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ABSTRACT 

Electrochemical behavior of silver nanoparticles in mesoporous oxides electrodes is investigated. Mesoporous 

SiO2 and TiO2 films deposited on FTO (Fluorine doped tin oxide) and containing Ag nanoparticles (NPs) are used 

as electrodes. The study of voltammetric curves (CVs) and the diffusion of Ag+ ions out of the films highlight the 

importance of the retention of Ag+ ions by the TiO2 films. By varying several factors such as the speed rate or the 

initial potential, we observe the existence of the two potentials anodic peaks. These are explained by the nature of 

two silver NPs populations created in two distinct areas in the film and with different size distributions, as shown 

by Scanning Electron Microscopy (SEM) and Transmission Electron Microscopy (TEM) observations. The size 

distributions of the two NPs populations allow the position and shape of each of the oxidation peaks in the CVs to 

be adequately simulated. 

 

Introduction 

 Metallic nanoparticles have different interesting properties, such as optical, chemical or electrochemical which 

are size-dependent.1–10 They are explored in various fields of applications such as catalysis, plasmonic, electro-

chemical sensing or optical detection.1,7,11,12 The performance of these nanoparticles depends on their stability. 

The oxidative dissolution is an important reason of their instability.3,7,9,13  

 After establishing the equations to obtain the variation of the Redox potential of small metal particles as a func-

tion of their size, Plieth14 has described their electrochemical behavior, the  negative shift of the equilibrium po-

tential, the negative shift of the point of zero charge  (PZC) and the decrease of the work function (W). These 

observations are in agreement with the results obtained by Henglein & al. 15 showing a very high reducing power 

of silver aggregates consisting of a few atoms. Observed qualitatively,16 the decrease in standard redox potential 

with the size of silver NPs was measured by Ivanova & al.17 Brainina & al has shown that the dissolution poten-

tial of metallic NPs deposited on a support electrode also depends on the nature of this support.18 Electrochemical 

stripping processes have been developed for the study of many solids with various electrodes.19 In this regard, 



3 

 

Chevallier & al.20 and Ward Jones & al.21,22 stressed the importance of the phenomena of diffusion of ionic solu-

ble species resulting from electrooxidation. Toh & al.23 have shown the influence of the reversible or irreversible 

type of electronic transfer, the coverage rate, the agglomeration and whether the diffusion layers around the NPs 

are independent or overlapping. Brainina & al.24 proposed mathematical models to explain the influence of NPs 

size on the characteristics of voltamperometric curves plotted during the abrasion of gold and silver NPs.13,25 Sil-

ver NPs supported on oxide can be used for many applications such as catalysis,26–33 as Surface Enhanced Raman  

Spectroscopy (SERS) substrates34 or as electrochemical sensor.35,36 The interest of silver NPs and titania films has 

also been related for their photochromic properties.37–45 and we have previously described the photoelectrochemi-

cal behavior of silver NPs inside mesoporous TiO2 films.46,47 

In mesoporous buildings, the phenomena of diffusion of matter in the different gaseous, liquid and solid forms are 

the subject of numerous studies.45,48–51 Electrochemical methods, especially those using a "walljet electrode" have 

made it possible to measure the permeation of mesoporous thin films.52 For example, an electrochemical study on 

the molecular transport of various ions and molecules in thin films of silica p6m, P63/mmc, Pm3n highlight the 

role of mesostructure isoelectric point (IEP), charge and dimension of the diffusing entity and also of the thick-

ness of the layer deposited on the ITO substrate.53  

Following these studies, the purpose of this article is to study through electrochemistry the characteristics and 

stability of two electrodes made of mesoporous oxides films, deposited on FTO, titania and silica, and loaded 

with silver NPs. To build mesoporous silica and titania films, a sol-gel process and  block copolymer self-

assembly method has been used.54,55 Among the numerous methods existing to form silver NPs in mesoporous 

films,45,56,46,47 a reduction of silver ions solution by coulometric method have been chosen to control the quantities 

of silver introduced.57–60 Using these materials as electrodes, the influence of experimental parameters on voltam-

perometric curves CV such as the scanning speed and the starting potential are examined. To explain the form and 

position of the recorded anodic peaks, the results are analyzed in the light of previously published work13,18–25 and 

using SEM and TEM observations. The high retention of Ag+ ions is then demonstrated in mesoporous films of 

titanium oxide. 
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Experimental Section 

 

Materials 

Poly(ethylene oxide)-poly(propylene oxide)-poly(ethylene oxide) block copolymer, Pluronic P-123 ((EO)20-

(PO)70-(EO)20), poly(ethylene oxide)-poly(propylene oxide)-poly(ethylene oxide) block copolymer, Pluronic F-

127 ((EO)106-(PO)70-(EO)106), tetrabutylorthotitanate (Ti(OBu)4), silver nitrate (AgNO3), and tetraethoxysilane 

(Si(OEt)4), were all purchased from Sigma-Aldrich and used as received. The FTO (fluorine-doped tin oxide) 

substrates (3×3 cm, 600 nm of FTO-deposited by Chemical Vapor Deposition (CVD) on glass) were purchased 

from Solems. 

