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Self-cleaning properties in engineered sensors for 
dopamine electroanalytical detection 

Guido Soliveri†,a,b, Valentina Pifferi†,a,b, Guido Panzarasac,  Silvia Ardizzonea,b, 
Giuseppe Cappellettia,b, Daniela Meronia,b, Katia Sparnaccic, and Luigi Falciolaa,b* 

Fouling and passivation are the major drawbacks for a wide applicability of electroanalytical sensors 

based on nanomaterials, especially in biomedical and environmental fields. The production of highly 

engineered devices, designed ad hoc for specific applications, is the key factor in the direction of 

overcoming the problem and accessing to effective sensors. Here, the fine tuning of the system, 

composed by a highly ordered distribution of silver nanoparticles between a bottom silica and a top 

titania layer, confers multifunctional properties to the device for a biomedical complex challenge: the 

dopamine detection. The crucial importance of each component towards a robust and efficient 

electroanalytical system is studied. The total recovery of the electrode performance after a simple UV-A 

cleaning step (self-cleaning), due to the photoactive interface and the aging resistance are deeply 

investigated 

 

 

 

 

Introduction 

New types of sensing devices have been recently attracting 
tremendous attention because of environmental concerns and 
biomedical demands.1–7 The fast development of 
nanotechnology has paved the way for the design of tailored 
systems exhibiting superior properties.8–12 
Composite oxide/metal systems employing silver nanoparticles 
(Ag NPs) have gained increasing attention8,9,13 especially in the 
case of electroanalysis for traces detection, due to Ag NPs 
unique properties.8,9 Silver possesses the highest electrical 
conductivity and a good stability at different potentials and pH, 
and, more relevantly, it shows large electrocatalytic properties 
compared to other metals. For these reasons, it is a widely used 
electrode material and the advent of nanotechnology has further 
improved its possibilities. As a matter of fact, compared to the 
traditional bare noble metal electrodes, nanostructured surface 
morphologies can enhance the response of the sensing system. 
The high surface to volume ratio, proper of nano-dimensions, 
enormously increases the availability of interaction sites for the 
analyte, improving sensitivity and lowering detection limits, 
fundamental characteristics for trace analysis. Moreover, the 
small dimensions may allow to control locally the sensing 
process, in terms of analyte diffusion mechanism and site-

