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Abstract 

The role played by the deposition of subsequent insulating layers from a silica sol onto an ITO 

support was investigated to elucidate the modifications occurring to diffusion and transfer 

mechanisms with respect to bare electrodes. The electrochemical characterization highlighted 

peculiar trends, which were discussed with respect to literature models and interpreted on the 

grounds of the physicochemical characterizations (FE-SEM, AFM, UV-vis transmittance) and 

mainly of the layers hydrophilicity. 
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1. Introduction 

The modification of electrodes by deposition of electroinactive layers (e.g. insulating oxides or non-

conductive polymers), in which analytes can dissolve and diffuse, is a field of great interest for 

electrochemical (fuel cells, batteries, …) and electroanalytical (sensors) applications due to the 

possibility to tune diffusion, transport and reactivity properties [1–5]. Starting from the pioneering 

works by Gileadi et al. and Amatore et al. about partially blocked electrodes [6,7], theoretical and 

computational models have been proposed to rationalize these phenomena [1,4,8–11]. However, 
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experimental studies aiming at verifying such theoretical models have been scarce [12,13]. 

Furthermore, the inactive layer morphology and physicochemical features have been often 

disregarded in the complete understanding of the electrochemical performance. In this context, the 

development of electrodes modified with tailored electroinactive layers is crucial to clarify the 

mechanisms of diffusion, mass transport and charge transfer in these systems.  

In the present work, planar ITO-coated glass electrodes were modified by the deposition of a silica 

sol and the role of film thickness was studied by depositing subsequent layers. The modified 

electrodes were characterized by field emission scanning electron microscopy (FE-SEM), atomic 

force microscopy (AFM), UV-vis transmittance and water contact angle measurements to 

investigate their morphological and physicochemical properties. Electrochemical measurements by 

both cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS), adopting both 

negatively and positively charged electrochemical probes, allowed diffusion and transport 

phenomena to the electrode to be understood.  

2. Experimental section 

2.1 Samples preparation 

Indium tin oxide (ITO) supports (Sigma-Aldrich, 15-25 Ω-sq
-1

,
 
2.5 × 2 cm

2
) were used as substrates 

for film deposition. Before deposition, they were sonicated in a water/isopropanol (50:50) mixture 

and in water, then dipped in H2SO4 98% for 30 s, rinsed with water and dried under N2 flux.  

A silica sol was prepared by mixing 16.8 mL of water, 25.4 mL of ethanol, 2.2 mL of HCl 1 M and 

4.9 mL of tetraethyl orthosilicate. The sol was stirred for 1 h, then aged at room temperature for 24 

h before use. 

Silica films were prepared by spin coating the silica sol (3000 rpm, 30 s, 500 rpm s
-1

) on the cleaned 

ITO glass, repeating the deposition procedure up to 5 times to obtain multilayers. Each layer was 

ca. 100 nm-thick, as determined by FE-SEM cross sectional images. Finally, films were dried at 

room temperature overnight. Each film was re-synthesized at least 3 times. Samples were labelled 

“SiO2_n”, where n is the number of deposited silica layers. 

2.2 Materials characterization 

FE-SEM images were obtained on pristine films on a Zeiss Supra 40 working in high vacuum and 

equipped with a GEMINI column,with a high efficiency In-lens detector. Elecron energy: 200 V – 

30 kV. Max resolution: 1 nm @ 20kV (detector In-lens). 

AFM measurements were performed on a FastScan (Bruker) microscope working in tapping mode. 

Root mean squared roughness (RMS) values were obtained on 1 × 1 µm
2
 areas. 
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The average dimension of colloidal nuclei of the silica sol was measured by dynamic light 

scattering (DLS) using a Malvern Zetasizer Nano ZS.  

UV-vis transmittance spectra were recorded on a Shimadzu UV2600 spectrophotometer. 

Wetting properties of silica films were evaluated by static and dynamic contact angle measurements 

( r ss  asy ro ) on at least 5 different spots.  

The electrochemical characterization was performed in a three-electrode cell (RE: saturated 

calomel, CE: Pt wire, WE: modified ITO glass) using a PGstat30 potentiostat/galvanostat (Autolab, 

The Netherlands), equipped with a FRA module. KCl 0.1 M was used as supporting electrolyte and 

3 mM [Fe(CN)6]
4-

/[Fe(CN)6]
3-

 or [Ru(NH3)6]
3+

/[Ru(NH3)6]
2+

 as redox probes. Solutions were 

prepared using doubly distilled water (conductivity: 18 μS cm
-1

) purified by a MilliQ apparatus. 

The electrochemical cell was not deaerated and worked at room temperature. CV parameters were 

the following: step potential 0.005 V, scan rate range 0.01-0.75 V s
-1

. EIS parameters were the 

following: frequency range 0.1-65000 Hz, amplitude 0.01 V. Impedance data were elaborated by Z-

view 3.1 software. Each sample was tested several times, in a time interval of several months, 

showing no appreciable modifications. 

