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Guillaume Gotti1,2,3,4 & David Evrard1,2
& Katia Fajerwerg3,4 & Pierre Gros1,2

Abstract Gold nanoparticles (AuNPs) were prepared by

chemical route using four different protocols by varying re-

ducer, stabilizing agent, and solvent mixture. The obtained

AuNPs were characterized by transmission electronic micros-

copy (TEM), UV-visible, and zeta potential measurements.

From these latter, surface charge densities σ were calculated

to evidence the effect of the solvent mixture on AuNP stabil-

ity. The AuNPs were then deposited onto glassy carbon (GC)

electrodes by drop casting, and the resulting deposits were

characterized by cyclic voltammetry (CV) in H2SO4 and field

emission gun scanning electron microscopy (FEG-SEM). The

electrochemical kinetic parameters of the four different mod-

ified electrodes toward oxygen reduction reaction (ORR) in

neutral NaCl-NaHCO3media (0.15 M/0.028 M, pH 7.4) were

evaluated by rotating disk electrode voltammetry and subse-

quent Koutecky-Levich treatment. Contrary to what we pre-

viously obtained with electrodeposited AuNPs [Gotti et al.,

Electrochim. Acta 2014], the highest cathodic transfer coeffi-

cients βwere not obtained on the smallest particles, highlight-

ing the influence of the stabilizing ligand together with the

deposit morphology on the ORR kinetics.

Keywords Chemically prepared gold nanoparticles .

Modifiedglassycarbonelectrode .Oxygenreductionreaction .
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Introduction

Oxygen reduction reaction (ORR) has gained a standing in-

terest in the last 20 years as a result of the wide range of

applications that it is involved in, such as chemical and bio-

chemical analysis, pharmaceutics, corrosion, energy conver-

sion, and fuel cells [1]. It has been, for a long time, one of the

most studied redox processes, both from mechanistic [2, 3]

and kinetic [4–6] aspects. Indeed, several different mecha-

nisms may be invoked to account for O2 reduction, the most

commonly reported being either a four-electron Bdirect^ path-

way (Reaction 1) [7] or a succession of two bielectronic steps

involving hydrogen peroxide (H2O2) as an intermediate spe-

cies (Reactions 2 and 3) [8–10]:

O2 þ 4 Hþ þ 4 e−→ 2 H2O E� ¼ 1:23 V=SHE ð1Þ

O2 þ 2 Hþ þ 2 e−→ H2O2 E� ¼ 0:70 V=SHE ð2Þ

H2O2 þ 2 Hþ þ 2 e−→ H2O E� ¼ 1:78 V=SHE ð3Þ

The main parameters that impact on mechanistic pathway

are the operating media and electrode materials [8], and some

authors have reported more complex reduction paths on alloys

and noble metals [11]. Among these latter, gold (Au) in its

nanosized particle form exhibits a very good catalytic activity

[12, 13]. Au nanoparticles (AuNPs) may be prepared either by

electrochemical methods [14–16] or by chemical routes [17,

18]. In both cases, it is possible to tailor the nanoparticle (NP)
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shape and size, which is of particular interest for catalytic

properties toward ORR [19, 20]. For instance, it has been

reported that icosahedral AuNPs showed enhanced electrocat-

alytic performances with respect to ORR due to their multiple-

twinned structure which exhibited high surface defect density

[21]. In the same trend, the group of Feliu has reported a

particularly high reactivity of cubic AuNPs toward ORR

[22]. With respect to NP size, Inasaki et al. showed that small

AuNPs (ca. 3 nm) induced direct four-electron reduction of O2

at low overpotential whereas NPs higher than 10–15 nm be-

haved much more like bulk Au, inducing two successive

bielectronic steps [23]. ORR on AuNPs is also reported to

be crystal structure-dependent, Au(100) facets [24, 25] and

Au(100)-like [26] NPs being known to favor its kinetics.

Wain has confirmed by scanning electrochemical microscopy

(SECM) that AuNP electrocatalytic activity toward ORR in-

creased with decreasing particle diameter and has suggested

this was correlated to the Au(110)/Au(111) site ratio [27].