analyte recognition. The effects described above are 
particularly maximized in the case of well ordered structures.  
A problem often encountered during the use of these nanosized, 
complex devices, is represented by passivation and fouling 
phenomena leading to a poor reusability.1,8  
Passivation and fouling are mainly due to electrochemically 
produced byproducts or interfering compounds present in the 
analyzed complex real matrix, chemisorbed at the electrode 
surface. The conventional cleaning procedures applied to bulk 
metal electrodes (mechanical or electrochemical etching) are 
inapplicable in the case of metal nanoparticles, since these 
systems can be irreversibly modified or the nanoparticles even 
removed from the electrode surface. This is a critical limitation 
for a commercial sensor which, apart from high sensitivity, low 
detection limits and high selectivity, should be also 
characterized by portability, online and onsite usability and 
especially re-usability.1,4 In this context, self-cleaning 
electrodes could represent a step beyond the current state of the 
art. 
Self-cleaning materials mediated by UV and visible light have 
had a main role in both fundamental and applicative studies in 
the last 30 years.14,15 Self-cleaning coatings16, windows and 
cements, and also self-sterilizing medical devices and surgical 
rooms are, nowadays, appealing products for the market.14 
Titanium dioxide (TiO2) is the main protagonist for present and 
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under development products. TiO2 was firstly investigated 
plentifully for its highly attractive photo-oxidative and photo-
reductive power, and for its appealing band-gap (3.2 eV for 
anatase and 3.0 eV for rutile). Besides its semiconductor 
properties, the oxide shows high bio-compatibility, high 
refractive index and, above all, high availability and low costs.   
A very recent work by Kamat et al.17 has reported a “detect and 
destroy” approach for SERS analyses, in which the 
combination of SERS experiments supported by Ag NPs, with 
the photocatalytical degradation of the molecule by TiO2 is 
described. 
On the other hand, to the authors best knowledge, the study of 
self-cleaning layers potentially applicable on whatever 
electrode surface to prevent passivation, caused either by silver 
oxidation or by interferents presence, has not been explored yet. 
Literature reports only few examples of self-cleaning electrodes 
for hydrogen detection,18 and for methanol electro-oxidation or 
glucose determination.19,20 These systems are based on 
anodized titania nanotubes supports decorated with noble 
metals (Pt and Pd), where the titania photoeffect is exploited to 
restore the activity of the device. In the Literature, neither a 
proper electrode design for re-usability, nor a deep study of 
fouling/cleaning effects on the electroanalytical parameters are 
investigated. 
In this very promising context, we propose an innovative self-
cleaning engineered device to be used as an electroanalytical 
sensor. The device is composed by a transparent metal-oxide 
composite multilayer in which Ag NPs are deposited to give a 
controlled and organized structure between a bottom silica and 
a top titania layer. Each component of the device was chosen 
for its relevant properties: the silica layer was essential to 
govern the distribution of silver nanoparticles, which were the 
actual sensing tool, imparting electrocatalytic properties and 
conductivity between the two semiconducting oxides; the top 
titania film was used to confer the self-cleaning properties, but 
also to protect Ag NPs from oxidation and deterioration.  
In order to check the applicability of the designed device in a 
real, challenging and complex system, the electroanalytical 
detection of dopamine was studied.21,22 Dopamine is a neuro-
transmitter with great biomedical and analytical interest, since 
the molecule anomalous levels are diagnostic for the 
Parkinson’s disease and for many neurological pathologies. In 
the literature, its determination has been faced by different 
electrodes and strategies,23–25 but, in almost all cases, fouling 
and passivation of the electrode surface affected the 
measurements. In particular, the chemisorption of dopamine or 
of its byproducts at metal and oxide interfaces makes the 
reusability of the electrode generally impossible.21 The present 
self-cleaning sensor is ad hoc designed for the detection of such 
critical molecules, affording a total sensitivity recovery after 
fouling and cleaning by a simple UV irradiation step. 
Moreover, aging, over-usage and environmental conditions did 
not introduce appreciable modifications of the initial 
characteristics of the electrode. 
 

Results and discussion 

Device assembly and structure 

The device, described in the present work, was engineered with 
the aim of tuning its photocatalytic and electrochemical 
properties in order to obtain an electroanalytical sensor for the 
detection of molecules with biomedical interest. We controlled 
the synthesis in order to promote the self-cleaning properties 
and tune the electocatalytic features by modulating the 
sandwich composition and Ag NPs organization, preserving the 
film transparency. Figure 1a shows the material architecture.  

Each layer/component was finely designed in order to control 
the final performance: support, silica layer, bifunctional 
siloxane ((3-Aminopropyl)triethoxysilane, APTES), Ag NPs, 
titania. As the support, a conductive glass, withstanding 
calcination, FTO, was selected. The subsequent presence of a 
silica layer was chosen in order to promote the dispersion of 
the Ag NPs. The layer of silica was obtained by dip coating the 
FTO surface in a non-aqueous sol, synthesized by the procedure 
reported by Wang et al.26 The subsequent calcination 
conditions were chosen in order to decompose the organic 
components of the sol while maintaining the film transparency 
and increasing its mechanical stability and adhesion onto the 
support. The role played by time, temperature and atmosphere 
were preliminarily studied to tune the reactivity of the surface. 
A calcination step of one hour at 400 °C in N2 flow was finally 
adopted. The calcined silica layer was further grafted by a 
bifunctional siloxane in order to promote stable attachment of 
Ag NPs. APTES was chosen as a coulombic binder between the 
SiO2 surface and the Ag NPs. APTES ethoxy groups generally 
react with –OH groups at the oxide surface, exposing –NH3

+ 
groups at the interface.27 The negative charged Ag NPs (Z-
potential measurement, supporting information, Figure S1) 
strongly interact with –NH3

+ groups, so that the number and the 
arrangement of APTES molecules highly influence the 
concentration and disposition of Ag NPs at the surface.  

