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Gold nanoparticles (AuNPs) were deposited onto glassy carbon (GC) by constant potential electrolysis
(CPE) using various sets of potential and duration from —0.3 to 0.7 V/SHE and 10 to 1800 s, respectively.
The physico-chemical characteristics of the as-obtained deposits were investigated by cyclic voltam-
metry (CV)in H,SO4, field emission gun scanning electron microscopy (FEG-SEM), and Pb underpotential
deposition (UPD). Their performances toward the oxygen reduction reaction (ORR) in a NaCl-NaHCO3;
(0.15M/0.028 M, pH 7.4) neutral solution were examined and correlated to AuNPs size and density. The
best results were obtained using the deposits which exhibited a high density (555 +49 wm~2) of rela-
tively small AuNPs (25 + 12 nm). The Koutecky-Levich treatment was systematically applied to all the
deposits in order to determine the number of electrons n exchanged for the ORR in the potential range
from 0.1 to —1.0 V/SHE. The values of the cathodic transfer coefficients fn were also extracted and com-
pared to the values reported for unmodified GC and bulk Au. A map of the fn values as a function of

AuNPs electrodeposition potential and duration was also provided.

1. Introduction

The oxygen (0,) reduction reaction (ORR) is probably one of
the most studied redox processes in the literature, both from the
mechanistic [1-3] and kinetic [4-8] points of view. Amongst the
numerous works dealing with this electrochemical system, the
Damjanovic model is of particular interest which describes the ORR
as amulti-electron reaction [9]. Thus, O, reduction may be achieved
by a four-electron “direct” pathway (Eq. (1)) or via two succes-
sive bielectronic steps involving hydrogen peroxide (H,0,) as an
intermediate species (Eqgs. (2) and (3)) [10-12]:

0, +4H* +4e~ — 2H,0 E° = 1.23V/SHE 1)
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0, +2H" +2e~ — H,0, E° = 0.70V/SHE 2)
H,0, +2H" +2e~ — H,0 E° = 1.78V/SHE (3)

Gnanamuthu and Petrocelli have also analyzed a series of more
complex reduction paths for O, reduction on noble metals (Pt, Pd,
Au) and alloys (Pd-Au and Pt-Au) [13].

This standing interest in ORR is mainly due to the wide range of
application domains it is involved in, from chemical or biochemical
analysis [14,15] to industrial fields such as pharmaceutics [ 16], cor-
rosion [17] or energy storage and conversion [18,19]. For instance,
0, may be used directly as oxidation agent in food process [20]. It
may be also reduced into H,0, which can be further used as a ster-
ilizing agent [16]. More recently the development of fuel cells drove
a particular emphasis on ORR kinetic study in acidic or basic media
on various catalysts including carbon-based materials, enzymes,
macrocycles or coordination complexes of transition metals [21].
Amongst the numerous materials used, nanoparticles (NPs), and
especially gold nanoparticles (AuNPs) have been extensively stud-
ied [22,23]. In acidic media, kinetic data have been obtained by
electrochemical impedance spectroscopy [24], rotating ring disk
electrode [25] and scanning electrochemical microscopy [26]. In
many studies the AuNPs electrocatalytic activity toward ORR has
been found to be size [25-27] and crystal structure-dependent



[26]. Indeed, the best results have been observed on small (around
20 nm diameter) [28] and very small (less than 10-15 nm) AuNPs
[26,27], and for high Au(110)/Au(11 1) ratio, Au(100) faces being
not present in small NPs [24]. Wain has postulated that small NPs
possess high fractions of high index steps, edges and kink sites
which may favor electrocatalysis [26]. In alkaline solution ORR is
known to be faster than in acidic media [3]. A similar trend has been
reported with respect to AuNPs structure, the activity toward O,
reduction decreasing in the order Au(100)>Au(110)>Au(111)
[29]. However, the size effect is not as clear as in the case of acidic
media: Tang et al. have noticed ORR kinetics to be 2.5 times higher
on 3 nm diameter AuNPs supported on carbon than on 7 nm ones
[30], whereas Lee et al. have observed better results on 8 nm NPs
compared to 3 and 6 nm ones [31]. El-Deab et al. have also reported
an interesting study in which relatively big AuNPs (ca. 50-300 nm)
were selectively enriched in the most active crystallographic faces,
namely Au(100)and Au(1 10), and exhibited better kinetic activity
toward the ORR than smaller (ca. 10-40 nm) NPs [32]. AuNPs shape
has also been reported to have an influence on their electrocatalytic
response [33,34]. For instance, Kuai et al. have shown that icosa-
hedral AuNPs exhibited enhanced electrocatalytic performances
toward ORR and have proposed their multiple-twinned structure
to be more chemically active because of their high surface-defect
density [34].