As a consequence of the leading applications it may be

dedicated to, ORR has been extensively studied in acidic

and basic media. Many papers in the literature have reported

a remarkable pH effect on the kinetic and the mechanism of

the ORR on Au-based electrodes [28–30]. Indeed, ORR on

Au materials exhibits a higher rate in alkaline than in acidic

media as the consequence of favored kinetics of the reactions

involving the superoxide anion O2
− that follow the transfer of

the first electron [31, 32]. In both media, electrochemical tech-

niques such as cyclic voltammetry [33, 34], impedance spec-

troscopy [35], rotating disk [36, 37], and ring disk electrode

[24, 38] and SECM experiments [27] have allowed kinetic

features to be reached. Surprisingly, very few works dealing

with ORR on AuNPs in neutral media have been reported in

the literature [39–41] although it would be of great interest for

applications such as environmental survey [42] or clinical

analysis [43]. Raj et al. have reported a qualitative work

highlighting the electrocatalytic effect of chemically prepared

AuNPs stabilized by various organic ligands [40]. For in-

stance, it was shown that in the case of cystamine as the sta-

bilizing agent, O2 reduction into H2O2 occurred at a potential

130 mV less cathodic than on bulk Au. Shim et al. have

compared the ORR kinetics on chemically prepared AuNPs

and on bulk Au, but their work was limited to the determina-

tion of the number of electrons exchanged [41]. Among these

scarce studies, only El-Deab et al. have conducted a more

detailed kinetic investigation but did not go as far as the de-

termination of kinetic parameters such as cathodic transfer

coefficients β [39]. In order to fill this lack for kinetic data

upon ORR in neutral media, we have recently reported a com-

plete study dealing with AuNPs electrodeposited on glassy

carbon (GC) [44] and compared their performances to those

previously obtained on unmodified GC and bulk Au in the

same media [45]. By using several deposits prepared by con-

stant potential electrolysis with different sets of parameters,

namely deposition potential and electrolysis duration, a corre-

lation has been evidenced between AuNP size and density and

their performances toward ORR. Indeed, the best results have

been obtained with the deposits which exhibited a high den-

sity (555 ± 49 μm−2) of relatively small AuNPs (25 ± 12 nm),

i.e., the deposits prepared using the most cathodic potential

and the longest electrolysis duration. In this latter case, the

AuNPs-GC electrode exhibited significantly enhanced kinet-

ics for ORR with a β value 0.61 ± 0.03 much higher than that

obtained on bulk Au and on unmodified GC (0.39 ± 0.02 and

0.24 ± 0.02, respectively). In this paper, we extend our kinetic

investigation to chemically prepared AuNPs. In order to get

several distributions of relatively small NPs, the syntheses

were performed using different combinations of reducing

and stabilizing agents and solvent. The corresponding

AuNPs were characterized using transmission electronic mi-

croscopy (TEM), UV-visible, and zeta potential measure-

ments and then deposited onto GC electrodes by drop casting.

The resulting deposits were characterized by cyclic voltamm-

etry (CV) in H2SO4 and field emission gun scanning electron

microscopy (FEG-SEM) and their performances toward ORR

in neutral NaCl-NaHCO3 media (0.15 M/0.028 M, pH 7.4)

evaluated by rotating disk electrode voltammetry and subse-

quent Koutecky-Levich treatment. In particular, the cathodic

transfer coefficients β were determined for each AuNPs-GC

electrode and their values were compared to those previously

obtained in the same conditions on bulk materials and electro-

deposited AuNPs.

Experimental

Chemicals and apparatus

Unless otherwise stated, all the experiments were performed at

the Laboratoire de Génie Chimique (LGC) (Toulouse,

France). All the solutions were prepared using ultra pure water

(Milli-Q Millipore, 18.2 MΩ cm). Ninety-six percent ethanol

(ACS reagent) was from Fluka. HAuCl4·3H2O (pro analysis

grade) was purchased from Acros Organics. Ninety-five per-

cent H2SO4 (Normapur grade) and 37 % HCl were supplied

by VWR Prolabo. N-acetyl-L-cystein (C5H9NSO3, NAC)

(Sigma-Grade) was purchased from Sigma-Aldrich. NaCl

and NaHCO3 (analytical grade) were from Fisher Scientific.

Trisodium citrate (C6H5Na3O7) anhydrous and 98 % sodium

borohydride (NaBH4) were purchased from Alfa Aesar.

Except the electrode activation which was performed at

room temperature, all the electrochemical experiments were

performed at controlled temperature (20 °C) using a Fisher

Scientific Isotemp thermoregulator.

All the electrochemical experiments were carried out in a

standard three-electrode water-jacketed cell using a μ-Autolab

II potentiostat (Metrohm) interfaced to a personal computer



controlled with NOVA 1.10 software package (Metrohm). A

Metrohm Ag/AgCl/KCl 3 M electrode, separated from the

electrochemical cell by a Teflon PTFE capillary containing

the supporting electrolyte solution and terminated by a ceram-

ic diaphragm (D type), and a Metrohm glassy carbon (GC)

wire were used as reference and counter electrodes, respec-

tively. All the potentials given in the text and the figures are

referred to this reference. Working electrodes were GC plates

from OrigaLys ElectroChem SAS (diameter = 5.5 mm,

A = 0.24 cm2). The geometrical surface area A was used to

calculate current densities. When necessary, working elec-

trodes were rotated using a rotating system Model EDI 101

interfaced with a CTV 101 speed control unit from

Radiometer.

