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Abstract 

One of the key issues of electrochemical sensing in complex matrices is the presence of interferents 

which can foul the electrode and block the access to the active surface. A possible strategy to promote 

selectivity is based on the use of interference-abating layers, which can however significantly hamper 

the sensor response by limiting the analyte diffusion. Here, hard template mesoporous silica films 

with pore size in the 20-75 nm range and tuneable thickness, deposited onto conductive ITO 

substrates, were prepared and studied from the physicochemical (FE-SEM, SEM, AFM, water contact 

angle determinations, UV-vis spectroscopy) and the electrochemical (CV, EIS) point of view. Pore 

size dependent diffusion phenomena were observed, giving rise to enhanced electrochemical 

performance for 20-40 nm pores despite the presence of an insulating layer at the electrode surface. 

The tuneable morphology of the samples together with the wetting properties were found to be pivotal 

for the understanding of the electrochemical behaviour. The best performance was obtained for the 

samples with the 20-nm porosity and the highest film thickness. These results were also confirmed 

by EIS data elaboration, able to provide quantitative measurements about the mass transport 

resistance of the pores. The modified electrodes were tested for dopamine detection in the presence 

of a large interfering protein (mucin). The porous and charged network allowed the interfering 

macromolecule to be excluded, preventing the electrode biofouling and enhancing the performances 

of the device towards dopamine detection.  
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1. Introduction 

Mesoporous silica-based architectures are attracting a great deal of interest in numerous fields 

of materials chemistry[1–6]. Templated silicas, either as hollow microparticles[7–9] or porous 

films[10–13], have recently drawn much attention for sensing and biosensing[14–20], photocatalytic 

and optical devices[21–23], composites and inorganic-organic hybrids[24–27], drug-delivery and 

cancer cell detection[28–30], energy conversion and storage systems[31,32], environmental 

remediation[33–35] and even in positronium generation[36]. In this context, the tuneability of the 

porous network structure and dimension is of primary importance[1]. For instance, the transport of 

active species such as analytes, probes, reactants through the oxide network to the catalytic support 

or the modified electrode surface strictly depends on the dimension and the permeability of the porous 

structure. In this respect, the traditional approach firstly proposed by Mobil Oil Company[37,38], 

adopting ionic surfactant liquid crystals as templating agents, provided systems with a rather limited 

pore range. Anionic or cationic surfactant micelles are able to build well-ordered structures with a 

pore diameter varying in the range 5–10 nm[39].  

In order to create a larger porosity, both non-ionic surfactants and solid templates started to 

be adopted[40–43]. Polystyrene (PS) monodispersed latex proved to be a useful tool to produce meso- 

or macro-porous silica with pore dimensions tuneable from about 30 nm to micrometric dimensions. 

Nonetheless, PS latex has been mostly adopted as template for the preparation of macroporous 

systems. Kanungo et al. focused on the morphological aspects of macroporous silica films by varying 

experimental parameters and the silica sol composition[44]. Etienne et al. studied the electrochemical 

assisted deposition of hierarchical macro/mesoporous silica films by using 100 nm PS latex and 

cationic surfactant micelles[45]. The stability of macroporous silica films was investigated by Aluri 

et al.[46], while the possibility to obtain self-supporting membranes was explored by Han et al., once 

more in the range of macroporosity[47]. All of these studies involved the use of PS latex with a 

diameter of 0.1–1 μm. On the contrary, the preparation of silica materials with pores larger than those 

obtained using surfactant micelles, but still in the mesoporosity range, has been scarcely reported in 
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the literature. The preparation of silica films with pores up to 100 nm would represent a pivotal step 

towards the development of high-performing electrochemical modified electrodes to be adopted in 

complex matrices.  

In this respect, in recent years, an increased attention has been devoted to the preparation of 

sensors with antifouling properties[48–50]. Electrode fouling is considered as one of the main issues 

in the field of sensors, since it prevents the electrode on-line and on-site use due to a decrease of its 

sensing properties[51,52]. In particular, the analysis of biological matrices greatly suffers from 

fouling phenomena, due to the complexity of biological fluids and the interferent variety and high 

concentrations with respect to the analyte[53,54]. In this respect, large proteins and colloidal 

aggregates (e.g. tannin, lecithin, casein micelles) represent widespread interferents which often 

prevent a reliable determination of trace compounds in real matrices, such as body fluids, food and 

beverages. Porous architectures with tailored surfaces acting as interference-abating layers are 

promising in this field, as they improve selectivity by blocking the access of the interferent to the 

active electrode surface[18,55–59]. Apart from a few notable exceptions[60], these layers, generally 

with a pore size <10 nm, can significantly hamper the device response by limiting the analyte 

diffusion. 