 

3. Results and discussion 

3.1 Morphological properties 

FE-SEM images show that all samples exhibited high homogeneity and complete substrate 

coverage (Fig. 1a), with a morphology characterized by nanometric silica domains (Fig. 1a, inset), 

with no significance differences regarding the number of the deposited layers. The nanometric 

features at the film surface can be traced back to the colloidal silica sol: DLS measurements 

performed on the sol before deposition show that the transparent hydroalcoholic solution contained 

silica nuclei of ca. 5 ± 2 nm size (Fig. 1b). The homogeneity of the silica films was confirmed by 

AFM images (Fig. 1c), showing low surface roughness (RMS for SiO2_1: 0.7 nm). 
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Figure 1 – FE-SEM images (magnification in inset) of the SiO2_3 sample (a); DLS analysis of the silica sol 

(b); AFM picture of the SiO2_1 sample (c); UV-vis transmittance spectra of modified and unmodified 

electrodes (d). 

 

The optical properties of the silica films were studied by UV-vis transmittance spectroscopy. The 

ITO-coated glass shows a typical spectrum characterized by an absorption edge at about 320 nm. 

The deposition of silica sol does not shift the absorption edge of the films. However, with respect to 

the ITO-coated substrate, the silica coated samples exhibit higher transmittance in the 350-600 nm 

region due to the larger refractive index of ITO with respect to SiO2 (Fig. 1d). Successive 

depositions of SiO2 further increase the optical transparency, consistently with the formation of a 

thicker homogeneous anti-reflective layer. 

The wetting properties of the different samples were investigated measuring water contact angles, 

θw [14]. While ITO is hydrophobic (θw ca. 90°) with a moderate hysteresis between advancing and 

receding angles (ca. 30°), all silica modified electrodes are characterized by lower θw, i.e. a higher 

hydrophilicity, and by a large hysteresis between advancing and receding angles (hysteresis starting 

from 55 and up to 69° for the different samples), compatible with a Wenzel state [15,16]. SiO2_3 

 

 

 

Figure 1 – FE-SEM images (a) and UV-vis transmittance spectrum (b) of the SiO2_3 sample; AFM picture (c) ) 

of the SiO2_1 sample and DLS analysis (d) of the prepared silica sol. 
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shows a lower value of θw as an evidence of an appreciably increased hydrophilic character of the 

electrode (Tab. 1, 2
nd

 column). Contact angle values further decrease for successive depositions, 

reaching about 40° with 5 layers. This latter effect can be interpreted as due to the increased water 

chemisorption ensuing the growth of the film nanostructure with its thickness, as proposed by 

Ganesh et al. for TiO2 layers [17]. 

 

Sample Wettability Electrochemical characterization 

 Static contact 
angle 

CV Fe probe CV Ru probe EIS 

 θw / ° Slope ia vs v0.5 / 
(mA cm-2 V-0.5 s0.5) 

Slope  
ln ia vs. ln v 

Slope ic vs v0.5 / (mA 
cm-2 V-0.5 s0.5) 

Slope  
ln ic vs. ln v 

RCT /  

(kΩ cm2) 

ITO 90  2.16 ± 0.08 0.50 ± 0.01 - 1.30 ± 0.02 0.45 ± 0.01 - 

SiO2_1 76 (2.14 ± 0.03) ∙ 10-2 0.31 ± 0.01 (- 7.3 ± 0.2) ∙ 10-2 0.28 ± 0.02 29 ± 3 

SiO2_2 69 (0.48 ± 0.04) ∙ 10-2 0.18 ± 0.03 (- 1.07 ± 0.03) ∙ 10-2 0.21 ± 0.02 71 ± 1 

SiO2_3 51 (7.94 ± 0.09) ∙ 10-2 0.36 ± 0.01 (- 18.0 ± 0.3) ∙ 10-2 0.36 ± 0.02 6.6 ± 0.1 

Table 1 –Static water contact angles (± 5°), CV parameters for both electrochemical probes, and charge 

transfer resistances, RCT, retrieved by EIS measurements. 

3.2 Electrochemical properties 

CV and EIS were employed with two commonly adopted redox probes: [Fe(CN)6]
4-

/[Fe(CN)6]
3-

 and 

[Ru(NH3)6]
3+

/[Ru(NH3)6]
2+

, which present the same dimensions being different by their opposite 

charge [18–20]. Therefore, the two probes are supposed to behave differently with respect to SiO2, 

which is negatively charged in the working conditions (pH 5 – 6 aqueous KCl solution), having an 

isoelectric point very close to 3 [21,22]. 

