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 ABSTRACT 
The electrocatalytic activity for oxygen reduction reaction (ORR) at neutral pH
of citrate-capped silver nanoparticles (diameter = 18 nm) supported on glassy 
carbon (GC) is investigated voltammetrically. Novelly, the modification of the
substrate by nanoparticles sticking to form a random nanoparticle array and the
voltammetric experiments are carried out simultaneously by immersion of the 
GC electrode in an air-saturated 0.1 M NaClO4 solution (pH = 5.8) containing 
chemically-synthesized nanoparticles. 

The experimental voltammograms of the resulting nanoparticle array are
simulated with homemade programs according to the two-proton, two-electron 
reduction of oxygen to hydrogen peroxide where the first electron transfer is rate
determining. In the case of silver electrodes, the hydrogen peroxide generated is 
partially further reduced to water via heterogeneous decomposition. 

Comparison of the results obtained on a silver macroelectrode and silver
nanoparticles indicates that, for the silver nanoparticles and particle coverages
(0.035%–0.457%) employed in this study, the ORR electrode kinetics is slower and
the production of hydrogen peroxide larger on the glassy carbon-supported 
nanoparticles than on bulk silver. 

 
 

1 Introduction 

The field of nanocatalysis is of major interest in various 
research fields and novel applications have emerged 
in areas such as biosensing [1], chemical sensing  
[2, 3] and material sciences [4]. The changed physical 

and chemical properties of nanosized materials are 
extensively investigated in order to develop new 
catalysts for important processes such as the oxygen 
reduction reaction (ORR). This is a key process in 
biological systems and in energy transformations,  
in particular being frequently identified as a major 
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efficiency-limiting process of fuel cells [5]. Consequently, 
much effort is made in the design of new cathodes and 
cell conditions to speed up the reaction and promote 
the full reduction of oxygen to water.  

The number of studies reported reflects not only the 
difficulty to drive the reduction of oxygen but also 
the intricate complexity of its mechanism. The latter 
depends on the electrode material and electrolyte and 
it can involve different simultaneous pathways and 
intermediates. Although the details of the mechanism 
are still not fully understood, there are some features 
generally accepted for most electrode materials in 
aqueous solution. Thus, it has been proposed that 
oxygen (O2) can be reduced either by a direct path to 
water [6, 7] 

   2 2 2O 4 H O 4e 2H O+ 4OH        (1) 

or a series 2+2 process in which there are two electrons 
transferred at a time with hydrogen peroxide (H2O2) 
as an intermediate[8–10]  

 

 

 

 




2 2 2 2

2 2 2 2

O 2 H O 2e H O +2OH
H O 2 H O 2e 2H O +2OH

      (2) 

The first electron transfer to form the superoxide ion 
( 

2O ) is reported to be rate determining for a variety 
of metals such as platinum [11, 12], palladium [11, 12], 
and silver [13] 

 2 2O e O               (3) 

Moreover, hydrogen peroxide has been detected as 
an ORR intermediate in aqueous solution for several 
electrode materials, including silver [14] and carbon 
electrodes [15]. This suggests that, at least partially, on 
these cathodes ORR follows a 2+2 mechanism where 
the H2O2 electrogenerated can either diffuse away from 
the electrode surface or be reduced to water. Whether 
the latter goes via an electrochemical step (Eq. (2)) or 
homogeneous/heterogeneous disproportionation [16, 
17] (Eq. (4)) is unclear 

2 2 2 2
1H O O H O
2

            (4) 

The production of hydrogen peroxide in fuel cells, 
however, is highly undesirable as this can degrade 

the membrane–electrode assembly [18, 19], reduces 
the cathodic current and most importantly it makes 
the cell voltage drop, limiting the overall electrode 
efficiency [20]. Therefore, more efficient energy devices 
build on favouring the full reduction of oxygen to 
water using many different metal nanoparticles in this 
context. Thus, previous studies have reported that 
after cathode modification with platinum, gold and 
palladium nanoparticles [21–26], the ORR overpotential 
and H2O2 production decrease as the amount of nano-
particles is increased. This reflects the faster ORR 
kinetics on the metal against that on the substrate 
material, but it does not necessarily imply that the 
kinetics on the nanoparticles is different from that of 
the bulk metal.  