Here, we report for the first time an engineered electrochemical sensor based on negatively 

charged mesoporous silica films characterized by a 3D network with much larger pore sizes (up to 

75 nm), which proved effective against colloidal interference while preserving good analyte 

sensitivity. Porous silica films deposited on conductive glass were prepared by adopting PS latex as 

the templating agent, with a diameter in the 30–100 nm range. The role played by the template 

dimension and by the number of the deposited layers on the electrochemical and sensing properties 

was investigated. The modified electrodes were characterized from the morphological, optical and 

wettability point of view. Electrochemical measurements adopting both negatively- and positively-

charged electrochemical probes shed light on diffusion and transport phenomena to the electrode, 

found to be strictly related to the geometry of the 3D structure. Finally, the present device is 
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successfully applied for the detection of dopamine, a neurotransmitter whose quantification in 

biofluids is pivotal for the early diagnosis of the Parkinson’s disease, also in the presence of mucin 

protein as interferent. By a careful tailoring of the pore size, devices with optimal selectivity were 

prepared while preserving their sensitivity. 

 

2. Experimental section 

2.1 Sample preparation 

Reactants were purchased from Sigma-Aldrich and adopted without any further purification. 

Polystyrene (PS) latex suspensions (10% m/v) of three different average diameters (30, 60, and 100 

nm) were purchased from Magsphere Inc. (Pasadena, CA, USA). The PS latex beads were not 

functionalized. The supplier disclosed only the presence of anionic surfactants in the suspension. 

Indium tin oxide (ITO) covered glass slides (15–25 Ω/sq, Sigma-Aldrich, 2.5 cm × 2 cm) were used 

as substrates for film depositions. Solutions were prepared using doubly-distilled water, passed 

through a Milli-Q apparatus.  

ITO-covered supports were cleaned by sonicating in a H2O/isopropanol (50:50) mixture and 

in H2O for 15 min each, then dipped in H2SO4 for 30 s (until complete water spreading was observed) 

to improve silica adhesion, rinsed with water and finally dried under N2 flux. A silica sol was prepared 

by a modification of the preparation proposed by Kanungo et al.[44]. 16.8 mL of water, 25.4 mL of 

ethanol, 2.2 mL of HCl 1 M and 4.9 mL of tetraethyl orthosilicate (TEOS) were mixed and stirred for 

1 h. The sol was aged for 24 h before use. Right before the deposition, 1 mL of silica sol was mixed 

with 0.83 mL of a PS latex suspension. Silica films were deposited by spin coating the PS-silica 

mixture on pre-treated ITO supports (spin time: 30 s, rate: 3000 rpm, ramp: 500 rpm s-1), repeating 

the procedure for the deposition of multilayers. After drying at room temperature, films were dipped 

in chloroform for 3 h to remove the PS latex by dissolution, thus creating the sought porosity. Finally, 

films were rinsed with ethanol and dried at room temperature overnight. At least 3 repetitions of each 

sample were prepared to verify the reproducibility of the results. No heat treatment was introduced at 
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the end of the synthesis in order not to affect the 3D porous network of the samples. The as prepared 

samples are labelled “SiO2_d_n”, where d is the diameter of the adopted PS latex expressed in 

nanometers, and n is the number of deposited layers. Non-porous films were prepared as reference 

by adopting the same procedure without the addition of PS spheres. Reference non-porous samples 

are labelled “SiO2_n”, where n is the number of spin coated layers. A pristine ITO-coated glass was 

also tested as a reference after washing by sonication in H2O/isopropanol. 

 

2.2 Materials characterization 

Field-Emission Scanning Electron Microscopy (FE-SEM) images were obtained on as 

prepared films adopting a Zeiss Supra 40 instrument, equipped with a GEMINI column and working 

in high vacuum. Average pore diameters were determined measuring 160–340 pores for each sample 

using the ImageJ software. The film thickness was investigated by cross-sectional SEM images (Zeiss 

EVO50). Atomic Force Microscopy (AFM) images were acquired on a FastScan (Bruker) instrument, 

working in tapping mode. Root mean squared roughness (RMS) values were determined on 1 x 1 µm2 

areas. The average dimension of PS latex spheres was measured by Dynamic Light Scattering (DLS, 

Malvern Zetasizer Nano ZS). The film adhesion was characterized using a TQC model CC3000 

apparatus, according to the ISO 2409 standard. UV-vis transmittance spectra were acquired between 

250 and 800 nm using a Shimadzu UV2600 spectrophotometer. The contact angle of 5 μL water drops 

on the silica films was determined using a Krüss EasyDrop instrument. Reported values were obtained 

averaging at least 5 measurements on different spots, as reported previously[61]. 