 

Mesoporous electrodes 

 

Two electrodes made of the mesoporous oxides TiO2 and SiO2 with similar textural characteristics were prepared 

in order to identify the influence of the chemical nature of the oxide. 

 

TiO2 mesoporous film and Ag -TiO2 electrode preparation 

The titania sol was prepared by mixing Ti(OBu)4 (3.4 g), ethanol (12 g), hydrochloric acid (HCl, 37%) (3 mL) 

and a triblock copolymer P-123 (1 g). After stirring for 30 minutes, films were then deposited by a dip-coating 

method on FTO substrates with a withdrawal speed of 2 mm.s-1, at room temperature. The films were aged under 

ambient conditions (T = 23 °C, RH = 30-40%) for 24 h and then calcined at 350 °C for 2 h, with a heating ramp 

of 1 °C.min-1. These films are about 200 nm thick and have a mesoporous volume equal to 0.25 cm3.g-1, provided 

by pores of 11 nm average diameter.61  

 In order to form silver NPs inside the porous oxide films, the titania films were immersed in a silver nitrate solu-

tion (50 mM). Silver NPs were formed by coulometry by imposing in general on the working electrode constitut-
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ed by the mesoporous film deposited on FTO a current of -10 μA for 180 s. The amount of silver introduced cor-

responds to a load of -1.8 mC. For an electrode surface of 6 cm2, the coverage rate is then 3.0 C.m-2, or 3.1.10-5 

molAg.m-2 or 7.8.1013 particles.m-2 considering that the particles are spheres of 20 nm in diameter, as an example 

of a calculation to fix the ideas. During coulometry, the potential of the working electrode was between about 480 

and 510 mV/(AgCl/Ag). This electrode is named Ag-TiO2.  

 

SiO2 mesoporous film and Ag -SiO2 electrode preparation 

The silica sol was prepared by mixing Si(OEt)4 (4 g), ethanol (12 g), H2O acifidied to pH 2 with chlorohydric 

acid (HCl, 37%) (1.76 g) and F-127 triblock copolymer (1 g). Mesoporous silica films and silver NPs were syn-

thesized by the same method than in titania electrode, to form the electrode named Ag-SiO2. The morphological 

characteristics of these films are similar to those of mesoporous titanium oxide films and were determined in the 

same way. The thickness is equal to 200 nm, the pores have an average diameter of 10 nm. The mesoporous vol-

ume of 0.40 cm3.g-1 is however higher.    

 

 Non-porous electrodes 

To study the influence of porosity on the electrochemical response of silver, two more electrodes were prepared 

using only silver NPs. Two preparation methods have been used: a coulometry deposition (Ag-FTO), using the 

same conditions than for TiO2-Ag and SiO2-Ag electrodes, and a thermochemical process with a vacuum treat-

ment at 300°C (Ag300-FTO). For that, silver nitrate (160 mg) and F-127 block copolymer (1 g) were dissolved in 

ethanol (12 g). After stirring for 30 minutes, films were then deposited by a dip-coating method on FTO sub-

strates with a withdrawal speed of 2 mm.s-1, at room temperature. The films were aged under ambient conditions 

(T = 23 °C, RH = 30-40%) for 24 h and then thermally treated under vacuum at 300 °C for 2 h, with a heating 

ramp of 1 °C.min-1. These samples will serve as controls and we will discuss the behavior of these electrodes 

later. 

 

Characterization 
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Scanning electron microscopy (SEM) images were obtained using a Zeiss Merlin Compact SEM with an in-lens 

detector at a low acceleration voltage of 5 kV. Energy dispersive X-ray analysis (EDX) was used to determine the 

amount of silver within the oxide film. Transmission electron microscopy (TEM) was performed on a JEOL 

2100F field emission instrument operating at 200 kV. Particle size distributions were made from the SEM and 

TEM images using "image J". 

All electrochemical measurements were performed using a Voltamaster Potentiostat with a three-electrode cell. 

The counter electrode consists of a platinum disc with a surface area of 1 cm2 and the reference electrode is one 

electrode Ag/AgCl in a KCl 3 M solution with a potential relative to Normal Hydrogen Electrode (NHE) of 0.200 

V at 20 °C. The working electrode is the mesoporous oxide film loaded with silver NPs deposited on FTO. The 

electrochemically active area of the film is 6 cm2. The voltamperometric (CV) and chronoamperometric (CA) 

curves were plotted in a molar solution of sodium nitrate used as an electrolyte, at room temperature. The high 

electrolyte concentration of 1 mol.L-1 has been chosen so that the ionic strength would be as constant as possible 

during the various electrochemical reactions. Open circuit potential (OCP) measurements were performed with 

the same background salt. This electrolyte with a pH close to 6 avoids the attack of the titanium film and mini-

mizes the dissolution of the silica film that occurs in some more aggressive environments.62,63  The standard con-

dition of CV was the following: from -0.3V to 1.1V, with a scan speed of 100 mV.s-1. 