In order to gain a better understanding, the rigorous 
examination of the electrocatalytic activity of nano-
particle arrays requires suitable simulations of the 
ORR mechanism and of the diffusion of species to 
and away from the electrode surface. A kinetic study 
of this complex system will be outlined in this paper, 
focusing on the ORR on silver nanoparticles in nearly 
neutral aqueous solution ( pH 5.8 ). Within the search 
for cheaper non-platinum catalysts, a lot of attention 
has been drawn to silver [6, 27, 28], which shows 
relatively high catalytic activity and thermodynamic 
stability over a wide pH range [29–31]. The catalysis 
of ORR at neutral pH is of particular interest in the 
development of microbial fuel cells (MFCs) that require 
more efficient catalysts in neutral media. 

An entirely new experimental approach is designed 
in this work that provides an easy way for simul-
taneous modification of the electrode and the study 
of ORR voltammetry with different nanoparticle loads. 
Thus, the substrate (glassy carbon electrode, GCE)  
is immersed in an air-saturated solution containing 
chemically-synthesized silver nanoparticles that collide 
with and stick to the surface. Cyclic voltammograms 
in the ORR potential region are recorded at different 
times corresponding to different nanoparticle coverage. 
The latter can be worked out afterwards from the 
charge associated to the exhaustive oxidation of the par-
ticles at the end of the experiment. This methodology 
also enables us to obtain a uniform distribution of 
nanoparticles, low agglomeration and a number of 
different coverages more easily than would be the case 
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for drop casting methods [32].  
The experimental voltammograms are analyzed by 

making use of simulations developed in our group 
[33–35] for electrochemical experiments on nanoparticle 
arrays when both the substrate and particles are 
electroactive [36]. First, the mechanism for ORR in 
neutral solution is investigated on glassy carbon and 
silver electrodes. Next, this is applied to the fitting of 
the voltammetry on the modified electrode with the 
kinetic parameters on the nanoparticles as adjustable 
variables. The results obtained provide insight into 
the ORR mechanism, the catalytic activity of silver 
nanoparticles and the optimum conditions for their 
performance in fuel cells. 

2 Experimental 

2.1 Chemicals 

The chemicals used in this study were of analytical 
grade and purchased from Sigma Aldrich unless stated 
otherwise and solutions were obtained by dissolving 
the respective chemical in ultrapure water (Millipore, 
resistivity ca. 18.2 MΩ·cm at 25 °C). 

2.2 Silver nanoparticles: Synthesis and charac-
terisation 

The synthesis of citrate-capped silver nanoparticles was 
performed as described in Ref. [32]. The obtained silver 
nanoparticle suspension was centrifuged (Centrifuge 
5702, Eppendorf, Hamburg, Germany) for 30 min at  
a rotation speed of 4,400 rpm and the resulting 
supernatant was used as the silver nanoparticle stock 
suspension in this study.  

The nanoparticle size was analysed by Nanoparticle 
Tracking Analysis (Nanosight LM 10, NanoSight Ltd. 
Amesbury, UK), yielding a modal radius of r = 9 nm 
(see Fig. 1, black squares). Further characterisation by 
UV–vis spectroscopy (U-2001, Hitachi, Tokyo, Japan) 
was performed in the range of 600 nm to 300 nm using 
a tungsten iodide and a deuterium light source (scan 
rate = 100 nm·min–1). A single absorption peak was 
detected at 410 nm (see inset in Fig. 1), which—in 
agreement with the Nanoparticle Tracking Analysis 
data—suggests an estimated radius of silver nano-
particles of about 10 nm [37]. 

 
Figure 1 Size distribution of the silver nanoparticles used as 
determined by Nanoparticle Tracking Analysis. Inset: UV–vis 
absorption spectrum of silver nanoparticle suspension, showing a 
peak maximum at 410 nm. 

2.3 Electrochemical analyses 

All electrochemical experiments were performed in a 
conventional three electrode setup using a µAutolab
Ⅱ  potentiostat (Metrohm-Autolab BV, Utrecht, 
Netherlands). The temperature of the electrolyte was 
set and held at 25 °C using a thermostated water bath. 
A carbon rod was used as counter electrode and a 
saturated calomel electrode (SCE) served as a reference 
electrode (potential E = 244 mV vs. standard hydrogen 
electrode; all potentials stated in this article refer   
to values against SCE). Macro glassy carbon (GC, 
r = 1.55 mm), macro silver (r = 0.25 mm) and silver 
nanoparticle-modified glassy carbon electrodes were 
employed as working electrodes (WE). 