The electrochemical characterization was performed in a three-electrode cell, by using a 

saturated calomel, a Pt wire and the modified ITO glass as reference, counter and working electrodes, 

respectively. The geometric electrode area was measured before each analysis for all the samples. In 

all cases, the geometric surface area always ranged between 1.8 and 2.2 cm2. Potassium chloride 

(Sigma-Aldrich) 0.1 M was used as supporting electrolyte and [Fe(CN)6]4-/[Fe(CN)6]3- and 

[Ru(NH3)6]3+/[Ru(NH3)6]2+ in a concentration of 3 mM as redox probes. Cyclic voltammetry (CV) 
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and electrochemical impedance spectroscopy (EIS) measurements were performed with a PGstat30 

potentiostat/galvanostat (Autolab, The Netherlands), equipped with a FRA module. Each film was 

analysed over a period of several months and no appreciable changes were observed. The possible 

occurrence of pre-concentration effects was ruled out by introducing the used electrode in an 

electrolyte solution without probe. CV analyses were performed scanning the potential in the – 0.3/+ 

0.7 V (SCE) and in the + 0.2/– 0.5 V (SCE) voltammetric windows in the case of [Fe(CN)6]4-

/[Fe(CN)6]3- and [Ru(NH3)6]3+/[Ru(NH3)6]2+, respectively. The step potential was fixed at 0.005 V 

and the scan rate varied between 0.01 and 0.75 V s-1. EIS measurements were carried out at – 0.1, + 

0.1 and + 0.25 V (SCE) for [Fe(CN)6]4-/[Fe(CN)6]3- and at + 0.1, – 0.15 and – 0.25 V for 

[Ru(NH3)6]3+/[Ru(NH3)6]2+. The frequency range was 0.1 – 65000 Hz and the amplitude 0.01 V. The 

Z-view 3.1 software was adopted for analysis of impedance data. 

 

2.3 Dopamine determination 

The electrochemical cell was the same described in the electrochemical characterization paragraph 

and phosphate buffer 0.1 M pH = 7.4 was used as supporting electrolyte (K2HPO4 and NaH2PO4). In 

selected measurements, mucin was added to the electrolyte solution in a concentration of 0.4% w/w. 

Consecutive additions of 1 mM dopamine were performed to obtain the calibration plots, using 

differential pulse voltammetry as the electroanalytical technique (Modulation time: 0.05 s; Interval 

time: 0.5 s; Step Potential: 0.005 V; Modulation Amplitude: 0.05 V). The sensitivity S is represented 

by the slope of the calibration plot, while LoD and LoQ were calculated by using the following 

equations: LoD = 3.29 s S-1 and LoQ = 10 s S-1, where s is the standard deviation of the calibration 

plot. 

 

3. Results and discussion 

3.1 Film deposition 
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Mesoporous SiO2 films were prepared by spin coating a mixture composed by a 

hydroalcoholic silica sol containing colloidal SiO2 nuclei and a hard template suspension (PS latex 

spheres) on an ITO-coated glass. After drying, the PS spheres embedded into the silica matrix were 

removed by dissolution in chloroform producing a mesoporous architecture made of interconnected 

cavities (Fig. 1a). Differently sized PS latex spheres were adopted to tune the morphology of the 

porous architecture reflecting in differently dimensioned paths to the electroactive support. DLS 

measurements of the PS latex suspension (Fig. 1b) show a single population with a mean size of 34, 

59 and 105 nm for PS beads of 30, 60 and 100 nm nominal diameter, respectively. 

All samples exhibited high mechanical stability as proved by ISO 2409 adhesion tests. 

Samples were firstly crisscrossed with a razor blade forming small squares. Then, an adhesive tape 

was pressed on the surface of the film and removed applying a constant force under an angle of 60°. 