Surprisingly, there are very few reports dealing with ORR on
AuNPs in neutral media, although such studies would be of great
interest for biological or medical topics [35,36]. Raj et al. have
highlighted the electrocatalytic effect of AuNPs anchored by dif-
ferent organic layers on bare Au electrodes toward the ORR in
phosphate buffer solution (pH 7.2) [37]. In the case of AuNPs sta-
bilized by cystamine, the 2-electron reduction of O, into H,0,
has been found to occur at a potential 130 mV higher than on
polycrystalline Au electrode. Although the resulting peak current
was enhanced 1.2 times compared to an unmodified electrode,
no kinetic feature has been provided in this study. Shim et al.
have reported the comparison of the ORR kinetics on bulk Au
and AuNPs in phosphate buffer (pH 7.4) and have shown the
influence of the electrode pretreatment, i.e. 200 successive poten-
tial scans in 1M H,SO4 [38]. A Koutecky-Levich mathematical
treatment of the steady-state voltammetric curves has been per-
formed but its exploitation has been limited to the determination
of the number of electrons n exchanged. Only El-Deab et al. have
conducted a more detailed kinetic study upon ORR in neutral
phosphate buffer solution by combining Koutecky-Levich analy-
sis with rotating Pt ring GC disk electrode measurements [39]. The
values of n have been obtained at various potentials and an inter-
esting estimation of the energy savings during H,O, production
has been proposed. However this latter work did not go as far as
the determination of kinetic parameters such as cathodic trans-
fer coefficients fn so that there is a lack for kinetic data upon
ORR in neutral media. Very recently, we have reported a com-
plete kinetic study of ORR in several neutral solutions on glassy
carbon (GC) and bulk Au [40]. In the present work, we describe
the performances of AuNPs deposited on GC by constant potential
electrolysis (CPE) using various deposition durations and poten-
tials with respect to ORR in a NaCl-NaHCO3 (0.15M/0.028 M, pH
7.4) neutral medium. The different deposits were characterized by
cyclic voltammetry (CV) in H,SO4 and field emission gun scanning
electron microscopy (FEG-SEM). Furthermore, Pb underpotential
deposition (UPD) experiments were conducted in order to gain
information on the structure of the AuNPs. The data obtained
upon structure, size and density of the deposits were correlated
to the cathodic transfer coefficients fn determined using the
Koutecky-Levich method. Finally, these fn values were compared
to those previously obtained in the same neutral media on bulk
materials.

2. Experimental
2.1. Chemicals and apparatus

All the solutions were prepared using ultra pure water (Milli-Q
Millipore, 18.2 M2 cm). HAuCly-3H, O (pro analysis grade) was pur-
chased from Acros Organics. NaNOs (suprapur grade) and Pb(NO3 ),
(analytical grade) were obtained from Merck. 95% H,SO4 (norma-
pur grade) and 37% HCl were supplied by VWR Prolabo. 70% HCIO4
was purchased from Aldrich. NaCl and NaHCO3 (analytical grade)
were from Fisher Scientific.

Except the electrode activation which was performed at room
temperature, all the experiments were performed at controlled
temperature using a Fisher Scientific Isotemp thermoregulator.