2.4 Oxygen reduction reaction on macroelectrodes 

Cyclic voltammetry at various scan rates was per-
formed to measure the kinetics of oxygen reduction 
on a macro glassy carbon and a macro silver WE. The 
experiments were conducted in freshly prepared, air- 
saturated 0.1 M NaClO4 (sodium perchlorate) solutions. 
The analysed potential range was 0 mV to –1,000 mV 
for the glassy carbon electrode and 0 to –700 mV for 
the silver macroelectrode. Additionally, cyclic voltam-
mograms (CVs) at various scan rates were recorded 
for both electrodes in a solution that had been 
deoxygenated by purging N2 for 15 min prior to the 
experiments. These scans were used as “blanks” to 
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subtract the background signal from the respective 
measurement data in presence of oxygen and the 
obtained background-corrected CVs were used for all 
further analysis. 

2.5 Nanoparticle sticking experiments 

A new experimental strategy has been employed in 
this work for the study of the electron transfer kinetics 
on nanoparticles supported on a substrate. This method 
is based on the immersion of the substrate in the 
working solution containing the electroactive species 
(oxygen in this case) and the nanoparticles. By virtue 
of Brownian motion the particles collide with the 
substrate and can stick to it forming an array of 
“nanoelectrodes” (see Fig. 2). Voltammetric experi-
ments at different immersion times provide results for 
a range of nanoparticle loads very easily. In addition, 
this approach offers a more uniform distribution of 
particles and the reduction of aggregation with respect 
to drop casting methods.  

 

Figure 2 Scheme of the glassy carbon electrode modified by silver 
nanoparticles in solution that stick to its surface ((Ⅰ) and (Ⅲ)) 
and catalyze the oxygen reduction reaction in the voltammetric 
experiments ((Ⅱ) and (Ⅳ)). 

Therefore, to 8.425 mL of a 0.1 M NaClO4 electrolyte 
solution, 1.575 mL of the silver nanoparticle stock 
suspension was added and a glassy carbon electrode 
(r = 1.55 mm) was immersed in this solution for various 
sticking times. During this time, the WE was held at a 
standby potential of –250 mV, which has been reported 
to yield a linear increase of the amount of silver 
nanoparticles adsorbed on the electrode surface [38]. 
Oxygen reduction on the WE with accordingly 
increasing silver nanoparticle surface coverage, was 
characterised by running a CV every 150 s up to a 
sticking time of 1,950 s. During each CV the potential 
was cycled once between 0 mV to –1,000 mV vs. SCE 
at a scan rate of 100 mV·s–1. Before and after running 
the CVs, the WE was held at the standby potential of 
–250 mV to allow for more nanoparticles to adhere to 
the surface.  

To quantify the load of silver nanoparticles adherent 
to the glassy carbon electrode, the potential was swept 
to anodic potentials after a time period of 3,400 s to 
strip the silver nanoparticles from the carbon surface. 
Therefore, the potential was shifted from 150 mV to 
500 mV in the silver nanoparticle containing 0.1 M 
NaClO4 at a scan rate of 50 mV·s–1. This treatment has 
been previously demonstrated to allow for quantitative 
stripping of silver from a carbon surface [39]. Assuming 
a linear increase of the amount of silver nanoparticles 
sticking to the surface (as found in Ref. [38]), thus the 
surface coverage of silver for each of the oxygen 
reduction CVs has been calculated. 

3 Results and discussion 

The quantitative study of the voltammetry on the 
silver nanoparticle-modified electrode requires the 
identification of a suitable reaction mechanism as 
well as the determination of the kinetics on the glassy 
carbon substrate. 

The cyclic voltammograms obtained for oxygen 
reduction on glassy carbon and silver electrodes are 
displayed in Figs. 3(a) and 3(b) for scan rates varying 
from 25 mV·s–1 to 1,200 mV·s–1. For both systems a 
single reductive peak is observed, which increases in 
height with increasing scan rate. The oxygen reduction 
occurs at lower potentials on the silver macroelectrode 
(ca. –150 mV vs. SCE) than on the glassy carbon  
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Figure 3 CVs showing the oxygen reduction in air-saturated 
0.1 M NaClO4 for different scan rates at (a) a macro glassy carbon 
electrode and (b) a silver macroelectrode. CVs were blank corrected 
by subtracting CVs measured in N2-purged electrolyte. 

electrode (ca. –400 mV vs. SCE). This significantly 
reduced overpotential for oxygen reduction displays 
the higher catalytic activity of silver for ORR. Based 
on these results, a mechanistic and kinetic study of 
ORR on glassy carbon and silver is carried out in the 
next sections. 

