolayer on Au(111), the
lattice mismatch induces the expansive strain in Pt and results in higher d-band
centre energy that leads to a stronger binding of adsorbates to the surface
[16,18]. Therefore, the PtML/Au(111) surface binds atomic O more strongly than
bulk Pt and thereby facilitates the O–O bond breaking, but due to slow O or OH
hydrogenation rates the surface O or OH coverage increases and blocks the
centres of further O2 adsorption, thereby inhibiting the ORR [16,18]. For a good
ORR electrocatalyst, both O-O bond breaking and OH hydrogenation rates
should be high. Theoretical calculations have shown that for the pseudomorphic
Pt overlayers on Au, the d-band centre of the surface Pt atoms decreases as the
number of the Pt layers increases and the Pt–Au interaction decreases. On the
other hand, for the Pt-Au surface alloys the d-band centre of the surface Pt
atoms decreases as the Pt concentration decreases [53]. In addition, for small
supported Pt clusters a decrease in the d-band centre is expected due to the
reduction of interatomic distances of the cluster surface, as modelled for Pd/Au
system [54]. This implies that the adsorption energy of O and OH and also the
catalytic activity for O2 reduction is highly dependent on the morphology of the
Pt/Au surface, not only on the Pt loading; but generally a slight decrease of the
specific activity of Pt/Au catalysts is expected, as compared to pure Pt. In
agreement with this, our results show that thick Pt films on Au are somewhat
less active for O2 reduction than Pt films on GC and bulk Pt [46]. The activity
decreases with decreasing film thickness as the influence of Au substrate
increases, the same effect has been observed for Pt coated Au nanoparticles
[20]. Interestingly, the Pt films of low nominal thickness are slightly more
active than the corresponding Pt/GC films [46]. A possible explanation might
be the different morphology of Pt nanostructures on Au and GC. Pedersen et al
have studied deposition of very small amounts of Pt to Au(111) substrate by
vacuum-evaporation and found that the islands grow layer-by-layer, so that the
first monolayer is nearly complete before second layer islands are nucleated
[47]. Due to the roughness of the polycrystalline Au substrate used the situation
might be somewhat different, but it is still expected that as compared to small
hemispherical particles that we observed on carbon substrate [46], the Pt islands
on Au are larger in diameter and more flat. Therefore, the particle size effect to
O2 reduction is small and the decrease of O2 reduction activity as compared to
thicker films is caused only by stronger influence of Au substrate that leads to
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the more irreversible adsorption of surface oxygenated species. The more
irreversible adsorption is evidenced by the shift of Pt oxide reduction peak to
negative direction (Figure 2).
In H2SO4, the SA of Pt/Au electrodes is about 3–4 times lower than in
HClO4 and appears to be independent of the Pt loading (Table 1). It has been
well-established that the adsorbed (bi)sulfate ions are blocking O2 adsorption
sites and thereby hindering the ORR [33,36–40]. At E = 0.55 V vs. SCE where
the SA is determined, the coverage of (bi)sulfate is near to its maximum and
does not change considerably with potential. In HClO4, on the contrary, the
coverage of OH depends on the potential in the kinetic or mixed kineticdiffusion controlled region where the SA is determined and varies for different
Pt loadings as the influence of Au substrate changes. This is a possible
explanation to the observation that the SA depends on the film thickness in
HClO4 solution, but does not depend in H2SO4.
The development of new electrocatalysts for oxygen reduction is a
challenging problem to improve the performance of fuel cells. Considerable
research efforts have been undertaken to design nanostructured Pt catalysts on
foreign metal supports. A promising approach is to use combinatorial screening
methods in order to extract information about the electrocatalytic properties of
these materials. The results obtained in the present work using Pt/Au catalysts
provide a set of kinetic parameters to be compared with those of the other
electrocatalysts for O2 reduction.
CONCLUSIONS
The O2 reduction studies on Pt/Au electrodes revealed that the specific O2
reduction activity in HClO4 solution slightly decreases with decreasing Au film
thickness. This effect was attributed to increasing influence of Au substrate that
leads to stronger adsorption of surface oxygenated species and blocking of the
centres for further O2 adsorption that hinders oxygen reduction. In H2SO4
solution, in contrast, the O2 reduction activity was lower and almost
independent on Pt film thickness, this is presumably due to the adsorption of
site-blocking (bi)sulfate ions.
The Tafel slopes close to –120 mV dec−1 in high current density range and –
60 mV dec−1 in low current density range were obtained for all electrodes in
both solutions, indicating that the mechanism of O2 reduction is the same for
Pt/Au electrodes as for bulk Pt. The analysis of the RRDE data showed that the
main product of O2 reduction is water and only small amounts of H2O2 (less
than 5%) are produced.
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Table 1. Kinetic parameters of oxygen reduction on Pt/Au electrodes in 0.1 M HClO4
and 0.05 M H2SO4 at ω = 1900 rpm.
0.1 M HClO4
Tafel
Tafel
E1/2
slope
slope
(mV vs.
(mV
(mV
SCE)
dec−1)
dec−1)
I region* II region*
0.25 nm –65±4
–123±4 398±15
Pt/Au
0.5 nm
–66±1
–123±9
429±9
Pt/Au
1 nm
–66±5
–122±10 435±14
Pt/Au
2 nm
–65±3
–120±15 451±10
Pt/Au
5 nm
–62±1
–105±2
475±2
Pt/Au
10 nm
–65±5
–116±12 483±9
Pt/Au
20 nm
–62±1
–111±2
509±2
Pt/Au
Bulk Pt
–63±3
–117±2
513±4
Electrode