Neither appreciable detachment of the SiO2 layers from the substrate (Fig. S1), nor difference 

between mono- and multi-layered samples could be appreciated. 
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Figure 1 – a) Schematic representation of the mesoporous silica films preparation procedure; small 

yellow circles and grey circles represent colloidal silica nuclei (actual scale, as reported in ref [62])and 

PS latex beads, respectively; b) particle size distribution of the adopted PS latex spheres. 

 

3.2 Morphological properties 

The samples morphology was investigated by FE-SEM images (Fig. 2 and S2). Before the 

template removal, the presence of PS latex spheres embedded in the silica matrix is clearly 

appreciable (Fig. S2a). Upon template removal, SiO2_30_n and SiO2_60_n samples show porosity 

in the mesopores range (2 – 50 nm, Fig. 2a-b). The homogeneity of the films varies with the PS latex 
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size: while 30 and 60 nm templates lead to continuous films characterized by a homogenously 

distributed porosity and no observable cracking, also in the case of multilayers (Fig. S2b), the 100 

nm PS latex resulted in heterogeneous films with macro- and microporous areas (Fig. 2c). The 

heterogeneity of this sample can be traced back to agglomeration phenomena occurring in the 100 

nm PS-SiO2 sol mixture. The effect of these agglomerates is amplified by the fact that the diameter 

of the 100 nm PS spheres is comparable to the thickness of a single layer deposition (vide infra). The 

average pore size and pore size distribution also depend on the template size (Fig. 2d): all samples 

exhibited an average pore size (dmedian: 22–24 nm, 40–45 nm and 70–75 nm for SiO2_30_1, 

SiO2_60_1 and SiO2_100_1, respectively) ca. 30% smaller than the dimension of the corresponding 

PS latex spheres used as templates (compare DLS results, Section 3.1). This phenomenon is likely 

the result of the different embedding degrees of latex spheres within the silica matrix, i.e. the 

nanometric spheres may be completely or only partially embedded into the silica matrix after the 

deposition. The silica network seems to retain its stability upon removal of the PS latex spheres as 

appreciable from cross-sectional images showing comparable film thickness before and after template 

removal (Tab. S1).   
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Figure 2 – FE-SEM images of SiO2_30_1 (a), SiO2_60_1 (b) and SiO2_100_1 (c) samples. Pore size 

distributions as retrieved from FE-SEM images for the different samples (d). 

 

The film morphology was also investigated using AFM measurements (Fig. 3a and S3). AFM 

images show that the film has nanometric features, that can be related to silica particles. The 

mesoporosity induced by PS latex spheres is also clearly appreciable, leading to an increase in the 

sample roughness of about one order of magnitude with respect to the reference samples (RMS: 0.14, 

6.3 and 5.6 nm for SiO2_1, SiO2_30_1 and SiO2_60_1, respectively). 

The film thickness was determined by cross-sectional SEM images (Fig. 3b and S2) and it 

was found to be ca. 100 nm for each layer, although at increasing the number of layer the thickness 

becomes more irregular (Fig. S2c). In this context, the dimension of the PS latex adopted was not 

found to appreciably influence the thickness of the silica films. In high-resolution cross-section 

micrographs acquired using FE-SEM, the porous network of the samples is clearly appreciable over 

the whole film thickness (Fig. S2d). It should be noted that the maximum resolution of these 
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micrographs was limited by the insulating nature of both the sample and the support (in cross section 

mostly the bare glass is more exposed than the ITO coating). 

 

Figure 3 – a) AFM of SiO2_60_1 and b) cross-sectional SEM images of SiO2_30_3 and of SiO2_30_1 

(inset). The images were acquired after template removal. 

 

3.3 Optical and wetting properties 

The analysis of the optical properties of the samples and of the non-covered substrate show 

the antireflective properties of the silica films. Similar spectra were obtained for samples synthesized 

by means of PS latex with a diameter of 30 and 60 nm as an evidence of the samples homogeneity. 

On the contrary, SiO2_100_1 sample showed a lower transmittance in the 320–700 nm range, due to 

macroscopic heterogeneity mirrored in an increased opacity (Fig. 4a). Multi-layered samples did not 

exhibit significant difference with respect to the corresponding single-layered ones. 
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Figure 4 – Transmittance spectra (a) and water contact angles for SiO2_30_1 (b), SiO2_60_1 (c) and 

SiO2_100_1 (d). 