3.1 ORR on glassy carbon macroelectrode 

In spite of the extensive investigations on the ORR, 
the multistep mechanism is still unclear due to its 
complexity. Depending on the cathode material and 
experimental conditions (solvent, pH, species in 
solution, …), the ORR can follow several pathways 
with different intermediates and efficiency [8, 40]. The 

latter can be quantified in function of the effective 
number of electrons transferred per O2 molecule 
(  eff 1 4n ) and the amount of hydrogen peroxide 
formed. The production of hydrogen peroxide has 
been confirmed in the case of carbon electrodes [15] 
such that ORR follows, at least in part, the following 
serial mechanism 

  
0

0 , ,
2 2O e Ofk E

rate determining      (5) 

      2 2 2O H O e HO OH   very fast  (6) 

  2 2 2 2HO H O H O OH                (7) 

where 0k ,   and 0
fE  are the standard rate constant, 

transfer coefficient and formal potential, respectively, 
of the first electron transfer. This has usually been iden-
tified as the rate determining step [21]. Subsequently, 
a proton-coupled electron transfer takes place 
instantaneously given the much more positive formal 
potential of the redox couple  

2 2HO / HO  (ca. +780 mV 
with respect to  

2 2O / O  [41]). Considering the acid 
dissociation constant of 2 2H O  ( apK 11.6 ), the 


2HO  ion will protonate at the pH of the present 

study ( pH 5.8 ).  
The simulation of the ORR cyclic voltammetry at the 

glassy carbon electrode has been carried out according 
to the above EEC mechanism (where “E” refers to an 
electrochemical process and “C” to a homogeneous 
chemical reaction) with the commercial software 
DigiSim®. The second electron transfer (6) is set as 
fully-driven and so the electrochemical response is 
qualitatively defined by the kinetics of the first 
electron transfer. This is modelled with the Butler– 
Volmer formalism [42, 43] that, taking into account that 
the superoxide (  

2O ) is electroreduced immediately 
such that its concentration    

2O ( 0) 0c x  (where x 
is the distance from the surface of the WE) establishes 
the following relationship for the surface flux of oxygen  

 
 

 




 
    

0

2

2 2

O
0O O

0

e 0
fF E E

RT

x

c
D k c x

x
     (8) 

Therefore the current response corresponds to a 
two-electron, fully-irreversible cathodic process that 
can be characterized by the transfer coefficient of  
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the first step,  , and the combined parameter 
 
  
 

0

0 exp fE F
k

RT


.  

Table 1 includes the data corresponding to the best 
fitting of the experimental voltammograms recorded 
in the range of scan rates 25–1,200 mV·s–1. Literature 
values for oxygen concentration (

2

bulk
Oc = 0.25 mM [44]) 

and diffusion coefficient (
2OD =   5 2 11.96 10  cm s [45]) 

have been used, assuming the same D-value for all 
the participating species. The value of the transfer 
coefficient has been determined from the best fit of 
the peak current in the whole range of 25–1,200 mV·s–1 
(note that for the mechanism considered, the 0k  value 
does not affect the peak height) and, once   is known, 

0k  is extracted from the fitting of the peak potential 
at the different scan rates. As can be seen in Fig. 4,   
a satisfactory agreement between experiments and 
simulation is obtained, which supports the suitability 
of the mechanism employed for the parameterization 
of the process. The variation of the peak current ( pI ) 
with the scan rate ( ) follows the square root de-
pendence predicted by the Randles–Ševčík equation 
that in the case of fully-irreversible processes has the 
form [42, 43] 


 2

2

Obulk 1/ 2
eff O0.496p

FD
I n FAc

RT
        (9) 

where A is the area of the electrode, eff 2n  given 
that the second electron transfer is very fast, and F, R, 
and T have the usual meanings. The slope of the plot 

1/ 2 vs pI  is 2.76 × 10–5 A s1/2·V–1/2 from which a value 
for the transfer coefficient of 0.31 is extracted, which 
compares well with that obtained from the fitting of 
the voltammograms (see Table 1). 

In conclusion, the results obtained on glassy carbon 
are compatible with the electroreduction of oxygen to 
hydrogen peroxide, without significant decomposi-
tion of H2O2 occurring within the time scale of the 
measurements.  