Figure 1: Device structure: a) schematic description of the 

architecture, b) X-ray diffraction pattern of the titania top layer 

and c) SEM cross section of the film. 
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The Ag NPs, synthesized by the procedure of Panzarasa,28 were 
stabilized by PVP10 to avoid the presence of agglomerates and 
multilayers at the functionalized surface. The HR TEM picture 
(Figure 2a) shows particles of around 11 nm in diameter (10.8 ± 
1.3 nm) with high crystallinity (the lattice spacing of ~ 230 pm 
corresponds to (111) planes of silver fcc cell) and quite sharp 
distribution. The aqueous particle suspension presented the 
typical plasmonic resonance associated with Ag NPs of 
dimensions lower than 30 nm (Figure 2b inset).29 After dipping 
15 minutes in such a suspension, the material showed the 
orange colour correlated with the spectrum reported in Figure 
2b. The red-shift of the band derived from a change of 
environment, as reported by Evanoff et al.30 
Finally, the engineered sensor is covered by a TiO2 layer with 
the aim to impart photoactivity and self-cleaning properties. 

The oxide external layer was demonstrated to confer further 
crucial properties to the material, such as protection for the 
Ag NPs from unavoidable oxidation/deactivation ensuing from 
the contact with the environment. The TiO2 film was obtained 
by dip-coating the multilayer device in a non-aqueous sol, 
synthesized following a procedure previously developed by our 
group.31 Temperature and, particularly, the atmosphere of 
calcination were chosen in order to prevent Ag oxidation. In the 
absence of the protective TiO2 layer, Ag degradation is 
generally observed after few days of environmental condition 
exposure, dramatically changing both the chemical nature and 
the morphology of such particles. We tested different times and 
conditions for the TiO2 crystallization and growth. A fast 
calcination of 1 hour at 400 °C under N2 flow allowed the 
organic compounds mineralization and the growth of the oxide 
crystallinity, without altering the film transparency (supporting 
information, Figure S2).  
The XRD lines (Figure 1b) of the sandwich show the 
predominance of the anatase polymorph, with traces of 
brookite. The peaks of cassiterite (SnO2), proper of the FTO 
support are also appreciable. The size of anatase crystallites 
was evaluated to be 17 nm. The cross-section SEM picture, 
reported in Figure 1c, reveals two distinct and homogenous 
layers, 550 nm and 150 nm in thickness, for SiO2 and TiO2, 
respectively. Thickness data were confirmed by 
FILMETRICS® analysis, comparing the experimental 

reflectance spectrum with a calculated one (supporting 
information, Figure S3), showing reproducible values in 
different areas of the film. The SEM top picture (supplementary 
information, Figure S4) shows good homogeneity of the 
surface. 
The role of silver in electrocatalysis both as massive electrodes 
and as nanoparticles has been amply discussed in the 
literature32–34 also for sensing applications,8,9,35 where Ag can 
change favourably the potential of redox reactions, also 
allowing interferences management.  
The actual presence of Ag in the device was shown by cyclic 
voltammetry performed in the absence of an electroactive 
probe. Electrodes without Ag behaved similarly to bare FTO, 
showing completely capacitive voltammograms without peak 
formation (Figure 3a, curve 1), typical of oxide materials. In the 
presence of Ag (Figure 3a, curve 2 and 3), oxidation and 

Figure 2: a) HR TEM picture of Ag NPs, showing high crystallinity 

and lattice spacing of about 230 pm; b) UV-Vis spectrum of Ag NPs 

grafted on the silica surface; inset: UV-Vis spectrum of the Ag NPs 

suspension. 