 

The wetting properties of the silica films were analysed by water contact angle measurements 

(Fig. 4b-d and Tab. 1). The deposition of a silica layer causes a decrease of the observed water contact 

angle with respect to bare ITO (θw ca. 90°, Fig. S4), as an indication of the higher hydrophilicity of 

silica with respect to ITO, probably related to a higher surface hydroxylation[63]. Two trends are 

appreciable: on one hand, increasing the number of layers invariably causes a decrease in water 

contact angles, more marked in the case of porous films. This behaviour can be explained on the 

grounds of enhanced water chemisorption resulting from the increased film thickness[64]. Wettability 

is also affected by the variation of the pore size. Large pores (SiO2_100_1) show θw values 

comparable to ITO. In this case, both the microscopic and the macroscopic heterogeneity of the film 

is responsible for the partial exposure of the ITO-coated glass, due to an incomplete substrate 

coverage, leading to wetting features comparable with those of the bare substrate. More interestingly, 

smaller pores (SiO2_30_n) give rise to a higher apparent hydrophilicity than the non-porous silica 

layer, the more so for increasing number of layers. Intermediate pores (SiO2_60_n) present wetting 
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properties more similar to the non-porous silica layer, in the case of the deposition of the first layer, 

while θw values progressively decrease with increasing the number of layers. The superimposition of 

different layers of not aligned, randomly distributed 60 nm pores yields to a final porosity which 

resembles that of the smaller pores (see the matching voltammetric results in Section 3.4). In the case 

of SiO2_30_n and SiO2_60_n (with n>1), the observed higher hydrophilicity with respect to the non-

porous silica layers can be related to hemiwicking (i.e. spreading of a liquid drop on rough hydrophilic 

surfaces driven by capillarity)[65], arising from the interconnected network of pores[66]..  

n° layers 
water contact angles (°) 

d = 0 nm d = 30 nm d = 60 nm d = 100 nm 

1 72 ± 5 42 ± 2 73 ± 9 91 ± 9 

2 71 ± 4 43 ± 1 62 ± 7 n.a. 

3 48 ± 1 36 ± 9 32 ± 3 n.a. 

5 41 ± 13 29 ± 5 15 ± 1 n.a. 

Table 1 – Water contact angles, in degrees, of silica films as a function of the number of layers and 

of the size of PS latex spheres, d, used during synthesis (0 stands for the non-porous silica films).  

 

The presence of pores leads to a capillary pull effect, which is stronger in the case of smaller 

and more hydrophilic pores, as predicted by the Young-Laplace equation[67]: 

ℎ𝜌𝑔 =       (1) 

where h is the height of the liquid column in the pore, ρ is the density of the solution, g is the 

gravitation coefficient, γ is the surface tension of the solution, θ is the contact angle, and rpore is the 

radius of the pore.  

 

 

 

3.4 Voltammetric characterization 
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Fig. 5a reports the cyclic voltammograms of the SiO2_d_1 samples, of the reference bare ITO 

and of the non-porous SiO2_1 in the presence of the positively charged [Ru(NH3)6]3+/[Ru(NH3)6]2+ 

redox probe. With respect to bare ITO (black continuous line), the non-porous SiO2_1 sample (black 

dashed line) shows a drastic decrease of the current response, due to the insulating character of the 

homogeneous SiO2 coating[68].  

 

Figure 5 – Cyclic voltammograms of (a) SiO2_d_1 and (b) SiO2_30_n samples in the presence of 3 

mM [Ru(NH3)6]3+/[Ru(NH3)6]2+ probe in 0.1M KCl; scan rate: 100 mV s-1 (c) Comparison of current 

values for SiO2_30_n and SiO2_60_n. (d) SEM image of SiO2_60_2 sample and scheme illustrating 
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the shrinking of pore channels (highlighted in blue) resulting from the overlap of different layers of 

PS spheres. 

 

Mesoporous SiO2_d_1 samples show peak shaped voltammograms, implying that pores are 

diffusionally dependent, as expected on the grounds of the lower distance between adjacent pores 

with respect to their diameters (see SEM results, section 3.2)[69], and that completely convergent 

diffusion is not present. 

Despite the insulating properties of the deposited material, the peak currents of mesoporous 

structures are comparable (SiO2_100_1) or even higher (SiO2_30_1 and SiO2_60_1) with respect to 

the bare ITO substrate, with higher values for SiO2_30_1, due to the presence of smaller pores, which 

leads to a more intense capillary pull effect (as commented above). The same trends are appreciable 

in the presence of the negatively charged [Fe(CN)6]4-/[Fe(CN)6]3- redox probe (Fig. S5a): in this case, 

all peaks of the SiO2_d_1 samples are an order of magnitude higher with respect to non-porous silica, 

although remaining lower with respect to the bare ITO peak. The different response of the two probes 

is due to the attractive or repulsive electrostatic interactions between the two differently charged 

probes and the silica surface: the deposited oxide (SiO2) possesses an isoelectric point close to pH 

3[70], resulting in a negatively charged surface when immersed in a KCl solution at pH 5–6, whereas 

in the case of bare ITO the surface can be considered neutral or slightly positive (isoelectric point 

around pH 6)[71]. 