3.2 ORR on silver macroelectrode 

The mechanism proposed for glassy carbon (Eqs. (5)– 
(7)) was initially used for the study of ORR on silver 
macroelectrode given that the production of 2 2H O  has  

 

 
Figure 4 Experimental (black) and simulated (red) ORR vol-
tammetry on glassy carbon macroelectrode in air-saturated 0.1 M 
NaClO4 at different scan rates (indicated on the graph). The 
simulated curves are obtained with the EEC mechanism discussed 
in section 3.1 and the values shown in Table 1. CVs were blank 
corrected by subtracting CVs measured in N2 purged electrolyte. 
The error bars correspond to the upper and lower limit values of 
k0 in Table 1. 
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also been confirmed when the silver macroelectrodes 
are employed [14]. Nevertheless, the fitting of the 
experimental results was not possible. The shape of 
the voltammograms could be described satisfactorily 
with  0.7  but the experimental current exceeds 
ca. 1.7 times the theoretical one (not shown). This 
indicates that the number of electrons transferred  
per O2 molecule has an effective value of eff 3.3n , as 
reported previously in the Ref. [28].  

Given that the results obtained on glassy carbon 
suggest that the decomposition of 2 2H O  in solution is 
not significant for the time scale of the experiments, 
the greater current recorded must be related to 
heterogeneous processes taking place on the silver 
surface but not on glassy carbon. These can be assigned 
to the electroreduction of hydrogen peroxide to water 
that has been proposed to start predominantly with a 
chemical dissociation step [21] 

 



  

het,dis

2 2 Ag

2 2

H O 2OH

2OH 2e 2H O 2H O + 2OH

k

    (10) 

where the two-proton, two-electron step is being fully 
driven [41] and khet,dis is the heterogeneous rate constant 
of the dissociation reaction. Additionally, it is also 
well known that silver catalyzes the decomposition 
of hydrogen peroxide following a first-order kinetics 
with respect to hydrogen peroxide at low 2 2H O  
concentrations [46, 47] 

 het,dec
2 2 2 2Ag

1H O H O O
2

k
          (11) 

Both mechanisms, hetEECC EE  (given by Eqs. (5)–(7), 
(10)) and hetEECC  (given by Eqs. (5)–(7), (11)) predict 
a gradual transition from hydrogen peroxide gene-
ration (two-electron process) to water production 
(four-electron reduction) as hetk  increases (see the 
green curve in Fig. 11). Thus, in (10) the product species 
of the chemical dissociation is rapidly reduced to 
water, whereas in (11) each 2 2H O  molecule yields 

“ 2
1 O
2

” that can potentially transfer two more electrons 

within the catalytic cycle established by (5)–(7)/(11) 
with water as the final product. Consequently, both 
mechanisms were considered for the fitting of the 
voltammetry on the silver macroelectrode with home-
made programs (see the Appendix for more details), 
assuming that all the electron transfers except for the 
first one are fully driven and the protonation reaction 
is diffusion-controlled. The results corresponding to 
the best fitting of the experimental voltammograms 
in the range of 25–1,200 mV·s–1 together with the varia-
tions of the peak current and potential with the scan 
rate are shown in Figs. 5 and 6. The   and hetk  values 
are determined from the value of the peak current 
and its variation with the scan rate. Subsequently, the 
standard electrochemical rate constant is obtained 
from the fitting of the peak potential. The parameters 
obtained are included in Table 1. Note that in this case 
the variation of the peak current with the scan rate 
deviates from the linear Randles–Ševčík relationship 
as a result of the more complex mechanism of ORR 
on silver. 

Table 1 Parameters employed in the simulations corresponding to the best fitting of the experimental ORR voltammograms for the 
different electrodes considered: Glassy carbon (GC), silver (Ag), and silver-nanoparticle-modified glassy carbon (Ag NP/GC) electrodes. 
“E” refers to an electrochemical process, “C” to a homogeneous chemical reaction and “Chet” to a heterogeneous chemical reaction 

GC Ag Ag NP/GC 
Parameter 

EEC hetEECC EE  hetEECC  hetEECC  

0
,SCE

0exp f FE
k

RT

 
  
 