Figure 3: Cyclic voltammograms in the a,b) absence or c) presence 

of K4[Fe(CN6)] probe molecule. Study of a) the effect of titania 

layer (curve 1: FTO+SiO2+TiO2; curve 2: FTO+SiO2+Ag; curve 3: 

FTO+SiO2+Ag+TiO2), b) the effect of silica layer (curve 1: 

FTO+SiO2+Ag+TiO2, curve 2:  FTO+Ag+TiO2), c) the distribution of 

Ag NPs (curve 1: FTO+SiO2+Ag; curve 2:  FTO+Ag). 
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reduction peaks around + 0.25 V (SCE) and + 0.1 V (SCE) 
appeared, as generally reported36,37. 
Moreover, silver, due to its reactive nature, can be oxidized by 
oxygen present in the air, with passivation effects. To avoid this 
phenomenon, protective oxides are often used on metal 
surfaces.38 In our case, the titania layer provided a protective 
action for Ag NPs. This effect can be proved by comparing the 
final electrode (Figure 3a, curve 3) with a device prepared in 
the same manner, but without the final TiO2 layer (Figure 3a, 
curve 2). In the case of titania covered silver nanoparticles, 
higher Ag peak currents were observed, reflecting the presence 
of more active and non-oxidized silver nanoparticles. 
A key point to take into consideration in the use of modified 
electrodes supporting silver for sensor applications is the 
density, distribution and organization of nanoparticles on the 
electrode surface.8 In electroanalysis, the analyte reacts on the 
surface of the electrode, generating an increase of the measured 
current. The resulting signal is the sum of the capacitive 
background current and of the reaction current, which is the 
sole related to the analyte concentration. The voltammograms 
shape is related to the NPs size and density:39,40 a steady-state 
sigmoidal step can be registered for convergent independent 
diffusion at NPs low coverage (Figure 3c, Scheme 1), while a 
peak is obtained in the case of planar diffusion regime at high 
NPs coverage (Figure 3c, Scheme 2).  
In order to obtain high sensitivity and low detection limits, high 
faradaic and low capacitive currents have to be preferred. An 
optimal disposition for this purpose is an ordered array of well 
isolated nanoparticles, where the convergent mass transport 
must be predominant.40–42 In this case, the current response is 
greater with respect to that of a macroelectrode. In fact, while 
the current at a macroelectrode follows the Randles-Sevčik 
equation (Equation 1):43 
����� = 2.69 × 10��� �⁄ �� �⁄ ������� �⁄ �       (1)                                                                          
(where Ipeak is the current in amperes, n is the number of 
electrons involved in the reaction, D is the diffusion coefficient 
in (cm2 s-1), Cbulk is the bulk concentration of active species in 
(mol cm-3), v is the potential scan rate in (V s-1) and A is the 
surface area in cm2), in the case of a nanoparticle array of the 
same macrodimensions of the previous macroelectrode in 
which the nanoparticles are at a distance of 10 r (where r is the 
radius of the nanoparticle), the limiting current at each 
nanoparticle and the total array current are given by:8,9,41,44 
���� = 8.71 �   � ����� !     (2)                                                                                     
�"#" = ����$� %10 !&�⁄ ' = %8.71 �   � �����  �& %100 !&⁄    (3)                                             
In Equation 3, it is evident the current dependence from the 
particle radius (the smaller, the better) and the independence 
from the potential scan rate, since a convergent mechanism is 
attained.    
Using typical values for the parameters and a value of r = 10 
nm, a current increase of seven hundred times can be obtained8 
with respect to the macroelectrode. 
It is worthwhile noticing that the above considerations are valid 
assuming that the nanoparticles are sufficiently far apart as to 
be diffusionally independent. Too closely packed electrodes 

result in the overlapping of the diffusion layers, characterized 
by the loss of convergent diffusion. The nearest-neighbours 
NPs minimum distance of 10 r required for diffusional 
independency, although debated,40,45 is assumed to be a good 
indicative value.8    
Moreover, the NPs array is characterized by a larger surface 
area-to-volume ratio of the electrocatalytic material. This fact 
lowers the costs of the electrodes and, increasing the active 
sites, enhances the signal-to-noise ratio, particularly abating the 
capacitive background currents, which are dependent to the real 
active surface area.8  
Devices based on ordered arrays are normally produced 
lithographically by long, difficult and costly procedures and 
only few papers rely on simple and effective techniques,41 since 
simpler methodologies usually produce random or 
uncontrollable distributions. The preparation method presented 
in this work allows the obtainment of organized and regularly 
distributed arrays of Ag NPs by a simple and low cost 
procedure. The key factor is represented by the interaction sites 
for silver, produced by –NH3