 

 Results and Discussion 

CVs plotted between -0.3 and 1.1 V, with electrodes Ag-TiO2, Ag-SiO2, Ag-FTO and Ag300-FTO  

 Most CVs are plotted between -0.3 and 1.1 V/AgCl/Ag. In this wide potential range, the FTO, the mesoporous 

oxides and the electrolyte remain electrochemically inactive. In the case of Figure 1, five cycles are performed at 

a speed of 100 mV.s-1. The first scan of Ag-TiO2's CV (Figure 1a) shows two anodic peaks, the first peak, P1, with 

a maximum located at 0.32 V and the second, P2, with a maximum at 0.65 V. For Ag-SiO2 (Figure 1b), only one 

main anodic peak is observed with a maximum around 0.65 V, corresponding to P2. This electrochemical behav-

ior is similar to the one observed for the silver NPs deposited directly on FTO (Figure 1c). The CVs made with 
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the vacuum treated film Ag-300-FTO are characterized by the absence at the first scan of the first peak around 

0.30 V, there is then only one peak whose summit is located at 0.63 V (Figure 1d). During the following scans, 

the first peak appears only very faintly around 0.40 V. We note that for all electrodes, at the first scan, there is at 

least one peak whose summit is located a little above 0.60 V under these experimental conditions. This peak dis-

appears from the second cycle. The peak between 0.30 and 0.45 V disappears after a small number of cycles ex-

cept for the Ag-TiO2 electrode for which the P1 peak still has a perceptible intensity after a hundred cycles and 

evolves slowly towards lower potentials. Two peaks have already been observed, although less spaced: during 

CVs performed on a vitreous carbon electrodes coated with silver NP of different sizes, in phosphate buffer.64 The 

conditions for observing this first oxidation peak P1 are therefore i) the presence of silver nanoparticles ii) in a 

mesoporous film iii) consisting of TiO2.  

 

 

Figure 1: CV performed at a speed of 100 mV.s-1, in molar sodium nitrate medium. In blue, first scan between - 300 and 
1100 mV. In red, following cycles of different electrodes. (a): Ag-TiO2. (b): Ag-SiO2. (c): Ag-FTO. (d): Ag-300- FTO. The 
two anodic peaks are named P1, with a maximum located at 0.32 V and P2, with a maximum at 0.65 V. 

 

The appearance of two distinct P1 and P2 peaks, in particular the very intense P1 peak in the CV of the Ag-TiO2 

electrode, was unexpected. Indeed, the coulometric preparation method should have led to a single type of silver 

NPs. We then sought to determine the origin of this characteristic, on the one hand by carrying out a precise bal-
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ance of the charges exchanged during the CVs and on the other hand by varying the acquisition conditions of the 

CVs. 

 

Electrochemical balance 

The high negative intensity at the start of the CVs of the Ag-TiO2 electrode (Figure 1a), which is not due to a 

capacitive current, highlights a significant reduction phenomenon likely to explain the singular behavior of this 

film. While this negative intensity is important in Ag-TiO2, there is very little of it in Ag-FTO (Figure 1c) and is 

practically non-existent in Ag-SiO2 (Figure 1b) and the vacuum treated film Ag-300-FTO (Figure 1d). Table 1 

shows the various charges calculated on the basis of the CVs recorded during the first scan towards the positive 

potentials. In this table, "Q introduced" corresponds to the load introduced by coulometry i.e. -1.8 mC. "Q reduction" is 

the amount of electricity exchanged from the start of the CV (-0.3 V) to the potential where the current becomes 

positive (about 0.1 V). "Q1 anodic" and "Q2 anodic" are the charges exchanged during the first anodic peak P1 and 

during the second anodic peak P2, respectively. "Q total anodic" represents the sum " Q1 anodic " and " Q2 anodic". 

 

Table 1: Load introduced and loads exchanged in the CVs carried out at a speed of 100 mV.s-1, during the first scan for the 
electrodes. Q introduced is the load introduced by coulometry. Q reduction is the load exchanged from -0.3 V to 0.1 V. Q1 anodic and 
Q2 anodic are the loads exchanged in the P1 and P2 peaks, respectively. Q total anodic is the sum of Q1 anodic and Q2 anodic. 

Electrode Q introduced 
(mC) 

Q reduction 
(mC) 

Q1 anodic 
(mC) 

Q2 anodic 
(mC) 

Q total anodic 
(mC) 

Ag-TiO2 - 1.80 - 1.46 1.44 1.49 2.93 

Ag-SiO2 -1.80 ~ - 0.05 0.05 0.83 0.88 

Ag-FTO -1.80 ~ - 0.15 ~ 0.00 0.70 ~ 0.70 

Ag300-FTO * 0.00 0.00 5.95 5.95 

 * Only the AgNO3/F-127 ratio of 16 w% is known, before heat treatment. 