(cm·s–1) 7.6 7 a
6.47. 1 10  4.6 6 a

2.83.8 10  6.9 6 a
3.45.2 10  2.7 3 b

1.22.1 10  

  0.33 0.71 0.70 0.27 

knet (cm·s–1) — 5.5 × 10–3 1.3 × 10–2 1.3 × 10–2 

2

bulk

O
c (mM) 0.25 

2O
D (cm2·s–1)  1.96 × 10–5 

a Values corresponding to the best fit of the peak potential in the range of scan rates 25–1,200 mV·s–1 with the corresponding upper and lower limits. 
b Value corresponding to the best fit of the peak potential in the range of nanoparticle coverage 0.035%–0.457% with the corresponding upper and lower limits. 
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Figure 5 Experimental (black) and simulated (red) ORR voltam-
metry on silver macroelectrode in air-saturated 0.1 M NaClO4 at 
different scan rates (indicated on the graph). The simulated curves 
are obtained with the hetEECC EE  mechanism discussed in section 
3.2 and the values shown in Table 1. CVs were blank corrected by 
subtracting CVs measured in N2-purged electrolyte. The error bars 
correspond to the upper and lower limit values of k0 in Table 1. 

As can be seen, the two above reaction schemes 
account for the values of the experimental peak current 
and provide a suitable description of the variations  
of the peak current and potential with scan rate. 
However, the hetEECC EE  scheme predicts a crossing 
in the cyclic voltammograms that is not observed 
experimentally (see Fig. 5). This crossing is related to 
the rate of transformation of hydrogen peroxide in 
the heterogeneous process. Obviously, the latter also 
takes place during the reverse scan yielding a species 
that is reduced much more rapidly than oxygen in 
the forward scan. Consequently, at the foot of the 
wave a greater reduction current is predicted for 
intermediate het,disk  values where a significant 2 2H O  
amount exists around the electrode surface during 
the reverse scan. For smaller het,disk  values the hetero-
geneous reaction does not take place to a significant 
extent, whereas for large het,disk 2 2H O  dissociates 
rapidly such that it does not accumulate around the 
electrode. An equivalent behaviour has been reported 
experimentally for the oxidation of 2-phenylnorbornene 
that follows an ECE-like mechanism where C corres-
ponds to a homogeneous reaction [48]. 

As can be seen in Fig. 6, the hetEECC  mechanism 
does not predict the above crossing and so it provides 
a better description of the electrochemical response. 
Moreover, the fitting of the voltammograms yields 

   2 1
het,dec 1.3 10  cm sk , which compares very well 

with the value reported for the decomposition rate 
constant of hydrogen peroxide on silver:   1.0 1.3  

 2 110  cm s [17, 49]. 

3.3 ORR on silver nanoparticle-modified glassy 
carbon macroelectrode 

3.3.1 Electrode modification and cyclic voltammetry 

To study the oxygen reduction kinetics of silver 
nanoparticle-modified carbon surfaces, nanoparticle 
sticking experiments were performed. A glassy 
carbon macroelectrode was immersed into a silver 
nanoparticle-containing solution and a holding 
potential of –250 mV (vs. SCE) was applied, which 
has been reported to result in a linear increase of the 
number of silver nanoparticles adhering on this surface 
[38]. Thus, the longer the sticking time t is, the higher 
the silver nanoparticle coverage. The advantage of this  
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Figure 6 Experimental (black) and simulated (red) ORR voltam-
metry on silver macroelectrode in air-saturated 0.1 M NaClO4 at 
different scan rates (indicated on the graph). The simulated curves 
are obtained with the hetEECC  mechanism discussed in section 3.2 
and the values shown in Table 1. CVs were blank corrected by 
subtracting CVs measured in N2 purged electrolyte. The error bars 
correspond to the upper and lower limit values of k0 in Table 1. 

modification method over drop casting methods is 
that nanoparticle agglomeration is strongly reduced 
and a more homogeneous distribution of nanoparticles 
on the surface is obtained [32]. 

The CVs recorded at  1100 mV s  for various sticking 
times, i.e., various silver nanoparticle coverages, are 
shown in Fig. 7. With increasing sticking time a tran-
sition from the CV obtained for a bare glassy carbon 
surface (t = 0) towards those to the catalytically more 
active silver macroelectrode is observed. Indeed, the 
onset of the oxygen reduction peak is shifted to less 
cathodic values with increasing silver nanoparticle 
coverage. 