Fig. 5b and Fig. S5b report the CV response of SiO2_30_n samples as a function of the number 

of deposited silica layers: by increasing the number of layers from 1 to 3, a monotonous growth of 

the peak current was registered for both probes. By contrast, when five layers of silica are deposited, 

the peak intensity decreases, since in this case the silica insulating properties probably begin to 

contrast the favourable effects provided by the mesoporous architecture. Similar results were obtained 

for the SiO2_60_n samples (Fig. S6).  



17 
 

The above-reported trends are confirmed by the elaboration of the cyclic voltammetric results 

by means of the Randles-Sevčik equation (see Table S2 and Fig. S7), whose applicability to the 

present cases is supported by the values of the slope of lni vs. lnv (Tab. S2, 2nd and 4th column and 

Fig. S7), which are always close to the theoretical value (0.5)[72] for a diffusive controlled regime. 

By either decreasing pore size or increasing the number of deposited layers, a progressive increase of 

the absolute value of the slope of the ip vs v0.5 curve (Tab. S2, 3rd and 5th column) is observed, 

overcoming the ITO values in the case of the positive probe. Since depositing an insulating layer of 

mesoporous silica on bare ITO cannot result in an increase of the electroactive area (A), the only 

parameter which can produce this build-up in the slope value is the increase of the probe diffusion 

coefficient inside the porous layer (D). Moreover, the increase of the peak to peak separation (Fig. 

5a,b) supports a partial loss of electrochemical reversibility of the system in comparison with bare 

ITO, going from 1 to 3 layers and mainly for the smallest pore diameter (SiO2_30_n). This 

phenomenon can also be related to an increase of the mass transport coefficient, thus confirming a 

growth of the probe diffusion coefficient[72].  

The increase of the probe diffusion within the capillaries can be correlated to the analyte 

concentration enrichment due to the previously cited capillary pull effect. This phenomenon was 

previously reported in the Literature by other authors on the grounds of experimental 

evidence[18,19,73]. 

Apart from the diffusion coefficient change, it should be underlined that a modification of the 

diffusion mechanism (from fully planar to a mixed planar-radial) has also to be considered due to the 

presence of shallow pores (i.e. pores in which the depth of the pore - nanometers range - is smaller 

than the size of the diffusion layer - micrometers range)[72]. This morphological characteristic may 

contribute to the enhancement of the current signal in the presence of porosity.  

The comparison among samples with different pore size gives rise to other interesting 

findings. Fig. 5c shows that the current values reached by SiO2_60_2 are comparable with those 

obtained for SiO2_30_1, while the peak current of the SiO2_60_3 nearly coincide with that of 
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SiO2_30_2 (Fig. 5c), suggesting a decrease of the pore diameter when the number of silica layers is 

increased. Probably, the random disposition of PS spheres, when successive layers are deposited, 

produces more tortuous and narrower paths for the electrochemical probe, as can be deduced from 

Fig. 5d and as supported by wetting data. 

 

3.5 Electrochemical impedance analysis 

Fig. 6 shows the EIS trends for SiO2_30_n samples registered at – 0.1 V (other potentials give 

fully comparable results) in the absence of any redox probe. Bare ITO and SiO2_1 present the same 

trend, with a straight line covering the entire range of frequencies in the Nyquist plot (Fig. 6a) and 

phase values very close to 90° for low frequencies (Fig. 6b). In the case of SiO2_30_n samples, the 

straight line is replaced by a semicircle (Fig. 6a) and phase values at low frequencies deviate from 

90° (Fig. 6b), giving rise to a sort of peak in the Bode phase plot. Both phenomena are accentuated 

increasing the number of silica layers. 
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Figure 6 – Complex plane (a) and Bode phase (b) plots for bare ITO support, SiO2_1 and SiO2_30_n 

samples registered at – 0.1 V in 0.1 M KCl. Equivalent circuits and schematic representation for non-

porous silica modified-ITO (and ITO itself) (c) and mesoporous silica modified-ITO (d). 