All the electrochemical experiments were carried out in a
standard three-electrode water-jacketed cell using a p-Autolab II
potentiostat (Metrohm) interfaced to a personal computer con-
trolled with NOVA 1.9 software package (Metrohm). A Metrohm
Ag/AgCI/KCl 3M electrode, separated from the electrochemical
cell by a Teflon PTFE capillary containing the support electrolyte
solution and terminated by a ceramic diaphragm (D type), and
a Metrohm glassy carbon (GC) wire were used as reference and
counter electrodes, respectively. All the potentials given in the
text and the figures are referred to SHE (Eag/agcyicism=0.199V
vs. SHE). Working electrodes were GC (d=3 mm, A=7.069 mm?)
and Au (d=2mm, A=3.142mm?) rotating disk electrodes from
Radiometer. Gold nanoparticles modified GC (AuNPs-GC) elec-
trodes were prepared using GC plates from OrigaLys ElectroChem
SAS (d=5.5mm, A=23.758 mm?2). The corresponding value of geo-
metrical surface area A was used to calculate current densities from
currents. When necessary, working electrodes were rotated using
a rotating system Model EDI 101 interfaced with a CTV 101 speed
control unit from Radiometer.

When indicated, the solutions were deaerated using a N, stream
for 15 min. AN, atmosphere was also maintained over the solution
during the corresponding experiments.

2.2. Electrode preparation and modification

All the working electrodes were carefully polished prior to use.
All electrodes were first polished by silicon carbide grinding paper
(grit 1200) for 10s. GC surfaces were polished successively by a
9pm, 3 um, 1 wm and 0.25 pm diamond suspension (Presi) on a
cloth polishing pad during 2 min for each size. Au electrodes were
polished by 5 wm, 1 pwmand 0.3 pum alumina slurry (Presi) on a cloth
polishing pad during 2 min for each size. Between each polishing
step, the surfaces were cleaned with MilliQ water. Finally, all elec-
trodes were rinsed in an ultrasonic 96% ethanol bath (three times
for 10 min) and cleaned with MilliQ water. After drying, the qual-
ity of the polishing step was verified by checking the surface state
using a Nikon Eclipse LV150 optical microscope.

AuNPs were electrodeposited at 10 °C onto GC plates using con-
stant potential electrolysis (CPE) at a given potential (from —0.3V
to 0.7 V) for various times (between 10s and 1800s) from a deae-
rated 0.1 M NaNOjs solution containing 0.25 mM HAuCl, (pH=3).
The resulting AuNPs-GC electrodes were then carefully rinsed using
MilliQ water and activated in a deaerated 0.5M H,SO4 solution
by running 30 scans between 0.2V and 1.6V at a scan rate of
100mVs—1,

2.3. AuNPs characterization

The AuNPs-GC surface was characterized by field emission gun
scanning electron microscopy (FEG-SEM) using Quanta 250 FEG
FEI equipment with an accelerating voltage of 5kV and a work-
ing distance between 3 and 8 mm depending on the sample. Image
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Fig. 1. CVs recorded on a GC electrode in a deaerated 0.1 M NaNOs solution con-
taining 0.25 mM HAuCly: (a) first and (b) second scan; (c) CV recorded in the same
conditions in the absence of HAuCly. Scan rate: 50mVs~'.

analysis was carried out using a homemade program for particles
counting (density estimation) and average diameter measurement
developed using MatLab image processing toolbox software. The
density and average size of AuNPs were evaluated from a 85.3 pum?
GC surface analysis counting a minimum of 40 and 4000 particles
(depending on the charge used during the electrodeposition step).
For each deposit, the error was calculated from the analysis of at
least three different SEM images using the adequate magnification.

Pb underpotential deposition (UPD) experiments were con-
ducted in a 0.01 M HCIO4 solution containing 103 M Pb(NO3),. A
potential step of —0.2V was applied for 10s before stripping from
-02Vto0.6Vat50mVs-!,

2.4. Oxygen reduction

Electrochemical reduction of O, on unmodified and modified
electrodes was performed at 20°C in an aerated NaCl/NaHCO3
(0.15M/0.028 M - pH 7.4) solution by using linear sweep vol-
tammetry and different electrode rotation rates (from 600 rpm to
2600 rpm). The electrode potential was swept from the open cir-
cuit potential (ocp) to that corresponding to hydrogen evolution at
a potential scan rate of TmVs~1.