+ APTES groups, in terms of 
quantity and distribution. We carefully tuned the conditions of 
APTES deposition and silica calcination in order to produce 
well-organized and separated sites. With the method reported 
by Moon et al.,46 we collected evidence that the concentration 
of amino groups at the surface was almost double for bare FTO 
(10 (NH2 nm-2)) compared to FTO covered by silica (5 (NH2 
nm-2)) in the same conditions. In the latter case, a lower 
quantity of silver nanoparticles was expected on the silica layer. 
Figure 3b shows voltammograms registered for the two Ag NPs 
electrodes, differing only for the presence or absence of the 
silica layer. When Ag nanoparticles are deposited on silica 
(Figure 3b, curve 1), a lower quantity of metal is present, as 
demonstrated by the above considerations, and a lower peak 
current is registered in comparison with Ag NPs directly 
deposited on bare FTO (Figure 3b, curve 2). It is important to 
say that the current registered in the presence of the non-
conductive silica layer is, anyway, really high and of the same 
order of magnitude of the electrode without silica. The 
contribution brought by the distribution (array) of isolated NPs 
(convergent diffusion) is evident and will be of paramount 
importance in the detection of analyte at trace levels, as already 
explained.  
The distribution of silver nanoparticles on silica was studied by 
registering cyclic voltammograms, this time in the presence of a 
redox probe (K4[Fe(CN)6]), before TiO2 deposition (Figure 3c). 
Only in the presence of a redox reaction the diffusion 
mechanism and, as a consequence, the distribution of 
nanoparticles can be studied. Figure 3c curve 1 shows a step-
shaped voltammogram typical of a convergent diffusion 
mechanism on isolated ordered nanoparticles (scheme 1) in the 
case of Ag NPs anchored on silica. On the other hand, a peak-
shaped voltammogram (Figure 3c, curve 2), reflecting semi-
infinite diffusion on non isolated particles (scheme 2), was 
observed in the case of silver directly deposited on FTO.  
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Figure 4 shows electrochemical impedance spectroscopy (EIS) 
measurements in the presence of the redox probe K4[Fe(CN)6]. 
The analyses were performed on different electrodes at 
different steps of preparation and at different compositions of 
the sandwich. Impedance analysis measures the current 
response of the device to an external potential variation and 
allows modelling the systems by an electrical circuit. In the 
complex plane plots (Figure 4, Bode plots shown in supporting 
information, Figure S5), the semicircle shape common to all the 
combinations can be represented by the same equivalent circuit 
(Figure 4, inset), composed by the solution resistance (RΩ) in 
series with a parallel formed by the charge transfer resistance 
(RCT) and the double layer capacitance (CPEDL). This trend of 
experimental data and circuits derived from modelling are 
typical for a redox reaction of a model probe at the electrode. 
From the diameter of the semicircle, we obtained the values of 
the charge transfer resistance (Figure 4, Table), critical to 
describe the electron transfer between the model probe and the 
electrode. As expected, these values increase enhancing the 
number of layers, while the introduction of Ag NPs produces a 
drastic decrease of resistance in otherwise identical conditions. 
We demonstrated the crucial presence of Ag nanoparticles in 
order to enhance the electrode conductivity in the architecture 
of our final device, since electrons of the probe reaction can 
more easily pass throughout the two semiconductor layers. 