Unless otherwise stated, the solutions were deaerated using

a N2 stream for 15 min. A N2 atmosphere was also maintained

over the solution during the corresponding experiments.

AuNP synthesis

Four different synthesis ways were used to produce size-

defined AuNPs through chemical reduction. For the sake of

clarity, these syntheses were named A, B, C, and D and the

corresponding AuNPs designed as AuNPs(X) with X = A, B,

C, and D, respectively, all along the text.

Synthesis A

According to the classical method described by Turkevich

[46] and refined by Frens [47], 22 mg (8.5 × 10−5 mol) of

sodium citrate was dissolved in 30 mL of Milli-Q water. The

solution was heated under reflux, and 20 mL of an aqueous

solution of HAuCl4 (9.9 mg, 2.5 × 10−5 mol, ratio 3.4) was

quickly added. The mixture was kept under reflux for 20 min

and then cooled to room temperature to afford a ruby red

solution.

Synthesis B

This synthesis was performed using exactly the same pro-

cedure as for synthesis A except that all reagents were dis-

solved in a 50/50 volume ratio H2O/ethanol mixture.

Synthesis C

In a similar way to synthesis A, 22 mg (8.5 × 10−5 mol) of

sodium citrate was dissolved in 30 mL of Milli-Q water. The

solution was heated under reflux, and 20 mL of an aqueous

solution of HAuCl4 (9.9 mg, 2.5 × 10−5 mol, ratio 3.4) was

quickly added. After 20-min reflux, 14 mg (8.5 × 10−5mol) of

NAC was added to the mixture. Immediately after this last

addition, the reflux was stopped and the mixture allowed to

cool down to room temperature to afford a ruby red solution.

Synthesis D

In 30 mL of Milli-Q water at room temperature, 3.2 mg

(8.5 × 10−5 mol) of NaBH4 was dissolved. Twenty milliliters

of an aqueous solution of HAuCl4 (9.9 mg, 2.5 × 10−5 mol,

ratio 3.4) was added. Immediately after this addition, 14 mg

(8.5 × 10−5 mol) of NAC was quickly added and the resulting

mixture was stirred at room temperature for 20 min to afford a

very dark ruby red solution.

Electrode preparation and modification

All the working electrodes were carefully polished prior to

use. They were first polished by silicon carbide grinding paper

(grit 1200) for 10 s. GC surfaces were further polished suc-

cessively by a 9-, 3-, 1-, and 0.25-μm diamond suspension

(Presi) on a cloth polishing pad during 2 min for each size.

Between each polishing step, the surfaces were cleaned with

Milli-Q water. Finally, the electrodes were rinsed in an ultra-

sonic 96 % ethanol bath (three times for 10 min) and cleaned

with Milli-Q water. After drying, the quality of the polishing

step was verified by checking the surface state using a Nikon

Eclipse LV150 optical microscope.

Electrode functionalization was achieved by using the drop

casting technique. Briefly, 50μL of AuNP solution A, B, C, or

D was dropped on GC plates and slowly evaporated at room

temperature overnight. The resulting modified electrode was

then dried in an oven at 60 °C for 1 h in order to remove

solvent traces. In such conditions, the loading of Au catalyst

was 21 μg cm−2.

Prior to ORR measurements, the AuNPs-GC electrodes

were carefully rinsed using Milli-Q water and activated in a

deaerated 0.5 mol L−1 H2SO4 solution by running 30 scans

between 0 and 1.4 V at a scan rate of 100 mV s−1.

AuNP characterization

AuNPs were characterized by transmission electron micros-

copy (TEM) at the Centre de Microscopie Electronique

Appliquée à la Biologie (CMEAB, Toulouse) using a HT

7700 Hitachi equipment with an accelerating voltage of

80 kV. Average diameter measurements were carried out by

micrograph analysis with Origin 8, using around 100 NPs for

each sample.

The determination of the surface Plasmon band was

achieved by recording UV-visible spectra using a Hewlett-

Packard 8452A diode array spectrophotometer.

Zeta potential measurements were recorded on a Malvern

Zetasizer Nanoseries ZS90 controlled by integrated software.

Calculations were performed using the Smoluchowski model

[48, 49].