The deposition of SiO2 layers on ITO drastically decreases the probes electrochemical response in 

comparison with the bare support (Tab. 1), due to the insulating properties of the oxide, confirming 

the homogeneity and complete coverage found by FE-SEM characterization. The present electrodes 

can be considered non-porous electroinactive materials as the measured electrochemical response 

can be ascribed to the diffusion of the active species through the material. The current decrease, by 

about one order of magnitude with respect to ITO, is more evident in the case of the negatively 

charged iron probe, as expected by the charge repulsion from SiO2. However, the study of SiO2_n 

samples revealed an unexpected behaviour with both probes: while the peak current decreases 

passing from one to two insulating layers, we observed an unforeseen increase when the third layer 

is added (Fig. 2a,b). Moreover, the voltammogram shape undergoes a remarkable change during the 

layer transition, which is dependent on the scan rate. In particular, in the case of SiO2_1 (curve A), 

the voltammogram presents a quasi-step shape for low scan rates (Fig. 2a) transforming in a peak 

for higher scan rates (not shown). When two SiO2 layers are deposited (SiO2_2, curve B), a step is 
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obtained for the entire scan rate range. The addition of a third layer (SiO2_3, curve C) always 

results in a peak-shaped voltammogram, regardless of the scan rate. The deposition of further layers 

increases the capacitive currents and the background noise for the insulating properties of silica, 

making the probes undetectable (curve D). 

            

Figure 2 – Cyclic voltammograms registered at 100 mV s
-1 

for electrodes modified with different layers of 

silica in the presence of 3 mM (a) K4[Fe(CN)6] and (b) [Ru(NH3)6]Cl3. Schematic representation of the CV 

pattern evolution according to Com ton’s theoretical model: adapted from ref. [1] (c). Complex plane plot in 

the presence of 3 mM K4[Fe(CN)6] registered at + 0.25 V (d). 

This trend is confirmed by the slopes obtained from the Randles-Sevčik plot (Tab. 1, 3
rd

 – 5
th

 

columns). Furthermore, the very low slope values (<< 0.5) of ln i vs. ln v plots for all silica samples 
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(Tab. 1, 4
th

 – 6
th

 columns), support the evidence of a remarkable modification of the probe diffusion 

mode, which cannot be described anymore only by the classical planar diffusion phenomenon [1].  

Furthermore, EIS measurements (Fig. 2d) show that the highest and the lowest impedance values 

are observed for the 2 and 3 layers samples, respectively. Also the charge transfer resistance values, 

obtained by the fitting of impedance data (Tab. 1, 7
th

 column), follow the same trend. 

The characteristic electrochemical behaviour shown by the SiO2_n samples can be examined on the 

grounds of literature results relative to simulated voltammetric patterns, theorized by Compton et al. 

for non-porous electroinactive materials [1,4]. Compton et al. ascribed the different shapes of the 

voltammetric response to the change of probe diffusion coefficient inside the insulating layer in 

comparison with that of the bulk solution (Fig. 2c) [1]. According to their simulations, under the 

adopted experimental conditions, a transition from step-shaped to peak-shaped voltammograms by 

increasing the scan rate should be recorded (Fig. 2c, red line) considering the conventional diffusion 

coefficients of the two probes in solution. Actually, this behaviour was found only for SiO2_1. An 

increase of the material diffusion coefficient must be invoked when only step-shaped 

voltammograms are recorded in the investigated scan rate range (Fig. 2c, green line). This 

corresponds, in the present case, to SiO2_2. Moreover, peak-shaped voltammograms independent of 

scan rate may be due to a further increase of the diffusion coefficients in the insulating layer (Fig. 

2c, blue line). This might mirror the behaviour of SiO2_3. Therefore, an increase of the diffusion 

coefficient with layers in the silica-based electrodes should be invoked.  

The overall electrochemical behaviour shown by the present layers are closely related to the 

physicochemical features of the electrode [4,23]. The apparent diffusion coefficient increase with 

the number of silica layers, together with the observed peak current behaviour (Fig. 2a,b), can be 

the result of a complex balance between diverging effects. The progressive decrease in water 

contact angle of the layers produces a higher affinity between the electrolyte solution and the 

electrode surface, with an ensuing promotion of the diffusion coefficient. On the other hand, the 

silica insulating properties cause competing detrimental effects on the electrochemical performance 

with increasing film thickness. The optimal balance of these two diverging effects was found in the 

present case for SiO2_3, which shows the highest peak current density and the lowest impedance 

values. 

 

4. Conclusions 

The consecutive deposition of insulating silica layers onto an ITO electrode was analysed with the 

aim of providing experimental evidence to theoretical models concerning electroinactive layer-
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modified electrodes. Both FE-SEM, AFM and UV-vis spectroscopy show that the conductive 

support is covered by a continuous and homogeneous layer. The electrochemical characterizations 

revealed a scan rate-dependent variation of the CV shape with the number of insulating layers, 

which was attributed, on the grounds of previous theoretical models, to a progressive increase of the 

diffusion coefficient. In the present case, the progressive enhancement of film hydrophilicity is 

proposed as a possible origin of this diffusion coefficient increase. The balance between the 

diffusion coefficient increase and the insulating effect produced by consecutive silica layer addition, 

is proposed to interpret the overall electrochemical behaviour. The present results can offer an 

interpretative framework to better understand diffusion and transport properties in a number of 

electroinactive layer-modified electrodes, such as sensors, batteries and fuel cells. 
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