 

Top layer photoactivity 

The role played by TiO2 more external layer in protecting 
Ag NPs from oxidation has already been discussed. 
The self-cleaning properties of the final device can be achieved 
by the presence of TiO2 on the top of the sandwich. The 
accurate engineering of the final layer had the aim to impart 
photoactivity at the interface without altering transparency, 
mechanical properties and the state of Ag NPs. As a matter of 
fact, the crystallinity growth (and the degradation of the organic 
components) promoted by the calcination step are crucial in 
order to impart photoactivity.14 Here, the careful modulation of 
the sol composition associated with a rapid calcination at 

400 °C in an inert atmosphere not only assured high 
photoactivity under UV-A irradiation, but also preserved the 
transparency of the film. The photoactivity was proved by 
degradation of chemisorbed hydrophobic organic chains 
(SILRES 1701) monitoring the water contact angle decrease by 
a procedure previously reported in literature for the simulation 
of finger print / oily stain self-cleaning.47,48 The presence of 
silane molecules chemisorbed at the electrode surface (Figure 
5, scheme), shifted the θw value from hydrophilic (30 - 0°) to 
~ 110°. Under irradiation in the UV region, electron-hole pairs 
were created at the TiO2 interface. That makes the surface 
reactive. Peroxide and superoxide radicals were generated,14 
reacting and oxidizing the organic chains of the chemisorbed 
siloxane, bringing back the  θw to the hydrophilic value. 
Figure 5 shows the degradation kinetic of the siloxane chains 
on the device, monitored by θw decrease, compared to the bare 
silica. Whilst the water contact angle of the bare silica was 
almost constant upon irradiation, the device, covered by the 
titania layer, showed fast kinetics of contact angle decrease. 
That proves that the organic chains mineralization was carried 
out by the radicals produced by the active titania and not by 
simple photolytic degradation of the molecule. Eventually, we 
proved the high activity of the interface as a self-cleaning 
electrode. 

Determination of dopamine 

Dopamine, an important molecule of biomedical interest,21,22 
was chosen for testing the electroanalytical performances of the 
optimized multilayer electrodes. After an extensive literature 
research and experimental investigation, differential pulse 
voltammetry (DPV) was chosen as the best technique for the 
detection of dopamine. Figure 6a shows the calibration plot, 
obtained in the case of the final device 
(FTO+SiO2+AgNP+TiO2, empty circles) in the 5 – 35 ppm 

Figure 4: Complex plane plot spectra for all the electrode 

architectures, registered at + 0.1 V (SCE) in the presence of the 

model probe molecule K4[Fe(CN6)]; inset: equivalent circuit used to 

fit data. Table: charge transfer resistance (RCT) values calculated 

from the fitting. 

Figure 5. Kinetic of θw decrease of the device covered by a 
chemisorbed siloxane layer under UV irradiation; scheme of the 
siloxane chemisorption and degradation. 
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dopamine concentration range, and, as inset, the corresponding 
differential pulse voltammograms. 
Dopamine can be detected with a good sensitivity also on the 
device without the silica layer (FTO+Ag+TiO2, Figure 6a, full 
circles; corresponding voltammograms in supporting 
information Figure S6), although the calibration plot obtained is 
not linear and a strong saturation effect is observed. This 
problem was overcome when the silica layer was present, 
obtaining a linear range. Moreover, it is worthwhile saying that, 
in the case of the presence of silica, the convergent diffusion on 
silver NPs can be reached (see paragraph 2.1), with important 
advantages at trace level of analyte concentration, particularly 
in terms of lower limits of detection. Preliminary results in this 
sense are validating this conclusions.    
In dopamine detection, silver has the double function of both 
facilitating the electron transfer through the semiconductor 
layers, in order to provide the required conductivity (see 
previously reported impedance discussion, Figure 4), and of 
allowing metal electrocatalytic effect on the analyte. The latter 
is demonstrated in Figure 6b, showing a decrease of dopamine 
peak potential from + 0.26 V (curve 1) to + 0.15 V (SCE) 
(curve 2) in the case of presence of Ag in the sandwich. As 