0.05 M H2SO4
Tafel
Tafel
E1/2
slope
slope
(mV
(mV
(mV
vs.
SCE)
dec−1)
dec−1)
I region* II region*
0.31±0.07 –74±5
–135±5 331±8

0.09±0.03

0.34±0.03

–70±2

–132±1

362±4

0.11±0.01

0.32±0.10

–65±1

–131±1

381±2

0.10±0.01

0.33±0.02

–65±1

–125±2

397±5

0.10±0.01

0.34±0.02

–67±3

–113±5

414±2

0.10±0.02

0.41±0.08

–59±1

–125±1

416±3

0.08±0.01

0.45±0.04

–64±3

–123±7

445±3

0.10±0.01

0.79±0.03

–69±7

–140±10 430±12 0.13±0.01

SA at
0.55 V
(mA
cm−2)

* Region I corresponds to low current densities and Region II to high current densities.
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SA at
0.55 V
(mA
cm−2)

FIGURE

Figure 1. XPS spectra of 0.5 nm Pt films on Au substrate, normalized to Au peak
height. (a) as-prepared sample, (b) electrochemically treated sample.

a

b

Figure 2. Cyclic voltammograms for Pt/Au electrodes (curves 1-5) and bulk Pt (curve
6) in (a) Ar-saturated 0.1 M HClO4 and (b) 0.05 M H2SO4. Pt film thickness: (1) 0.25;
(2) 0.5; (3) 2; (4) 5 and (5) 20 nm. ν = 100 mV s−1.
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a

b

Figure 3. RDE voltammetry curves for O2 reduction on: (a) 2 nm Pt/Au and (b) 20 nm
Pt/Au electrode in O2-saturated 0.1 M HClO4 (solid lines) and 0.05 M H2SO4 (dashed
lines). ν = 10 mV s−1.

a

b

Figure 4. Oxygen reduction and hydrogen peroxide oxidation on a 0.5 nm Pt/Au disk-Pt
ring electrode in O2-saturated 0.1 M HClO4 (solid lines) and 0.05 M H2SO4 (dashed
lines). (a) ring and (b) disk currents. ν = 10 mV s−1, ω = 960 rpm, ER = 0.95 V. The inset
shows the potential dependence of the fraction of peroxide formation in 0.1 M HClO4
(●) and 0.05 M H2SO4 (▲).
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a

b

Figure 5. Mass-transfer corrected Tafel plots for O2 reduction on Pt/Au electrodes and
bulk Pt in (a) 0.1 M HClO4 and (b) 0.05 M H2SO4. ω = 1900 rpm. Film thickness: 0.25
nm (▲); 0.5 nm (●);2 nm (▼); 5 nm (+); 20 nm (■); bulk Pt (►).
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