 The load balance of positive and negative charges from the CVs sum in Table 1 highlights the particulari-

ty of the film TiO2. We find that the loads exchanged during the CVs of the Ag-TiO2 electrode are greater than 

those exchanged in the other electrodes obtained by coulometry. In this voltammetry curve, the charge "Q1 anodic" 

is of the same order of magnitude as "Q2 anodic" and in absolute value equal as "Q reduction". This equality leads us to 
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consider that the "Q reduction" charge comes from the formation of silver NPs from Ag+ ions present inside the films 

at the start of the CV. We can hypothesize that these NPs dissolve during the P1 peak. We also find that the charge 

"Q total anodic" is much greater than the charge introduced into the film by coulometry and is roughly equal to the 

opposite of the sum "Q introduced" and "Q reduction". In the CVs of the other electrodes, only the "Q2 anodic" load is im-

portant. It should be noted that for Ag300-FTO, Q reduction and Q1 anodic are zero according to the absence of cathod-

ic current at the start of the CV. Indeed, this thermally treated electrode does not contain, before CV, any silver (I) 

species soluble in the electrolyte. Surprisingly, Ag-FTO shows a non-negligible value of Q reduction while Q1 anodic is 

zero. In this case, the coulometric formation of the silver NPs, have taken place in contact with FTO while for 

Ag-TiO2 and Ag-SiO2 electrodes, the NPs have been formed on the surface of the mesoporous oxide film. Thus, 

at the beginning of the Ag-FTO CV, the reduction of Ag+ present in contact with FTO leads not to the crystalliza-

tion of new silver NPs which would oxidize during a P1 peak, but to the growth of the primitive NPs responsible 

for the P2 peak. These results show that the anodic charge is more important in the Ag-TiO2 system because the 

mesoporous structure of TiO2 facilitates the reduction of silver ions at low potential. 

 

Parameters influencing the characteristics of CVs of Ag-TiO2 and Ag-SiO2 

Influence of the scanning speed  

The scan speed allows electrochemical reactions to be distinguished by their speed. It also helps to establish the 

reversible or irreversible character of certain processes. The influence of the scanning speed on the "Q1 anodic" and 

"Q2 anodic" loads was first examined at the first scan.  For both Ag-SiO2 and Ag-TiO2 electrodes, the "Q2 anodic" 

charge increases as the scan speed decreases (Figure 2a). For very slow scans, this charge approaches the absolute 

value of the introduced charge. Such a behavior certainly comes from a lower abrasion speed which protects the 

electrical contact of the NPs with the FTO when the scan is slow. The "Q1 anodic" charge, in the case of the TiO2 

film, increases even more significantly with the decrease in speed (Figure 2b). Indeed, the slower the potential 

zone in which the reduction of Ag+ ions can take place is crossed, for the same available quantity of these ions in 

the TiO2 film, the greater the quantity of silver formed. 
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Figure 2: Influence of the scanning speed, on the electrochemical efficiency: (a): Ag-SiO2, (b): Ag-TiO2. "Q1 anodic" and "Q2 

anodic" are the charges exchanged during the first anodic peak P1 and during the second anodic peak P2, respectively. Influ-
ence of the scanning speed on the potential of the maximum of the peak: (c): Ag-SiO2 peak P2; (d): Ag-TiO2 peak P2 blue 
points, peak P1 red points. The two anodic peaks P1, with a maximum located at 0.32 V and P2, with a maximum at 0.65 V, at 
a scan rate of 100mV.s-1. The potential of the peaks is indicated to the nearest 0.005 mV 

 

Next, we examine the influence of the scanning speed on the potential of the top of the peaks P1 and P2. Figures 2 

c & d show a linear increase in the anodic peak potential with the logarithm of the scan rate. For the P2 peak, blue 

dots and line, the slope has a value of ~0.037 V per logarithmic unit (Figures 2c and 2d). This value shows that 

the electronic transfer of this anodic process is irreversible.23 For the P1 peak of the TiO2 films, red dots and line, 

the slope is lower ~0.021 V per logarithmic unit. But in this case, the charge "Q1 anodic" increases a lot as the scan 

rate decreases (Figure 2b). However, an increase in charge generally shifts the peak summit of the corresponding 

peak towards higher potentials.23 This effect therefore attenuates the effect of the scan rate on the position of the 

P1 peak, which explains the lower slope of the straight line Esummit of the peak = f(ln(scan speed)), although we can 

assume that the behavior, at constant load, of the P1 peak as a function of the scan rate must be close to that of the 

P2 peak. 

 

Influence of the starting potential of the CV 
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As the cathodic current recorded at the beginning of the Ag-TiO2 CV starts at -0.3 V, disappears at around 0.15 

V, a departure of the CV from this potential is highly likely to modify the observed phenomena.  By doing so, the 

large charge Q reduction should be reduced or cancelled and as we have seen that the charge corresponding to peak 

P1 is the opposite of the charge Q reduction, the new CV run should confirm that peak P1 is the most affected peak. 

Actually, when the CV of the titanium oxide film starts from 0.15 V to 1.1 V (Figure 3a), the strong initial ca-

thodic current observed in the case of a departure from -0.3 V (Figure 1a), does not exist. Under these conditions, 

for this film, as for the silica film, we observe only one anodic peak P2 whose top of the peak is located around 

0.69 V (Ag-TiO2 blue curve), 0.65 V (Ag-SiO2 red curve). On return, a large cathodic wave (Figure 3b) starting 

below 0.2 V corresponds mainly to the reduction of Ag+ ions formed in the P2 anodic peak of the forward scan. 

On the next scan (-0.3 V->1.1 V), only an intense anodic peak appears around 0.37 V which we identify with the 

first anodic peak P1 in Figure 1a. However, there is a significant difference in intensity between these two peaks. 