The AuNPs-GC surface was characterized by field emis-

sion gun scanning electron microscopy (FEG-SEM) at the

CMEAB using Quanta 250 FEG FEI equipment with an

accelerating voltage of 5 kV and a working distance be-

tween 3 and 8 mm depending on the sample. Image anal-

ysis was carried out using a LGC homemade program for

particle counting (density estimation) and average diameter

measurement developed using MATLAB image processing

toolbox software.



Oxygen reduction

Electrochemical reduction of O2 on AuNPs(X) (X = A, B, C,

D)-modified electrodes was performed at 20 °C in an aerated

NaCl-NaHCO3 (0.15/0.028 mol L−1 pH 7.4) solution by using

linear sweep voltammetry and different electrode rotation

rates (from 600 to 2600 rpm). The potential was swept from

the open circuit potential (ocp) to that corresponding to hydro-

gen evolution at a scan rate of 1 mV s−1 in order to ensure

steady-state conditions.

Results and discussion

Gold NP synthesis and characterization

In order to get different size-defined gold nanoparticles

(AuNPs) through chemical reduction, four synthetic routes

were explored and the resulting AuNPs were characterized

by UV-visible, zeta potential measurements, and TEM (Fig.

1). Table 1 summarizes all the corresponding data. Synthesis

A corresponds to the classical Turkevich method [46], in

which sodium citrate acts both as reducing and as stabilizing

agent. TEM micrograph analysis showed that AuNPs(A) ex-

hibited an average size 18 ± 4 nm, although the distribution

was not perfectly Gaussian (Fig. 1a). This result is consistent

with literature data for this synthesis [46, 50]. As a result of

very close experimental conditions (the only difference being

the solvent mixture), AuNPs(B) were found to exhibit similar

average size to AuNPs(A), ca. 23 ± 6 nm, the Gaussian feature

of the distribution being much more evident in this case (Fig.

1b), indicating more monodisperse AuNPs. AuNPs(C) were

rather smaller than the NPs prepared by using the former two

syntheses with an average size 10 ± 1 nm (Fig. 1c), in accor-

dance with a strong interaction between Au and the S atom of

NAC which may favor small NP stabilization [51]. Finally,

AuNPs(D) were smaller again ca. 2 ± 1 nm (Fig. 1d), as a

result of the combined effect of NAC and the use of a strong

reducing agent, namely NaBH4. The average size obtained for

AuNPs(D) was consistent with recently reported data [52].

However, it has to be noticed that in this latter work, the

synthesis procedure used implied mixtures of solvents and

cooling to 0 °C (in fact, a variation of the Brust-Schiffrin

synthesis); i.e., it was actually much more complicated than

synthesis D which was achieved in water at room temperature.

UV-visible spectra recorded for each kind of AuNPs (not

shown) clearly showed the surface Plasmon band and the

classical red shifts observed while increasing NP size (see

Table 1 for quantitative features) [53]. Zeta potential measure-

ments were also performed. Except for AuNPs(B), the trend

was the bigger the NPs, the lower the zeta potential value

(Table 1). Such a trend has already been observed by

Majzik et al. [54] and Brewer et al. [55] for citrate-

stabilized AuNPs. It has to be noticed that AuNPs(D), the

size of which was that of nanoclusters rather than of NPs

[56], exhibited a value close to that considered as the limit

ensuring a colloidal system stability (ca. −30 mV) [57, 58].

Surprisingly, AuNPs(B) also exhibited such a value, ca.

ζ = −28 mV, indicating an unstable colloidal system despite

that the corresponding NP size was similar to that of

AuNPs(A) which exhibited ζ = −46 mV. The only differ-

ence between both syntheses was the solvent used, since

synthesis B was achieved in a 50/50 volume ratio H2O/

ethanol mixture instead of H2O in the case of the classical

Turkevich protocol (synthesis A). Since the ζ value depends

on both the surface charge of the particles and the medium

used for the measurement, further information was needed

to evaluate whether or not the difference in ζ values be-

tween AuNPs(A) and AuNPs(B) was only due to the dif-

ferent medium used for the measurements. It thus became

necessary to develop supplementary considerations in order

to extract the contribution of the particle charge from that of

the measurement medium. To better understand our results,

surface charge densities σ were calculated for AuNPs(A)

and AuNPs(B). First, it was assumed that the zeta potential

was equivalent to the surface potential ψ. The dimension-

less surface potential ~ψ was calculated using Eq. (1):

~ψ ¼ ψ
e

kT
ð1Þ

where e is the elementary charge (1.6 × 10−19 C), k is the

Boltzmann constant (1.38 × 10−23 m2 kg s−2 K−1), and T is

the temperature (K). From ~ψ, the dimensionless surface

charge density ~ψ was accessed using Eq. (2):