To quantify the coverage of the glassy carbon 
electrode with silver nanoparticles, anodic stripping 
voltammetry was used to quantify the amount of silver 
adhering to the carbon surface after a sticking time of 
3,400 s (see Fig. 8). Assuming a linear increase of the 
amount of silver nanoparticles sticking to the surface, 
as found previously [38], thus yields a time dependent 
sticking of silver nanoparticles according to 

          
9 1C 1.99 10 C s sQ t t        (12) 

Taking the modal size of silver nanoparticles 
rNP = 9 nm, as determined by Nanoparticle Tracking 
Analysis (see Section 2.2.), and considering that one 
electron is consumed during the oxidation of Ag to  

 
Figure 7 CVs recorded during silver nanoparticle sticking experi-
ments showing the increasing catalytic activity of the surface with 
increasing sticking time, i.e., with increasing coverage of the GC 
electrode with silver nanoparticles; scan rate = 0.1 V·s–1. 
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Figure 8 Oxidative stripping of the silver nanoparticles adherent 
to a glassy carbon electrode after 3,400 s of silver nanoparticle 
sticking experiments in 0.1 M NaClO4, standby potential = –250 mV; 
scan rate = 50 mV·s–1. 

Ag+, the charge related to dissolution of a single 
nanoparticle can be estimated  




3
NP

NP
r

4
3

F rQ
M

               (13) 

where ρ is the density of silver (ρ (Ag) = 10.49 g·cm–3) 
and Mr the molar mass of silver atoms (Mr(Ag) = 
107.87 g·mol–1). The derived charge per silver nano-
particle QNP is 2.9 × 10–14 C and thus Eq. (14) can be 
used to yield the number of silver nanoparticles sticking 
to the glassy carbon macroelectrode at each time 

       
4 16.96 10 s sN t t           (14) 

3.3.2 ORR kinetics on silver nanoparticles 

The catalytic activity of silver nanoparticles for ORR 
has been quantified through the analysis of the 
experimental voltammetry recorded on a glassy carbon 
electrode gradually modified with silver nanoparticles. 
For this it is necessary to consider the particular 
characteristics of the mass transport towards or away 
from an assembly of electroactive nanoparticles.  
The simulation method developed in our group for 
hemispherical particles on an electroactive surface has 
proven to provide satisfactory description of these 
systems, a detailed account of which is presented in 
the Appendix and Ref. [36]. In brief, the nanoparticles 
are considered to have the same size and be evenly 

distributed on the substrate surface. The kinetics of the 
electron transfer reactions occurring at the particles 
and the substrate are modelled with the Butler–Volmer 
model (see Appendix) [42, 43]. According to the 
“diffusion domain approximation” [50, 51], identical 
cylindrical domains are assigned to all the particles 
and the two-dimensional problem of one of them is 
solved numerically following an Alternating Direction 
Implicit (ADI) method [52], the result being scaled by 
the total number of particles.  

According to the above, for the simulation of the 
voltammetry we need to input the radius and coverage 
of nanoparticles. The former is set at the modal value 
determined by Nanoparticle Tracking Analysis (i.e., 
rNP = 9 nm) that corresponds to the most representative 
case in terms of diffusion domain. Regarding the 
surface coverage of the particles,  , this is defined as 





2

NPN r
A

               (15) 

where N is the number of particles (calculated as 
detailed in Section 3.3.1) and A the area of the glassy 
carbon substrate (A = 0.075 cm2).  

The above computational strategy, together with 
the hetEECC mechanism, has been employed for the 
study of the ORR voltammetry on a glassy carbon 
macroelectrode that is gradually modified by immersion 
in a silver nanoparticles solution. In the simulations, the 
kinetics of ORR on glassy carbon and that of hydrogen 
peroxide decomposition on silver are set according to 
the values obtained in Sections 3.1 and 3.2, whereas the 
kinetic and mechanistic parameters for ORR on the 
silver nanoparticles are adjusted in order to achieve a 
satisfactory fitting of the voltammetric results. 

The experimental and simulated voltammograms 
at different sticking times are shown in Fig. 9, the 
parameters corresponding to the best-fit of the peak 
current and potential being shown in Table 1. As 
discussed previously, the oxygen reduction over-
potential decreases progressively as time proceeds 
and the number of silver nanoparticles on the glassy 
carbon surface increases, leading to a greater con-
tribution to the overall electrochemical response. On 
the other hand, the peak height does not vary signi-
ficantly in the range of nanoparticle coverage studied: 
0.035%–0.457%. Therefore, whereas the overpotential  
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Figure 9 Experimental (black) and simulated (red) ORR voltam-
metry on silver nanoparticle-modified glassy carbon macroelectrode 
in air-saturated 0.1 M NaClO4 at 100 mV·s–1 and different sticking 
times (indicated on the graph). The simulated curves are obtained 
with the hetEECC  mechanism discussed in Section 3.2 and the 
values shown in Table 1. CVs were blank corrected by subtracting 
CVs measured in N2 purged electrolyte. The error bars correspond 
to the upper and lower limit values of k0 in Table 1. 

for the reduction of oxygen to hydrogen peroxide   
is decreased with the electrode modification, the 
production of hydrogen peroxide increases since this 
does not decompose quantitatively on the nanoparticle 
surface.  