While the P2 peaks in Figure 1a and 3b are of comparable height, as they result from the same charge introduced 

by coulometry (-1.8 mC), the P1 peak in Figure 3b is about twice as intense as the first P1 peak in Figure 1a. In-

deed, the amount of electricity exchanged in the P1 peak (Figure 3b) is approximately the sum of the amounts of 

electricity exchanged in the P2 peak (Figures 3a & 3b) and in the P1 peak (Figure 1a). Since the CV in Figure 3b 

starts at 0.15 V, this P1 peak does not appear during the first scan.   

The absence of the P1 peak, when the first CV scan starts from 0.15 V shows that the NPs whose oxidation is 

responsible for the P1 peak, have not been formed. The high cathode current recorded at the -0.30 V start of the 

second scan must be explained by the reduction of Ag+ ions which forms silver NPs whose oxidation is manifest-

ed by the P1 peak. We have to conclude, firstly, that in the Ag- TiO2 electrode, the silver NPs formed by coulome-

try exist initially. Secondly, that when the CV starts from a sufficiently negative potential, a second population of 

silver NPs is formed by reduction of a very important quantity of Ag+ ions retained in the TiO2 film. We will spec-

ify in the following paragraph the location of these two populations. 
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Figure 3 (a): Comparison of the first scan from 0.15 to 1.1 V for Ag-SiO2 red curve and Ag-TiO2 blue curve. (b): CV start of 
Ag-TiO2 at 0.15 V. Comparison of the first cycle 0.15-> 1.1 V->-0.3 V blue curve and the second scan -0.3 V to1.1 V yellow 
curve. Electrolyte NaNO3 1 mol.L-1, Vscan speed=100 mV.s-1

. 

 

These results demonstrate that the P1 peak is clearly related to the oxidation of silver NPs formed during the ca-

thodic current between -0.3 and 0.15 V, as initially assumed. 

 

Influence of particle size distribution. 

The characteristics of the size distribution of the NPs (PSD) determine, for identical quantities of material and 

parameters of the CVs plot, the shape and position of the oxidation peak.13,21–24 Simulation of the oxidation peak 

thus appears to be a mean of identifying and characterizing the population of NPs responsible for such a peak. In 

order to understand the origin of the two distinct oxidation peaks, we used the equations established by Brainina 

& al.13 which, among other things, made it possible to calculate the intensity as a function of the potential record-

ed in the CVs during the electro-oxidation of polydisperse gold NPs.  

i(t)=θ0w(t) ∫ r2∞

0
f0(r-∫ w(s)ds)dr      (1) 

Where       θ0=              and w is given by 

w(t) = AaMe ( ( ) ) − Ac(t)e ( ( ) )    (2) 

with A =      et B =     and  α + β = 1 

𝑐(𝑡) =
 √

∫
( )

√
ds     (3) 

Definition of the entities used and values of some parameters: 
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i(t) the intensity over time t recorded in the CV.  

c(t)  the concentration of Ag+ ions over time at the electrode. The value of c(0) initial concentration is given at the 

beginning of the calculation and can be modified.   

r radius of the silver nanoparticles that constitute the distribution.  

f0 initial distribution of silver nanoparticles. 

Q0 quantity of electricity corresponding to the totality of the electroactive silver NPs introduced into the film.  

Se electrode surface. 

aM solid phase activity  

E potential to which the electrode is subjected during the CV. E = Einitial + vt. v is the scan speed. 

E0 standard RedOx potential of the Ag+/Ag couple. This potential is corrected for the size effect of the NPs ac-

cording to the relation given by Plieth.14  E0 = 0.5995 - 0.3388.r-1(nm) V/AgCl/Ag. These corrected values are in 

good agreement with the OCP measurements made with films containing silver NPs whose radius is centered 

around 35 nm, as will be shown by microscopy analyses. 

β and α are the coefficients of the electron transfer processes at the electrode. 

n number of electrons exchanged in the process. n = 1. 

ks rate constant of the electron transfer. 

M and ρ respectively molar mass and density of silver. 

D diffusion coefficient of Ag+ ions  10-9 m2.s-1    23 

R perfect gas constant 8.314 J.K-1mol-1. 

F Faraday  96485 C.mol-1 

Combining Equations (1)-(2)-(3) yields a functional equation for the unknown intensity function i(t). This func-

tional equation can be related to non-linear integral equation with weak singularity coming from the square-root 

kernel appearing in (3). To compute a numerical solution to these equations, we have to approximate the time and 

radius integrals in (1) - (3). For the time integrals, we use a classic time-stepping method to compute them itera-

tively on a time-grid. The radius integral in (1) is approximated straightforwardly by a classic left point rule. The 
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program can take as input empirical initial distribution density f0 or user defined one. The simulated graphs be-

low are obtained by using mixture of gaussian distributions. 

 

Application to the P2 peak of Ag-SiO2 and of Ag-TiO2 

The analysis of the SEM image of the silica (Figure 4a) and titania (Figure 4b) films loaded with silver NPs by 

coulometry leads to the particle size distributions shown in Figure 5a and in Figure 5c respectively. These NPs, 

the only ones formed voluntarily, grow on the surface of the film that was in contact with the silver nitrate solu-

tion at the time of coulometry. They can then reach dimensions much larger than the diameter of the film meso-

pores, due to mild growing conditions. Figures 5b and Figure 5d compare the plot of the P2 peak of the CV with 

that of the peak calculated by entering in relation (1), the characteristics obtained. 