 

EIS data can be rationalized in terms of two different equivalent circuits (Fig. 6c-d). In the 

case of the bare ITO support and of non-porous silica samples, the ohmic resistance, RΩ, is in series 

with a capacitance C which include the ITO, the double layer and, when present, the silica layer. In 

other words, these samples behave as pure capacitors. Differently, in the case of mesoporous silica-

based samples, an additional resistance Rpore in parallel with the capacitance has to be added. Actually, 
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Rpore indicates the resistance of the solution into the pores, which strongly differs from that in the bulk 

due to the contribute of radial diffusion and to the capillary pull effect previously mentioned. 

The resulting EIS parameters are reported in Tab. 2 and S3. RΩ values (Tab. S3, 2nd column) 

are higher in the case of silica-covered electrodes with respect to bare ITO, more so for non-porous 

samples, due to the intrinsic insulating character of SiO2. In general, the capacitances (Tab. S3, 3rd 

column) are smaller when silica is deposited on the electrodes, since the deposition of an insulating 

material ideally distances the plates of a capacitor, and when pores are not present the lowest values 

are reached, since these plates are better spaced. The α values (Tab. S3, 4th column) are very close to 

1 for all samples, meaning that the surfaces are macroscopically uniform, also in the case of porous 

materials[74]. Furthermore, it should be underlined that the smaller the pores, the lower the values of 

the solution resistance into the pores Rpore (Tab. 2) for the same numbers of layers. Moreover, 

considering equal pore dimensions, the increase of the number of silica layers reflects in lower 

resistances, confirming the increase of the diffusion coefficient previously discussed. 

n° layers 
Rpore / (kΩ cm2) 

d = 30 nm d = 60 nm d = 100 nm 

1 522 685 1352 

2 307 472 n.a. 

3 173 399 n.a. 

Table 2 – Pore resistance values (Rpore) obtained from the fitting of EIS data, registered in 0.1 M KCl, 

as function of the number of layers and dimension, d, of PS latex spheres. 

 

EIS data registered in the presence of [Ru(NH3)6]3+/[Ru(NH3)6]2+ (the probe with the best 

results in cyclic voltammetry thanks also to its positive charge) are not here considered, since the 

mass transport and the reaction[75] of this molecule are too quick to allow the differences among the 

electrodes to be appreciated. By contrast, EIS spectra obtained in the presence of [Fe(CN)6]4-

/[Fe(CN)6]3- redox couple (Fig. S8), with a slower mass transport due to the negative charge and a 
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slower reaction due to the change in the solvation sphere[75], allow to discriminate among the 

different samples. In the case of ITO, a Randles circuit typical of flat conductive electrodes (Fig. 7a) 

can be used to fit data: an ohmic resistance RΩ in series with the double layer capacitance Cdl, in 

parallel with the charge transfer resistance Rct and the resistance to the mass transport ZW, represented 

with a Warburg element. For the mesoporous electrodes, the circuit (Fig. 7b) is more complicated[74], 

with the addition of the solution resistance inside the pores Rpore, in series with the ITO Randles circuit 

and the film capacitance Cfilm in parallel. Obviously, the values of Rct (9.80 Ω cm2) and Cdl (0.10 mF 

cm-2 sα-1) remain the same than those of ITO (the electrochemical reaction takes place on the surface 

of ITO also for mesoporous silica electrodes), while values of ZW can be affected by the modification 

of the mass transport phenomenon for the presence of the mesoporous layer. Tab. S4 reports the 

values derived from the EIS fitting. 

 

Figure 7 – Equivalent circuits and schematic representation for ITO (a) and mesoporous silica 

modified-ITO (b) obtained for measurements in the presence of 3 mM [Fe(CN)6]4-/[Fe(CN)6]3- at + 

0.25 V in 0.1 M KCl. 

 

Increasing the pore diameter from 30 to 100 nm and the number of layers, the film capacitance 

Cfilm decreases depending on the homogeneity and on the thickness of the deposited silica, 
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respectively. Pore resistance Rpore and mass transport resistance ZW values follow a complex 

behaviour due to a counterbalance of the pull capillary effect and the repulsive electrostatic 

component brought by the silica layer, confirming the behaviour observed in cyclic voltammetry for 

the [Fe(CN)6]4-/[Fe(CN)6]3- probe (Fig. S6b).  