3. Results and discussion
3.1. AuNPs electrodeposition

The cyclic voltammogram (CV) of a deaerated 0.1 M NaNOj3 solu-
tion containing 0.25 mM HAuCl, was recorded on GC in order to
choose the parameters for AuNPs electrodeposition (Fig. 1). NaNO3
was used as supporting electrolyte in order to avoid coalescence
phenomena, as previously reported in the literature [41]. On the
first forward scan (Fig. 1, solid line), one single reduction peak
was noticed at 0.63V which was absent when recording CV in
Au(Ill)-free NaNOs solution (Fig. 1, dotted line). It is related to the
well-known three-electron reduction process of Au(Ill) which leads
to the formation of metallic AuNPs on the electrode surface (Eq. (4))
[42-45]:

AuCly~ +3e~ — Au + 4Cl~ E° = 1.00V/SHE (4)

On the second forward scan (dashed line), this peak was shifted
110mV to higher potential values, in accordance with thermo-
dynamics which predicts an easier growth of previously formed
AuNPs than nucleation of new AuNPs on GC electrode [44-47]. It
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Fig. 2. Last of the 30 consecutive scans recorded by CV in a 0.5M H,S04 solu-
tion on AuNPs-GC electrodes prepared by CPE using the following conditions: (a)
—0.3V/1800s; (b) —0.3V/10s; (¢) 0.7 V/1800s; (d) 0.7 V/105s. Scan rate: 100mVs~1.

has to be noted that this phenomenon was not accompanied by a
current crossover on the first backward scan, contrary to what has
been described in many reports including our own works [42-45].
This may be explained taking into account first, the relatively low
difference of energy required for the reduction of Au on GC and on
Au (as shown by the little potential shift of Au(IIl) reduction peak
between first and second forward scans, respectively) and second,
the very cathodic inversion potential (—0.3V) which induced an
important contribution of the diffusion according to Cottrell’s law
(current proportional to t=1/2),

In this work, AuNPs were electrosynthesized using CPE,
considering our previous work showing that it is the best electrode-
position mode to get NPs with controlled size and density [45]. To
get different AuNPs deposits, both electrolysis potential and dura-
tion were varied. From the analysis of Fig. 1, CPE were performed at
two “extreme” potentials, i.e. —0.3V and 0.7V for 10s and 1800s.

3.2. AuNPs characterization

The four different AuNPs deposits were first activated and
characterized by recording CV in 0.5M H,SO4 [43,48]. Fig. 2
presents the last of the 30 consecutive scans recorded for each
deposit. At this stage of the experiment, no evolution was noticed
between one and following scan. Whatever the electrodeposition
conditions, two phenomena were observed: first, the formation
of Au “oxides” between 1.3 and 1.6V during the forward scan
and second, the reduction of these latter around 1.13V during the
backward scan. These global considerations are consistent with
previously reported results [44,45,48]. The charges corresponding
to AuNPs formation (Qay()), electrodeposited AuNPs oxidation
(Qau(oy) and Au oxide-like reduction (Qqyides) are summarized in
Table 1. From these values, it clearly appears that the most efficient
deposition is CPE at —0.3V for 1800s considering the amount of
deposited Au (Qayiy =9.7 mC). Moreover, for a given CPE duration,
the most efficient deposition occurred at —0.3 V. In other words, the
most efficient deposition mode requires the highest cathodic over-
potential with the longest time. This has already been observed
by several authors [43,48,49] and is consistent with literature
data which reports that high overpotentials favor instantaneous
nucleation [42]. Thus, CPE at —0.3V allows the formation of more
numerous nuclei than when performed at 0.7V whatever the
electrolysis duration. As a consequence, the Au active surface area
is much more important when depositing at —0.3V, as can be seen
by comparing curves (a) and (c), and (b) and (d) from Fig. 2 and the



Table 1

Characteristic of AuNPs on GC and cathodic transfer coefficient Sn for the ORR for each electrodeposition conditions.