~σ ¼ ~ψ
κaþ 1

κa

� �

ð2Þ

where a is the NP radius (m) and κ is the inverse of the Debye

length and may be expressed as follows:

κ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2 n0 e2

εkT

r

ð3Þ

where n0 is the number density of the electrolyte (m−3) and ε is

the dielectric permittivity (F m−1). For ε calculation, it was

used ε0 = 8.85 × 10−12 F m−1 and the corresponding dielectric

constant εr for water (78.5) and the 50/50 volume ratio H2O/

ethanol mixture (53.2) [59]. Finally, the surface charge density

σ was obtained from ~ψ using the following expression (Eq.

(4)):

σ ¼ ~σ
ffiffiffiffiffiffiffiffiffiffi

2 n0
p

εkT ð4Þ



Here, the surface charge densit ies found were

σA = −11.2 mC m−2 and σB = −4.9 mC m−2 for AuNPs(A)

and AuNPs(B), respectively. For AuNPs(A) which were pre-

pared in water, the value of σ was nearly 2.3 times more

negative than for AuNPs(B) which were prepared in a 50/50

volume ratio H2O/ethanol mixture, suggesting that more cit-

rate ligands surrounded the NPs in the former medium, thus

leading to more stable colloids. Thus, the difference in ζ

values observed between AuNPs(A) and AuNPs(B) was not

only due to the different media used for the ζ potential

measurements since the nature of the solvent used for the

synthesis clearly influenced the surface charge density of the

resulting NPs.

AuNP deposition onto GC and deposit characterization

AuNPs were deposited by simple drop casting technique (see

BExperimental^ section for detail). The resulting deposits

were characterized using FEG-SEM (Fig. 2). The correspond-

ing micrographs exhibited clear differences in terms of NP

Fig. 1 TEM micrographs and

size distribution of AuNPs

prepared using the following

synthesis: a A, b B, c C, and d D

Table 1 Physicochemical

characteristics of colloidal AuNPs

and their corresponding deposits

onto GC

Synthesis Mean size (nm) SPB (nm) Zeta potential ζ (mV) Qoxides (μC)
a β

A 18 ± 4 520 −46 6.9 0.59 ± 0.04

B 23 ± 6 526 −28 4.2 0.17 ± 0.12

C 10 ± 1 518 −38 0.8 0.28 ± 0.02

D 2 ± 1 510 −30 11.9 0.55 ± 0.04

SPB surface Plasmon band
aQoxides is the charge corresponding to the reduction of Au oxides formed during the forward scan of cyclic

voltammetry recorded in 0.5 M H2SO4 between 0 and 1.4 Von each AuNPs(X) (X = A, B, C, D) deposited by

drop casting onto GC electrode surfaces



coverage and density. Indeed, Fig. 2a–c shows very sparse

deposits for AuNPs(A), (B), and (C), respectively, in which

big aggregates of NPs may be observed. Due to this lack of

homogeneity in NP coverage over the GC surface, providing a

value for NP density would be meaningless. On the contrary, a

very dense, homogeneous deposit was observed for

AuNPs(D) (Fig. 2d). In this case, the NP density onto GC

was found 318 μm−2. However, the density was clearly

underestimated due to the fact that our homemade automatic

counting software did not exhibit sufficient resolution to prop-

erly separate such very small AuNPs. It has to be noticed that

the big, white aggregates that may be observed on both sides

of Fig. 2d corresponded to NaCl crystals. Comparison be-

tween Fig. 2a, 2b showed that AuNP drop casting onto GC

was favored by the H2O/ethanol mixture used for the NP

preparation (synthesis B), probably because the presence of

alcohol fastened solvent evaporation, resulting in a denser and

more homogeneous deposit. However and consistently with

the less negative surface charge density of AuNPs(B), more

numerous and bigger aggregates were observed compared to

the deposit obtained with AuNPs(A). Surprisingly, Fig. 2c

which corresponded to AuNPs(C) prepared using NAC as a

ligand did not show a more homogeneous deposit than Fig.

2a, 2b, as could be expected due to the stabilizing proper-

ties of NAC. In this case, AuNPs(C) were very scarce on

the GC surface, although some aggregates were observed.

The reason for such a surprising result remains unclear. It

has to be noticed that the same experiment was repeated

several times using AuNPs from same and different syn-

theses C and always afforded similar deposit morphologies.