 

 

Figure 4: SEM image of the surface of the Ag-SiO2 (a); of the surface of the Ag-TiO2 (b). SEM image of the face of Ag-
TiO2 that was in contact with the FTO (c); TEM Image of Ag-TiO2 in an area close to the FTO (d). 

 

The differences between the calculated and experimental CVs are at the foot of the curves. The calculated peak 

rises more slowly than the experimental peak and falls more abruptly. The smoother simulated rise may be due to 

the fact that in the calculation, the E0 potential does not decrease during the abrasion while the NPs become 
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smaller and smaller. The fall-off of the experimental peak, which extends over a much wider potential range, re-

flects the presence of aggregates of some NPs that behave almost like larger particles and broaden the peak.8 The 

calculated peak position and height are very close to the experimental position and height. 

 

Application to the P1 peak of Ag-TiO2 

Figure 4c shows the SEM image of a titanium oxide film piece with silver NPs. These NPs were formed during a 

CV started at - 0.3 V and stopped at 0.1 V. The face of the piece observed in this image is the face that was in 

contact with the FTO layer. The silver NPs are thus formed in the vicinity of the FTO by reduction of the Ag+ 

present in the mesopores and are smaller than those growing on the film surface by coulometry.  

 

 

Figure 5: Size distribution of NPs from image J of the Ag-SiO2 SEM picture of Figure 4a (a); CVs of the P2 peak for Ag-
SiO2 (b) experimental red curve, calculated blue curve, scan speed = 100 mV.s-1; mean radius = 36 nm. standard deviation = 
13 nm. E0 = 0.591 V;   ks = 10-8 m.s-1.   Q0 = 0.88 mC; c(0) = 0.5 mol.m-3; Size distributions of NPs from image J of the Ag-
TiO2 SEM picture of Figure 4b (c); CVs of the P2 peak for Ag-TiO2 (d), experimental red curve, calculated blue curve. scan 
speed = 100 mV.s-1; mean radius = 33.2 nm. standard deviation = 15.5 nm. E0 = 0.589 V;   ks = 10-8 m.s-1.  Q0 = 1.4 mC; c(0) 
= 0.5 mol.m-3 ;   Size distribution extracted with ImageJ of the Ag-TiO2 TEM picture of Figure 4d (e); Experimental CV, red 
curve. Calculated CV, blue curve (f). scan speed = 100 mV.s-1. mean radius = 2.35 nm. Standard deviation = 0.45 nm. E0 = 
0.455 V. ks = 10-8 m.s-1. Q0 = 3 mC.  c(0) = 0.5 mol.m-3. 
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         The TEM image in Figure 4d confirms the presence of small silver NPs between the mesopores and FTO 

and leads to the distribution in Figure 5e. The P1 peak calculated from this distribution and the experimental peak 

are plotted in Figure 5f and have a very good agreement. We first note that the average radius of the NPs giving 

rise to the P1 peak and formed against the FTO is about more than ten time smaller as that of the NPs at the origin 

of the P2 peak and located on the film surface. In the first case, the NPs are formed during the CV in a region of 

negative potentials between -300 and 100 mV, for 4 s, with an initial negative intensity of several mA, which lead 

to an abundant crystallization. Moreover, as these silver NPs are formed on the inner surface of the TiO2 film, 

their strong adhesion to the support prevents their coalescence.30,32,65  Whereas in the second case, the NPs are 

formed by coulometry at around between 480 and 500 mV, for 180 s, with a controlled intensity of -10 μA. Thus 

the particular conditions of electroreduction of Ag+ ions leading to each of the two populations of NPs explain the 

differences in their size distribution and their reactivity. The difference in the reactivity of the two populations 

cannot be attributed to a difference in the crystallographic structure of the small NPs since the Selected Area 

Electronic diffraction (SAED) and High resolution transmission electron microscopy (HRTEM) images of the 

latter show that they are also composed of cubic silver.  The simulation of the CVs of the two peaks, P1 and P2, is 

carried out with the same value of the electronic exchange constant, close to the one used in the previous work of 

Brainina et al.13 

SEM observations of the Ag-SiO2 and Ag-TiO2 electrodes carried out after coulometry and before CV show that 

the silver NPs responsible for this P2 peak are located on the film surface (Figures 4a and 4b).  The high size dis-

tribution of this population must be attributed to the electrolysis conditions, low current -10 µA (1.7 µA.cm-2) and 

potential ~ 500 mV close to the equilibrium potential of the Ag+/Ag couple.  