Deposit no. Electrodeposition Qayamy (mC)? Qau(0) (pC)P Qoxides (LC)* Density (pm=2)¢ Average diameter pn
parameters (nm)¢

1 0.7V/10s 0.07 0.7 0.2 9+2 86 + 20 0.45 + 0.03

2 0.7V/1800s 2.2 1.1 0.7 0.5+ 0.1 315 + 89 0.29 + 0.03

3 -0.3V/10s 0.2 0.7 1.0 465 + 30 10+5 0.38 £0.19

4 —0.3V/1800s 9.7 7.3 8.3 555 + 49 25+ 12 0.61 + 0.03

2 Qau( is the charge consumed during the electroreduction step by CPE in 0.1 M NaNOs containing 0.25 mM HAuCl,.
5 Qau(o) is the charge consumed in the potential range from 1.35 and 1.6 during the formation of Au oxide-like on AuNPs deposits in 0.5 M HS04.
€ Qoxides is the charge corresponding to the reduction of Au oxide-like in 0.5M H,SO4.

d See Section 2 for details on NPs density and average diameter estimation.

corresponding Qqyiqdes Values from Table 1. It is noteworthy that the
amounts of charge consumed for Au oxide-like formation and their
reduction exhibited comparable values for each deposit except the
one performed at 0.7V for 10s. In this latter case, the Qqyjges Value
was found to be 3.5 times lower than the corresponding Qay(o).
thus suggesting an instability of these nuclei. It may be assumed
that these nuclei rearrange while oxidized or even dissolve before
their reduction takes place during the backward scan.

All these results were confirmed by FEG-SEM analyses (Fig. 3).
The four micrographs showed that CPE at —0.3V afforded much
more dense deposits of smaller AuNPs than CPE at 0.7 V (see Table 1
for quantitative features upon size and density). In the former case,
the AuNPs were relatively small and almost hemispherical-shaped,
and homogeneously distributed on the GC surface. Whatever
the electrolysis time at —0.3V, the deposits were very dense, in
accordance with the fact that high cathodic overpotentials favor
nucleation processes [42]. The AuNPs density for both deposits
was in the same order of magnitude (465 and 555 wm~2 for 10
and 1800s, respectively). It has to be noticed that the little differ-
ence in density between the 10s and 1800s deposits may not be
due to longer reduction duration but to the impossibility for the
counting software to detect very small nuclei. Anyway, increas-
ing the electrodeposition time led to slightly bigger AuNPs and
still homogeneous deposits. This is consistent with our work [45]

and Finot et al.’s one [49] who showed the influence of the over-
potential on nucleation/growth processes. In the former work,
low cathodic overpotential associated to long electrolysis duration
led to “popcorn-like” aggregates, whereas in the latter one high
cathodic overpotential afforded more homogeneous deposits than
low one [49]. On the contrary, performing electrodeposition at 0.7 V
led to very sparse deposits of big AuNPs, even for low electroly-
sis time. Increasing the electrolysis duration induced a significant
increase in particles diameter, leading to the formation of very big,
raspberry-like AuNPs (Fig. 3b, inset).

In order to get more information upon AuNPs structuration, Pb
underpotential deposition (UPD) experiments were performed in
HCIO4 [50-52]. This technique consists in the deposition of a mono-
layer or submonolayer of Pb on another metal at a potential more
positive than that of bulk Pb deposition. It is structure sensitive and
allows crystallographic faces information to be obtained [53]. In our
case, a deposition potential of —0.2V was chosen. This technique
has been recently used by several authors to identify the crystal-
lographic faces of AuNPs. The stripping peaks can be assigned by
comparison with the literature data for single crystals and polycrys-
talline gold [33,54-56]. The stripping steps for each AuNPs deposit
are summarized in Fig. 4. The very weak response obtained for
the AuNPs deposited by CPE at 0.7V for 10 is consistent with the
Qay(m Vvalue corresponding to electrodeposition (Table 1) and did

Fig. 3. FEG-SEM images of AuNPs-GC electrodes prepared from a deaerated 0.1 M NaNOjs solution containing 0.25 mM HAuCl4 by CPE at 0.7V for (a) 10s and (b) 1800 and

at —0.3V for (c) 10s and (d) 1800s.
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Fig. 4. Stripping step of Pb underpotential deposition recorded in a 0.01 M HCIO4
solution containing 10~ M Pb(NO3 ), on AuNPs-GC electrodes prepared by CPE at
—0.3Vfor(a)1800sand (b) 10sand at 0.7V for (c) 1800 s and (d) 10 s. Pb deposition
conditions: —0.2V for 10s; scan rate: 50mVs~'.