Finally, the best deposit, both in terms of homogeneity and

density, corresponded to the smallest AuNPs which were

prepared using NaBH4 as the reducer and NAC (synthesis

D). It has to be noticed that AuNPs(D) deposit is the one

which compared the most favorably with the deposits ob-

tained by electrodeposition using constant potential electrol-

ysis (CPE) [44] in terms of density. Indeed, it was reported

that CPE at −0.3 V for 1800 s afforded a dense deposit of

AuNPs (ca. 555 ± 49 μm−2), the average diameter of

which was 25 ± 12 nm.

AuNPs(X)-GC electrodes (X = A, B, C, D) were then ac-

tivated and characterized by recording 30 consecutive cyclic

voltammetry (CV) scans in 0.5-M H2SO4 solution. Figure 3

depicts the last of these 30 scans for each deposit. The corre-

sponding voltammograms were presented in terms of current

density in order to make the comparison between all four

deposits easier. However, it was not possible to normalize

the CVs using the actual Au electrode surface area because

of the non-homogeneous distribution of the AuNPs on the GC

electrode surface. Thus, the current density was based on the

geometrical surface area. The upper potential limit was chosen

1.4 V in order to minimize the anodic dissolution of Au while

Fig. 2 FEG-SEM images of

AuNPs drop casted onto GC

electrode surface. AuNPs

prepared using the following

synthesis: a A, b B, c C, and d D



allowing Au oxide formation and subsequent AuNP activa-

tion, in accordance with recently published work [60, 61]. For

all four deposits, the consecutive CVs were found to evolve in

a similar way, with oxidation and reduction signals that in-

creased during the first 20 scans and then remained nearly

constant. All four last CVs exhibited the typical shape of Au

electrochemical activation, i.e., oxidation of Au surface atoms

to Au oxides at potentials higher than 1 V and subsequent

reduction on the backward scan around 0.9 V. The corre-

sponding amounts of charge Qoxides are indicated in Table 1.

These data were found to be in good agreement with the

AuNP deposits observed from FEG-SEM micrographs (Fig.

2). These values also compared well with that we previously

reported for AuNPs electrodeposited by CPE which varied

between 0.2 and 8.3 μC depending on electrolysis potential

and duration [44]. It has to be noticed that AuNPs(D)-GC

electrode exhibited a Qoxides value 40 % higher than the

highest one reported in this previous work, thus suggesting a

higher active surface area in the present case. The reason for

the results obtained in the case of AuNPs(C) still remains

unclear to us. Both synthesis C and the corresponding AuNP

deposition onto GC electrode were reproduced several times,

always leading to similar results. However, the CV corre-

sponding to AuNPs(C) activation (Fig. 3, curve (c)) was con-

sistent with Fig. 2c, confirming that very few NPs were de-

posited on the GC surface in this case.

Kinetic study of ORR on AuNPs(X)-GC electrodes

Steady-state voltammograms were recorded on each

AuNPs(X)-GC electrode in an aerated NaCl-NaHCO3

(0.15 M/0.028 M, pH 7.4) solution (Fig. 4). This medium

was chosen because it is very close to human blood ionic

composition [62]. In such a neutral medium, the two consec-

utive two-electron reduction steps of O2 (Reactions 2 and 3)

were observed on each electrode with roughly the same global

current. However, in the case of AuNPs(B)-GC and

AuNPs(C)-GC, both waves were ill-defined and barely sepa-

rated. On the latter electrode, the ORR kinetic seemed to be

particularly slow, especially the first reaction step which con-

cerned O2 reduction into H2O2. On the contrary, AuNPs(A)-

GC and AuNPs(D)-GC exhibited well-separated waves at

nearly the same half-wave potentials, ca. −0.31 and −0.81 V

for O2 and H2O2 reduction, respectively. The fact that the two

reduction processes occurred at the same potentials on both

electrodes although the NP diameters were drastically differ-

ent (ca. 18 ± 4 and 2 ± 1 nm for AuNPs(A) and AuNPs(D),

respectively) is surprising taking into account that the com-

monly reported trend is the smaller the NPs, the lower the

cathodic overpotential [23, 41, 44]. However, it has to be

noticed that the NaCl-NaHCO3 media used to perform the

voltammograms exhibited a low buffer capacity. Thus, large

local pH variations may be expected close to the electrode

surface and probably in a great part of the diffusion layer,

which may account for the recorded half-wave potentials.

NP coverage over the GC surface may also affect the ORR

potential, but no particular trend was found here due to the

lack of homogeneity of the deposits, except that of AuNPs(D).