The silver NPs giving rise to this P1 peak were discovered by SEM observation in the vicinity of the FTO in the 

Ag-TiO2 electrode after a CV that started from -300 mV and stopped around 100 mV, i.e. before the onset of the 

P1 peak (Figures 4c and 4d). These NPs are small because they are formed far from the electrochemical equilibri-

um and with a high reduction current of the order of several mA. Further studies by X-ray reflectometry would 

allow us to consolidate our observations made by electron microscopy.56  
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Retention of Ag+ ions in TiO2 films 

CVs after a rest period  

Whereas with silica films, the intensity of the redox phenomena of the CVs disappears after a small number of 

cycles (3 or 4), these phenomena persist after several tens of cycles with the titanium oxide films (Figure 1). This 

persistence is due to a reappearance of reducible Ag+ ions in the electrode after each cycle. It was necessary to 

verify the existence and measure the extent of this behavior, in the absence of electrochemical conditions. 

The blue curves in Figure 6a represent a series of six cycles with freshly prepared electrode, between -0.3 and 1.1 

V at 0.1 V.s-1. The very first cycles, the last of which was stopped at 1100 mV, are not represented. 

 

 

Figure 6: First series of six cycles of CV of Ag-TiO2 (blue) and after a rest period (6 min), another series of six cycles (red) 
(a). CV of a titanium oxide film (blue curve) and a silica film (red curves) previously soaked for 9 min in silver nitrate solu-
tion 0.05 mol.L-1 (b); Charge Q1 measured under the P1 peak as a function of the impregnation time of the titanium oxide 
film in silver nitrate solution 0.05 mol. L-1 (c); Chronoamperometry carried out for 10 min,  at -200 mV, with a silica film, 
red curve, and a titanium oxide film, blue curve, which were soaked for 9 min in the 0.05 mol.L-1 silver nitrate solution. The 
points acquired before time = 0.5 s are not represented on the curves so as not to crush them (d). 

 

The intensity of the anodic peak decreases progressively and significantly during the first successive cycles. The 

height of the peak in the fifth cycle is about half that of the first cycle. After a rest period of 6 min, the film is 

subjected to a new series of CVs under the same conditions with red curves (Figure 6a). The anodic signal located 
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around 300 mV reappears. The height of the first peak of this new series is equal to that of the third peak of the 

first series and about 1.5 times as high as the peak of the last cycle of the previous series. We also notice that the 

beginning of the first cycle of both series is marked by a large cathodic peak (arrows), while all other cycles start 

with a maximum cathode current. This difference is due to the absence of silver NPs at the start of the CV, as 

these CVs were started after the film had already been cycled at high positive potentials (1.1 V), so that all silver 

NPs had been dissolved. On the contrary, for films loaded with silver NPs subjected for the first time to voltam-

metry starting from -0.3 V, the cathodic current is maximal from the start, as the presence of silver NPs favors the 

reduction of Ag+ ions (Figure 1). This same behavior is also observed at the beginning of each new CV of a cycle 

when the previous voltammetry is continued to -0.3 V or to a more negative potential. 

 

CVs after variable soak times 

Prior experiments show an anodic peak P1 appeared in the CVs of Ag-TiO2 electrode when the scan starts from a 

sufficiently low potential. To study the effect of the electrochemical reduction method on Ag+ impregnated inside 

mesoporous films and thus the P1 peak, we have chosen to remove this step. Thus, we simply soak the mesopo-

rous films (TiO2 and SiO2) in  0.05 mol.L-1 of silver nitrate solution and then subjected the electrode to a potential 

scan starting from -0.3V to 1.1V in molar sodium nitrate medium (Figure 6b).  

The P1 peak appears well in both CVs, but with a different intensity; indeed the peak of the CV plotted with the 

titanium oxide film is 40 times higher than the peak of the CV plotted with the silica film. The amount of electric-

ity Q1 involved in this anodic peak P1 is 50 μC and 2020 μC, respectively for the silica and titanium oxide films. 

Note that the charge represented by the silver ions brought by the 0.05 mol.L-1 silver nitrate solution that may 

have remained in the pores is less than 0.5 mC (0.33 mC for  a thickness of 200 nm and a percentage of pore vol-

ume of 50 %). These ions stagnating totally or partially in the pores of the film after impregnation could explain 

the existence of the very small P1 peak of the silica film, but cannot explain the very large P1 peak of the titanium 

oxide film. Malati & al67 showed that although the point of zero charge (PZC) of silica (2.8) is lower than that of 

titania (5.3 to 6.2), titania adsorbs a higher amount of silver ions.  
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When the impregnation time of the titanium oxide film in the 0.05 mol.L-1 silver nitrate solution increases from 

18 s to 540 s, the amount of adsorbed Ag+ increases (Figure 6c). We note that the equilibrium value exceeds wide-

ly 2 mC. The estimation of the amount of silver ion corresponding to this charge leads to 2.1.10-5 mol Ag+/gTiO2. 

This quantity is of the same order of magnitude as those of silver ions adsorbed at equilibrium in a silver nitrate 

solution of the same concentration, 6.7.10-5 and 2.0.10-5 mol Ag+/gTiO2, respectively measured by Misra & al.66 

and Malati & al.67 

 

Chronoamperometry and EDX analyses 

The above results show that the mesoporous titania film is capable of releasing gradually a significant amount of 

previously adsorbed Ag+ ions. Comparison of the CA curves at -0.2 V of a silica film and a titania film soaked in 

0.05 mol.L-1 silver nitrate solution, during 9 min, should reveal a significant difference.  