not allow any information to be extracted. The AuNPs deposited
at —0.3V for the same time exhibited a well-defined peak at 0V
typical of (11 1)-oriented terraces[51,52]. Although the global elec-
trochemical response is little, the observation of this peak is in
accordance with the large amount deposition of Pb on Au(111)
faces reported by several authors [50,56]. The AuNPs deposited
at 0.7V for 1800 s exhibited the same peak at 0V associated to a
small shoulder at 0.02V. These latter were poorly defined due to
the low size of the surface domains [55]. However the split of the
peak at 0V is indicative of different size domains, the peak itself
being associated to wide Au(11 1) faces whereas the shoulder is
rather related to narrower Au(11 1) domains [55]. Due to a much
greater amount of deposited Au (see the Qayqy values in Table 1),
the AuNPs deposited at —0.3V for 1800 s exhibited a well-defined
electrochemical response, the global shape of which being consis-
tent with a polyoriented Au deposit [57]. A clear, split peak at 0V
was noticed for the Au(111) faces together with two broad sig-
nals centered at —0.15V and 0.23V, respectively. By comparison
with literature data, this signal may be attributed to Au(110) faces
[54,55]. The broad signal around —0.15V has been observed sev-
eral times for polyoriented Au [33,54,57] but has never been clearly
attributed. Interestingly, no characteristic signal of Au(100) faces
around 0.05V [52] was observed on the voltammograms, whatever
the deposit considered. Finally, it was verified that unmodified GC
surfaces did not undergo any electrochemical response toward Pb
UPD (not shown).

3.3. Kinetics study of ORR on AuNPs-GC electrodes

Fig. 5 compares the steady-state voltammograms recorded in
an aerated NaCl-NaHCO3 (0.15M/0.028 M - pH 7.4) solution on
bulk Au, unmodified GC, and AuNPs-GC electrodes prepared by CPE
at —0.3V and 0.7V for 1800s. For the sake of clarity, the voltam-
mograms obtained using AuNPs deposits with shorter electrolysis
duration were not provided. It has to be noticed that these latter
deposits exhibited poor repeatability. In the neutral medium used
the two consecutive two-electron reduction steps of O, occurred
at very close half-wave potentials on bulk Au (Fig. 5a), ca. —0.1V
and —0.4V for O, and H,0, reduction, respectively. In particular,
the second wave associated to H,O, evolution was relatively ill-
defined, starting from —0.2 V. On the contrary, on unmodified GC
electrode O, and H,0, reduction reactions were noticed at dis-
tinct potentials, ca. —0.6V and —1.2V, respectively (Fig. 5b). The
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Fig. 5. Steady-state voltammograms recorded in an aerated NaCl-NaHCO3
(0.15M/0.028 M, pH 7.4) solution on: (a) bulk Au; (b) unmodified GC; AuNPs-GC
electrodes prepared by CPE for 18005 at: (c) —0.3V; (d) 0.7 V. Scan rate: 1mVs~'.

large cathodic shift observed clearly illustrated the slower hetero-
geneous electronic transfer kinetics of ORR on GC. These results
have been extensively discussed in our recent work [40]. AuNPs-
GCelectrodes exhibited significantly enhanced kinetics for the ORR
compared to unmodified GC (Fig. 5c¢ and d), in accordance with
the results previously reported by El-Deab et al. [39]. It is note-
worthy that the kinetics properties of the functionalized electrodes
were found to be strongly dependent on the AuNPs size and den-
sity. The AuNPs-GC electrode prepared by CPE at 0.7V exhibited
one single 4-electron wave for O, reduction centered at —0.55V
(Fig. 5d) whereas on the AuNPs-GC electrode prepared by CPE at
—0.3V two bielectronic waves at —0.1V and —0.6 V were noticed,
respectively (Fig. 5¢). This latter electrode afforded faster kinetics
than the former one and properties very close to bulk Au (Fig. 5a).
This is consistent with the observation that decreasing AuNPs size
induces a decrease in cathodic overpotential [27,38] and a better
selectivity for the two consecutive bielectronic oxygen reduction
waves. Indeed, compared to bulk material, the two waves of ORR
appeared in our case slightly better separated.