The half-wave potential values were very close to that report-

ed for AuNPs electrodeposited onto GC by CPE at −0.3 V for

1800 s, which were −0.32 and −0.82 V for O2 and H2O2

reduction, respectively [44]. With respect to what was ob-

served on bulk Au [44, 45], AuNPs(A)-GC and AuNPs(D)-

GC electrodes afforded better selectivity for the two

Fig. 3 Last of the 30 consecutive

cyclic voltammograms recorded

in a 0.5-M H2SO4 solution on

AuNPs(X)-GC electrodes. (a)

X = A; (b) X = B; (c) X = C; (d)

X = D. Scan rate 100 mV s−1



consecutive steps of ORR. The current densities correspond-

ing to the mass-transfer-limited domain for both reduction

processes were found to be slightly higher on AuNPs(D)-

GC than on AuNPs(A)-GC electrode, in accordance with the

fact that small NPs are more reactive than big ones toward

ORR. It has to be noticed that in the corresponding potential

range, the substrate contribution to the first oxygen reduction

wave was negligible (Fig. 4, curve (e)).

To go further into detail upon ORR kinetic features, steady-

state voltammograms were recorded on AuNPs(X)-GC elec-

trodes at various rotation rates Ω (Fig. 5a). For the sake of

clarity, only the results obtained on AuNPs(D)-GC were

depicted. Starting from the open circuit potential (ocp) value

and down to the early stages of oxygen first reduction wave,

the recorded current densities were found to be independent

on the value of Ω, as the consequence of a charge-transfer-

limited reaction rate. At lower potential values, the cathodic

current densities increased with a trend proportional to Ω1/2

(not shown), in accordance with the Levich equation.

However, the current density plateau for the O2 reduction

wave, which corresponded to mass transfer limitation, was

poorly defined, thus indicating a mixed kinetic-diffusion con-

trol mechanism for the ORR. These observations compared

favorably with our previous results obtained both on bulk Au

[45] and on AuNPs prepared by electrochemical route using

CPE [44]. The data recorded for each AuNPs(X)-GC elec-

trode were treated using the Koutecky-Levich equation (Eq.

(5)) [63]:

1

j
¼

1

jk
þ

1

jd
¼ −

1

n F k c
−

1

0:62 n F D2=3ω1=2ν−1=6c
ð5Þ

where jk and jd stand for the kinetic-limited and mass-transfer-

controlled current densities, respectively, F is the Faraday

constant (96,500 Cmol−1), k is the potential-dependent charge

transfer rate constant, c is the dioxygen bulk concentration

(0.24 × 10−6 mol cm−3 under atmospheric pressure) [64], D

is the O2 diffusion coefficient (1.96 × 10−5 cm2 s−1) [65, 66],

and ν is the kinematic viscosity of the aqueous solution

(0.01 cm2 s−1) [67]. According to this equation, the inverse

of the current density 1/jwas plotted as a function of 1/Ω1/2 for

several potential values in the range from −0.2 to −0.9 V.

Figure 5b provides the results for AuNPs(D)-GC as an exam-

ple. All the obtained curves exhibited a linear trend, from the

slope of which the number of electrons exchanged n during

the ORR process was extracted. Figure 5c depicts the results

obtained in the case of AuNPs(D)-GC electrode. In the poten-

tial range from −0.35 to −0.65 V, the n value was roughly 2 in

accordance with the bielectronic reduction of O2 into H2O2

(Reaction (2)). For potentials less cathodic than −0.3 V, the

n < 2 values did not have any physical meaning but only

resulted from the mathematical treatment, showing that this

potential range was far from the mass-transfer-limited region.

Beyond −0.65 V, the n value increased progressively up to 4

around −1 Vas the result of the complete reduction of O2 into

H2O (Reaction (1)). This evolution of n on AuNPs(D)-GC

electrode compared favorably with that previously reported

for AuNPs prepared by CPE at −0.3 V for 1800 s (ca.

0.61 ± 0.03) [44].

From the intercepts of the linear curves in Fig. 5b, the

kinetic-limited current density contribution jk was extracted

and ln jk was plotted as a function of the potential (Fig. 5d).