Figure 6d shows that at -200 mV the silica film curve quickly reaches a very low cathodic current. In the case of 

the titanium oxide film, this current also decreases very rapidly in the first moments, but after about 150 s, stabi-

lizes at around -30 μA. The amounts of electricity involved during the CA at -200 mV of these two films are very 

different, i.e. - 0.41 mC for the silica film and - 2.4 mC for the titania film. The titanium oxide film adsorbs about 

six times more silver ions than the silica film. It should be noted that the amount of Ag+ ions stored in the titani-

um oxide film, measured by CA at a pH of about 6, at 298 K and expressed in relation to the specific surface area, 

is close to the value determined for anatase by Malati & al67, i.e. approximately 7.10-7 mol Ag+.m-2.  

The atomic ratios Ag/Si and Ag/Ti are measured by EDX analysis during SEM examinations of silica and titania 

films that are been left for 9 min in the 0.05 mol.L-1 silver nitrate solution. The averages calculated over five 

analyses are Ag/Ti = 8.4.10-3 and Ag/Si = 1.7.10-3. These ratios allow us to obtain an estimate of the quantity of 

silver ions retained in these films and therefore of the quantity of electricity associated with them. Considering 

similar thicknesses and pore fractions of the film, i.e. 200 nm thick and 50% porous volume, the quantity of silver 

ions retained corresponds to approximately 0.33 mC and 3.65 mC respectively for the silica and titanium oxide 

films. These values are of the same order of magnitude as those determined by chronoamperometry.  
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Diffusion experiences  

 The results presented in the previous paragraph showed the difference in the retention of Ag+ ions in the 

Ag-TiO2 electrode and in the Ag-SiO2 electrode. We then tried to test the consequences of such a difference on the 

rate of exit of Ag+ ions from these electrodes when they are immersed in an electrolyte free of Ag+ ions. These 

diffusion experiments are based on the measurement of the OCP. For this purpose, silica and titania films are first 

loaded with silver NPs by coulometry with a charge of -1.8 mC. In the presence of Ag+ ions, the potential (OCP) 

of these electrodes is that of the Ag+/NPs silver couple and obeys Nernst's law. Its measurement, when the films 

are immersed in silver nitrate solutions of different concentrations and known ionic strength, shows that the val-

ues of the normal potential of the Ag+/Ag couple for both films are close to and within 10 mV of the usual stand-

ard potential 0.7995 V/ NHE. 

 Such silica and titania films impregnated with silver ions (soaked in silver nitrate solution for 10 min) are 

then immersed in a sodium nitrate solution (pH = 6) while the OCP of these two electrodes is monitored for 10 

minutes (Figure 7a). The silver ion concentration over time calculated from the OCP is shown in Figure 7b. 

 

 

Figure 7: Evolution as a function of time of OCP (a); Silver ion concentration (b). Blue curves TiO2 film. Red curves SiO2 
film. Representation ln[Ag+] = f(ln(t)) for TiO2 film (c) and for SiO2 film (d). 
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These curves show that the silica film loses silver ions more rapidly than the titania film. The log-log plot in Fig-

ures 7c &d show a linear evolution with a much more negative slope for the silica film and far from the -0.5 ex-

pected for pure diffusion of a species initially distributed in a thin layer in a plate diffusing in an external medium 

of infinite extent.  

Etienne & al53 explain the role of silica as a diffusion barrier for anions by the low IEP value of ~2.8. Titanium 

oxide has an IEP between 6 and 7. The lower Ag+ cation diffusion rate outward the titanium oxide film than that 

outward the silica film cannot be explained by an electrostatic cause nor by the similar pore size in both films 

compared to that of hydrated silver. This difference must be attributed to the important binding of silver ions on 

the pores walls of TiO2. These adsorbed ions are progressively desorbed during the diffusion of Ag+ ions out of 

the film, which slows down their disappearance from the film. 

 

Conclusions 

 Mesoporous silica and titania films deposited on FTO and containing silver nanoparticles have been stud-

ied by electrochemistry methods. The results presented in this article highlight the importance of the physico-

chemical nature of the film that encloses the silver NPs. They emphasize the singular behavior of mesoporous 

titanium oxide films during the electrochemical redox phenomena of the silver NPs they contain. This is revealed 

by the observation of the existence of two anodic potential peaks in the CVs. They are explained by the presence 

of two populations of silver NPs created in two distinct areas of the film and with different size distributions. This 

behavior is mainly due to the ability of these films to adsorb large amounts of Ag+ ions. Silver ions previously 

introduced by impregnation escape more rapidly from mesoporous silica films than from titanium oxide films. In 

the latter, adsorbed ions are gradually released into the liquid filling the pores and are reduced when CVs start 

from potentials below 0 V; they can thus form a large number of NPs in the vicinity of the FTO substrate. This 

population has a narrower size distribution around a smaller size than the coulometrically introduced NPs located 

on the film surface. The anodic peaks recorded during the CVs are simulated quite well for very different size 

distributions of silver nanoparticles while keeping the same value of the electronic transfer constant. This work 
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shows the importance of being very careful about the consequences of the experimental conditions in cyclic volt-

ammetry when interpreting the electrochemical behavior of metal nanoparticles. 
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