With respect to the ORR kinetics, this has been 
quantified by fitting the variation of the peak current 
and peak potential with the sticking time (and so 
with the nanoparticle coverage) with the kinetic para-
meters of step (5) as adjustable variables. The results 
(shown in Table 1) show a very significant decrease 
of the cathodic transfer coefficient when moving 
from the silver macroelectrode to citrate-capped silver 
nanoparticles. For better comparison of the catalytic 
activity for ORR of the different materials investigated 
here, the corresponding reduction rate constants of 
the rate-determining step (5) are plotted in Fig. 10 

  



0

(5)
red 0 e

fE E F

RTk k              (16) 

As can be seen, the ORR is slower on the nano-
particles employed in this work than on bulk silver  
as a result of the dramatic decrease of the transfer 
coefficient. This may be related to differences in the 
adsorptivity of reactants and intermediate species.  

Regarding the lack of hydrogen peroxide decom-
position detected on the modified electrodes, this    

 

Figure 10 Reduction rate constant of ORR (Eq. (16)) on glassy 
carbon macroelectrode (GC), silver macroelectrode (Ag) and silver 
nanoparticles supported on GC (AgNP/GC) calculated from the 
kinetic parameters obtained experimentally (Table 1) and 0E f  

298 mV (vs. SCE) [53]. 
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is connected to the “ 2 2H O  escape” towards the bulk 
solution. To study this phenomenon, Fig. 11 shows 
the variation of the apparent number of electrons per 
O2 molecule with het,deck  at different coverage. The 
curves have been calculated from the peak current of 
the simulated voltammograms of the array of silver 
nanoparticles at 100 mV·s–1 with the hetEECC  mech-
anisms, assigning the value eff 2n  to the peak current 
when   1

het,dec 0 cm sk . As can be observed, for the 
range of coverage of the present study (≤ 0.457%) and 

  2 1
het,dec 10 cm sk , the value predicted is eff 2n , 

that is, hydrogen peroxide is not further reduced to 
water. This agrees with our experimental results where 
the peak height does not increase with the sticking 
time. This behaviour is explained by the large particle 
interdistance (more than 30 times the nanoparticle 
radius) such that the contribution of radial diffusion 
is important. Consequently, unless the hetk  value is 
very fast, the electrogenerated 2 2H O  diffuses away 
from the electrode very rapidly and it does not 
decompose on the silver surface. When the nanoparticle 
coverage is increased, the radial diffusion to individual 
nanoparticles turns into linear diffusion to the entire 
nanoparticle array and the “ 2 2H O  escape” is slowed 
down. 

 
Figure 11 Variation of the effective number of electrons trans-
ferred per O2 molecule with the rate constant of the hydrogen 
peroxide heterogeneous decomposition (11) on a nanoparticle- 
modified glassy carbon macroelectrode at different coverage 
(values indicated on the graph). neff is calculated from the magnitude 
of the peak current of the cyclic voltammograms at 100 mV·s–1 
simulated using the kinetics for glassy carbon, macrosilver and 
nanosilver reported in Table 1. 

4 Conclusions 

The kinetics of ORR on citrate-capped silver nano-
particles (diameter = 18 nm) supported on macro 
glassy carbon (GC) have been investigated following 
a new experimental approach. This is based on the 
immersion of the GC substrate in the air-saturated 
solution containing nanoparticles and it enables us to 
perform the modification of the substrate (with homo-
geneous particle distribution and low agglomeration) 
and the voltammetric experiments simultaneously. 

The voltammetry of oxygen reduction on the glassy 
carbon macroelectrode could be described satisfactorily 
with a two-proton, two-electron process yielding 
hydrogen peroxide. On the silver macroelectrode, 
hydrogen peroxide has been found to decompose on 
the surface such that a significant amount is further 
reduced to water. The application of this mechanism 
to the quantitative study of the ORR response on silver 
nanoparticles supported on GC at low coverage 
(0.035%–0.457%) points out a significant change in 
the kinetics on the nanoparticles such that quantitative 
ORR occurs at larger overpotentials. Moreover, for 
such low coverage hydrogen peroxide is not further 
reduced to water due to fast diffusion away from the 
electrode surface.  
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