To go into further detail steady-state voltammograms were
recorded on both AuNPs-GC electrodes prepared by CPE at —0.3V
and 0.7V for 1800 s at various electrode rotation rates w (Fig. 6A and
B respectively). From the ocp potential to around the early stage of
the O, reduction wave the current was found to be independent
on w whatever the electrode considered, indicating a charge trans-
fer limited reaction rate. For lower potentials the cathodic current
increased while increasing w in accordance with the Levich equa-
tion (proportional to w'/2). For both electrodes (Fig. 6A and B) the
current plateau of the O, reduction wave corresponding to mass
transfer limitation was poorly defined as an evidence for a mixed
kinetic-diffusion control mechanism for the ORR. All these obser-
vations compare favorably with our previous results obtained on
bulk Au [40]. The ill-define plateau may also be due to a variation
of the number of electrons n consumed by the reduction reaction
while decreasing the potential, as suggested by several authors
[28,58]. The data obtained from Fig. 6A and B were analyzed using
the Koutecky-Levich relation [59]:

1 1 1 1 1

" nFkC  0.62nFD2/3w1/2y-1/6C

- =+
) Je  Jd
where j, and j; are the kinetic limited and mass trans-
fer controlled current densities, respectively, F is the Faraday
constant (96,500Cmol-1), k is the potential-dependent charge
transfer rate constant, C is the dioxygen bulk concentration
(0.24 x 10~ mol cm—3 under atmospheric pressure) [60], D is the
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Fig. 6. (A) Steady-state voltammograms recorded in an aerated NaCl-NaHCOs (0.15M/0.028 M, pH 7.4) solution using different electrode rotation rates @ on AuNPs-GC
electrodes prepared by CPE for 1800 at —0.3 V. Scan rate: 1 mVs~'. (B) Steady-state voltammograms recorded in an aerated NaCl-NaHCOs3 (0.15M/0.028 M, pH 7.4) solution
using different electrode rotation rates w on AuNPs-GC electrodes prepared by CPE for 1800's at 0.7 V. Scan rate: 1 mV s~'.(C) Variation of the number of electrons exchanged
during the ORR as a function of the electrode potential. Values extracted from the Koutecky-Levich treatment applied to the steady-state voltammograms recorded in an
aerated NaCl-NaHCOs (0.15M/0.028 M, pH 7.4) solution (Fig. 5) on AuNPs-GC electrodes prepared by CPE for 1800s at: (a) —0.3V; (b) 0.7 V. (D) Variation of the kinetic-
limited current density Lnj of the ORR as a function of the potential applied to the electrode. Values deduced from the steady-state voltammograms recorded in an aerated
NaCl-NaHCOs3 (0.15M/0.028 M, pH 7.4) solution on AuNPs-GC electrodes prepared by CPE for 1800s at: (a) —0.3V; (b) 0.7 V.

diffusion coefficient (1.96 x 10->cm?s~1) [61,62], and v is the
kinematic viscosity of the aqueous solution (0.01cm?2s~!) [63].
According to this latter equation the inverse of the current den-
sity j=1 was plotted as a function of w~1/2 for different potentials in
the range from 0.05V to —1V (not shown). All these curves exhib-
ited a linear trend, the slope of which allowed the total number
of electrons to be determined for each potential (Fig. 6C). The two
AuNPs-GC electrodes clearly presented different behavior toward
the ORR. For the deposit prepared by CPE at —0.3V, the number of
electrons consumed reached 2 as early as —0.05V, indicating that
the H,0, production step was limited by mass transfer from this
potential (Fig. 6A). From —0.2 V the number of electrons increased
up to 4 at potential around —0.5V as a consequence of the comple-
tion of the reduction process leading to the formation of H,0. The
values of the number of electrons slightly higher than 4 which were
observed from —0.5V to —0.65V may be assumed to result from
water reduction which starts in this potential range. On the con-
trary, using the deposit prepared by CPE at 0.7 V, the ORR started at
more cathodic potential (ca. —0.05V) and the number of electrons
directly increased up to 4 for potential around —0.25V, confirming
that no intermediary two-electron step occurred on this electrode
(Fig. 6B).