 

3.6 Application in the detection of dopamine  

Our samples were tested for the determination of dopamine, an important neurotransmitter 

widely studied in the field of neurodegenerative diseases, also in the presence of mucin as interferent 

species. Mucin is a high molecular weight glycoprotein that is a component of mucus and as a result, 

can be found in a variety of bodily fluids; it is easily adsorbed on electrode surfaces, giving rise to 

biofouling effects[76,77]. 

The electroanalytical determination of dopamine in the absence of mucin shows good 

performances in the case of porous silica electrodes in terms of sensitivity (comparable with that of 

bare ITO, Fig. 8a) and lower detection limit (Tab. 3). These results are in accordance with what 

observed in the first part of the manuscript, i.e. the promotion of the electrochemical response of the 

insulating layer due to its tailored porous structure. The electrostatic attractive interactions between 

the negatively charged silica layers and the monovalent cationic dopamine are presumably less 

significant than in the case of the multivalent [Ru(NH3)6]3+/[Ru(NH3)6]2+ probe. 
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Figure 8 – Calibration plots for dopamine detection in the absence (a) and in the presence (b) of 

interfering mucin; schematic representation of the selectivity properties in the mesoporous silica 

detection system (c); DLS of interfering mucin (d).   

 

The porous structure becomes fundamental in the presence of interferents. When interfering 

mucin is present, the determination of dopamine at low concentration is not possible on bare ITO, 

since the strong protein adsorption prevents the electron transfer at the electrode surface (Fig. 8b). 

On the other hand, dopamine is detected in the presence of mucin on SiO2_30_3 electrodes (see Fig. 

S9 for Differential Pulse Voltammetric Scans) and a good calibration plot with slight changes in 
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sensitivity and detection limits is obtained (Fig. 8b and Tab. 3). The porous structure of silica (with a 

median pore size of  22-24 nm) allows dopamine (molecule dimension ca. 0.8 nm) to reach the active 

electrode surface underneath the pores (ITO), whilst acting as a barrier for mucin (Fig. 8c) due to 

both charge repulsion (same charge of silica) and to size exclusion (molecule diameter around 50 nm, 

as demonstrated by DLS measurements, Fig. 8d). 

 

Sample S / (mA cm-2 M-1) R2 LoD / µM LoQ / µM 

ITO 15.3 ± 0.4 0.994 0.271 0.824 

SiO2_30_3 11.2 ± 0.2 0.998 0.156 0.476 

ITO + Mucin - - - - 

SiO2_30_3 + Mucin 7.4 ± 0.2 0.993 0.310 0.944 

Table 3 – Analytical parameters obtained from the elaboration of the calibration plot for dopamine in 

the absence and in the presence of mucin: sensitivity (S), correlation coefficient (R2), limit 

of detection (LoD), limit of quantification (LoQ). 

 

4. Conclusions 

The tailored structure of mesoporous electrodes can represent the answer to sensor problems 

arising in real systems. As evidenced by Compton et al.[78], the efforts invested in preparing tailored 

insulating porous layers should be rewarded by the solution of complex problems. 

In the present study, the growth of hard-templated mesoporous silica layers onto ITO electrodes has 

led to comparable or even improved voltammetric responses with respect to the bare electrode, 

notwithstanding the insulating character of the material. These effects are interpreted as due to the 

positive combination of tailored morphology, wetting properties and electrostatic effects, resulting in 

enhanced diffusion/accumulation of the analyte at the electrode surface.  

EIS measurements provide an overall framework representing the combination of the different 

effects, permitting a deep comprehension of the material architecture. 
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Moreover, the silica mesoporous layer enables a smart control of interfering species during 

dopamine determination in a complex matrix, permitting its reliable detection. The enhanced 

selectivity (in terms of the capability of determining particular analyte(s) in a complex mixture 

without interference from other components in the mixture), which is obtained by the presence of an 

insulating layer, could have led to a dramatic decrease of the device performance in terms of 

sensitivities and detection limits. Instead, by tailoring the mesoporous network, an optimal selectivity 

was achieved while preserving the electrode sensitivity.  

The presented approach paves the way to the detection of a wide range of analytes in real 

matrices, such as body fluids, food and beverages, where interferents such as large proteins and 

colloidal components often prevent a reliable determination of trace compounds. Its applicability can 

be further extended by changing the chemical nature of the adopted porous materials. For example, 

other oxides with different isoelectric points (e.g. TiO2, Al2O3) can be selected to promote the 

exclusion of specific fouling agents.  
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