This allowed the cathodic transfer coefficient β to be calculat-

ed from the charge transfer rate constant k (Eq. (6)):

k ¼ k
�

exp −

βF

RT
E−E�’
� �

� �

ð6Þ

Fig. 4 Steady-state

voltammograms recorded in an

aerated NaCl-NaHCO3 (0.15 M/

0.028 M, pH 7.4) solution on

AuNPs(X)-GC electrodes: (a)

X = A; (b) X = B; (c) X = C; (d)

X = D; (e) unmodified GC. Scan

rate 1 mV s−1. Electrode rotation

rate 1400 rpm



where k° (cm s−1) is the intrinsic charge transfer rate constant,

R is the gas constant (8.31 J mol−1K−1), and E°′ is the apparent

standard potential (V). The β values obtained on each

AuNPs(X)-GC electrode are summarized in Table 1. These

latter values clearly showed the better kinetics observed for

the ORR on AuNPs(A)-GC and AuNPs(D)-GC compared to

AuNPs(B)-GC and AuNPs(C)-GC. The very low β value ob-

tained for AuNPs(B)-GC may be accounted for considering

AuNPs(B) poor stability as proved by the corresponding ζ

value that may disadvantage their interactions with the GC

surface and, thus, slow down the electron transfer. As previ-

ously said in § 3.2, the reason for the results obtained in the

case of AuNPs(C) still remained unclear. The values obtained

for AuNPs(A)-GC and AuNPs(D)-GC electrodes compared

well with that previously reported for AuNPs prepared by

CPE at −0.3 V for 1800 s (ca. 0.61 ± 0.03) [44]. It has to be

noticed that, although being the smallest ones, AuNPs(D) did

not give rise to the best kinetics for the ORR. Apart their size

and density, AuNPs(A) and AuNPs(D) differed by their li-

gand, since they bore citrate and NAC, respectively. The cor-

responding deposits onto the GC surface also exhibited very

different morphologies. Thus, these results suggested that NP

size is not the only factor that may impact ORR kinetic and

illustrated the influence of the deposit morphology and the

AuNP capping ligand. This latter is consistent with

Mirkhalaf and Schiffrin’s work which showed that the cap-

ping ligand influenced the ORR mechanism by modifying the

local environment at the reaction centers [68]. The group of

Garsany also evidenced a ligand effect in the case of PtNPs

and proposed a weakening of the Pt–O bond strength to ac-

count for it [69]. However, to the best of our knowledge, this is

the first time such an influence combining ligand and deposit

morphology effects is reported with respect to ORR in neutral

media, the previous studies on ORR kinetic as a function of

AuNP size being all conducted on NPs bearing a same or no

ligand and in acidic or basic media [23, 44]. Here, it may be

Fig. 5 a Steady-state voltammograms recorded on AuNPs(D)-GC elec-

trode in an aerated NaCl-NaHCO3 (0.15 M/0.028 M, pH 7.4) solution

using various electrode rotation ratesΩ. Scan rate 1 mV s−1. bKoutecky-

Levich plots at different potentials (V vs. Ag/AgCl/KClsat) extracted from

a. cVariation of the number of electrons n exchanged during the ORR as a

function of the electrode potential. Values extracted from the Koutecky-

Levich plot (b). d Variation of the kinetic-limited current density Ln jk of

the ORR as a function of the applied potential. Values extracted from the

Koutecky-Levich plot (b) and Eqs. (5) and (6)



assumed that NAC slowed down the electron transfer com-

pared to citrate, probably because of its stronger interaction

with Au: thus, although being much smaller than AuNPs(A),

AuNPs(D) exhibited similar kinetic features. Further studies

will be necessary to better understand the impact of the AuNP

capping ligand and the NP deposit morphology on ORR

kinetic.

Conclusions

In this work, colloidal AuNPs were prepared using four dif-

ferent chemical routes, affording a set of NPs with an average

size from 2 ± 1 to 23 ± 6 nm. All the AuNPs were character-

ized using TEM images, UV-visible spectroscopy, and zeta

potential measurements and then deposited by drop casting

onto GC electrodes. All the deposits were tested with respect

to the ORR in an aerated NaCl-NaHCO3 (0.15 M/0.028 M,

pH 7.4) neutral solution. All the AuNPs-GC electrodes exhib-

ited a consecutive two-bielectronic-step mechanism for O2

reduction. However, only AuNPs(A)-GC and AuNPs(D)-GC

showed well-separated waves for these two steps. From the

Koutecky-Levich treatment of the steady-state current-poten-

tial curves, the values of the cathodic transfer coefficient β

were extracted and found to be 0.59 ± 0.04 and 0.55 ± 0.04

for AuNPs(A)-GC and AuNPs(D)-GC, respectively. These

values compared well with that reported for AuNPs prepared

by CPE at −0.3 V for 1800 s (ca. 0.61 ± 0.03). The fact that

AuNPs(A) and AuNPs(D), which used citrate and NAC as the

stabilizing agents, respectively, lead to quite similar β values

suggested that the capping ligand of the NPs and the corre-

sponding deposit morphology have an influence on ORR ki-

netic in neutral media. Further work is necessary to verify

whether or not these results are applicable to various other

organic ligands.
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