From the intercepts of the Koutecky-Levich plots the kinetic
limited current densities contribution j, were obtained for both
AuNPs-GC electrodes. The corresponding plots of Lnj, as a function
of the potential (Fig. 6D) allowed the cathodic transfer coefficient
pn to be calculated from the charge transfer rate constant k:

BF .,
R (E-E ))

where k° (cms~1) is the intrinsic charge transfer rate constant, R is
the gas constant (8.31)Jmol~! K-1), and E°’ is the apparent standard

k =k° exp (—

potential. The values found for the 8n were 0.61 and 0.29 for the
AuNPs deposits prepared by CPE at —0.3V and 0.7 V respectively.
Considering the number of electrons exchanged in each case (as
shown in Fig. 6C) the effective 8 values are 0.30 and 0.07. This
makes evidence for the better kinetics results obtained for the ORR
using the most cathodic deposits. The fn values calculated for the
short electrolysis duration deposits are also presented in Table 1,
although the poor repeatability of the voltammograms made them
hard to obtain. This lack of repeatability may be attributed to rear-
rangements of the AuNPs during the voltammetric measurements
due to potentiodynamic perturbation, or even to dissolution of the
smallest AuNPs [45,64,65]. The comparison of all four deposits rein-
forces the correlation between low-size AuNPs obtained by very
low deposition potentials and better kinetics results (see Bn values
in Table 1). The values obtained for the An also compare favorably
with those we reported in the same neutral medium on bulk Au
and unmodified GC electrodes, ca. 0.39 and 0.24 respectively [40].

Finally a more complete set of AuNPs deposits was prepared by
varying the potential applied for CPE every 0.25V from —0.3V to
0.7 V and using electrolysis duration of 10, 60, 300, 600 and 1800s.
For each experimental condition the corresponding fn value was
calculated as previously described. Fig. 7 depicts a graphical repre-
sentation of these values as a function of both electrolysis potential
and duration. From this representation, a well-defined area was
noticed which corresponds to the higher An values. This area is
clearly positioned in the part of the graph corresponding to the
lowest electrolysis potentials and the longest electrolysis times,
confirming the trend observed with the first two deposits. Thus,
from the kinetic point of view the best results were obtained
for electrodes which exhibited dense deposits of relatively small
AuNPs. This is in accordance with our previous works in which
we assumed that in such a case the deposit may be viewed as an
array of spherical-shaped Au “nanoelectrodes” which act together
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Fig. 7. Evolution of the cathodic transfer coefficient Sn corresponding to the ORR in
an aerated NaCl-NaHCOs (0.15 M/0.028 M, pH 7.4) solution on AuNPs-GC electrodes
as a function of the potential (x axis) and duration (y axis) used to prepare the
deposits by CPE.

[44,45]. This is also consistent with Wain’s work who showed that
the best results with respect to ORR were obtained on the smallest
AuNPs, which exhibited the highest Au(110)/Au(11 1) ratio [26].
In our case, the presence of very small AuNPs or even nanoclusters
[66] which would strongly contribute to the global response of the
modified electrodes cannot be excluded [67], although the magni-
fication of the SEG-FEM micrographs was not high enough to allow
their observation.

4. Conclusions

In this work, AuNPs were electrodeposited onto GC electrodes by
constant potential electrolysis. Both AuNPs size and density were
found to be strongly dependent on the electrolysis parameters,
the smallest NPs (25 nm) with highest density (555 pwm~2) being
obtained with the highest cathodic overpotential (E=-0.3V) and
the longest electrolysis time (1800 s). The response of the deposits
toward the ORR was examined in a NaCl-NaHCO3 (0.15 M/0.028 M,
pH 7.4) neutral medium. From the Koutecky-Levich treatment of
the current-potential curves, the value of the number of electrons n
exchanged during the reaction was extracted. The results revealed a
direct 4-electron reduction pathway for O, on AuNPs electrogener-
ated by CPEat 0.7 V, whereas two successive bielectronic steps were
evidenced on AuNPs obtained using higher cathodic overpotential.
In this last case the AuNPs-GC electrodes exhibited significantly
enhanced kinetics for ORR with much higher n values (0.61) com-
pared to bulk Au (0.39) and unmodified GC (0.24). These values
were found to be strongly correlated to the physico-chemical char-
acteristics of the AuNPs deposits. The best results are obtained using
the deposits exhibiting the smallest NPs and the highest density. On
the basis of these data, works are in progress which aim at develop-
ing new nanoparticle-based sensors for O, determination in neutral
media.
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