discussed in the introduction, chemisorption and consequent 
fouling of the electrode surface is a general concern in 
electroanalysis, particularly in the detection of organic analytes 
at trace levels.1,21 This affects the analytical sensitivity and 
requires strong surface polishing treatments or even the 
complete replacement of the electrode. In the present case, the 
fouling phenomenon was significant, causing an analytical 
sensitivity decrease (evaluated by the decrease in the calibration 
plot slope in Figure 7a, triangles, compared to the fresh one, 
circles) for consecutive analysis performed using the same 
electrode.  
In order to “clean” the surface, removing all the byproducts and 
the residues of dopamine detection, after the recording of a 
complete calibration curve, the electrode was simply irradiated 
with UV-A light for one hour, exploiting the photoactivity of 
the external titania layer. The sensitivity was completely 
recovered as revealed in Figure 7 (squares), where the 
recovered electrode calibration plot completely overlaps the 
pristine electrode ones (circles). 
For a better understanding of the phenomenon, in a fresh 
solution of electrolyte (in the absence of dopamine), we 
recorded cyclic voltammograms of the same electrode in 
different moments of the fouling-cleaning process (Figure 7b). 
Line 1 corresponds to the clean electrode before sensing and 
shows the presence of Ag NPs peak around + 0.2 V, as 
expected ; line 2 represents the voltammogram registered at the 
electrode, washed with water, after one dopamine calibration 
experiment (ten additions 10-2 M dopamine). Line 3 was 
acquired on the washed electrode after two dopamine 
calibration analyses. The voltammograms 2 and 3 are 
significatively different compared to curve 1, showing a clear 
evidence of progressive fouling at the sandwich surface. Both 
voltammograms show peak shoulders (around + 0.35 V), and a 
narrowing of the accessible potential window, probably due to 
the presence of adsorbed dopamine or other fouling byproducts 
derived by the reaction. Line 4 shows the voltammogram after 
one hour of UV-A irradiation and 24 h of storage in the dark. In 
this case, the electrode completely recovers the initial shape 

Figure 6. a) DPV calibration plots obtained for dopamine detection 

on two different electrode architectures (FTO+Ag+TiO2 (●); 

FTO+SiO2+Ag+TiO2(○)); inset: differential pulse voltammograms 

referred to (○) data; b) differential pulse voltammograms, 

showing electrocatalytic peak displacement caused by Ag NPs 

(curve 1: FTO+SiO2+TiO2; curve 2: FTO+SiO2+Ag+TiO2). 

Figure 7. a) Dopamine calibration plots obtained at different analytical steps [squares (□): first calibration plot; 

triangles (▲): calibration plot after fouling; circles (○): calibration plot after UV cleaning]; b) Cyclic voltammograms 

registered at 0.1 V s-1 at different analytical steps during the fouling/cleaning procedure and relevant scheme. 
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(line 1), demonstrating the high efficiency of the cleaning 
process; the removal of adsorbed species was achieved and the 
possibility of electrode reuse was proved.  
Finally, the robustness of the optimized device in aging and 
wear was considered. The sensor has maintained the same 
sensitivity and behaviour after many months, detections and 
irradiations without adopting any specific care in storage. 

Experimental 

All chemicals were of reagent grade purity and used as 
received. Distilled water purified with a Millipore Milli-Q 
apparatus (resistivity ≥ 18.2 MΩ cm-1) was used to prepare 
solutions and sols. An UV iron halogenide lamp Jelosil HG500 
with an effective power density, measured using a Thorlabs 
S314C radiometer, of 23 (mW cm−2) emitting between 280 and 
400 nm (emission spectrum in supporting information, Figure 
S7) was used for the photocatalytic tests and for the irradiation 
steps included in the device synthesis. 
 
Device synthesis: the fluorine doped tin oxide coated glass 
slides (FTO, Sigma-Aldrich®, ~ 7 (Ω sq), 2x3 cm) adopted as 
conductive supports were previously sonicated in a cleaning 
solution (H2O : acetone : propanol = 1:1:1) and irradiated for 1 
hour under UV light.  
The silica sol was prepared by the procedure reported by Wang 
et al.26 Briefly, 10 g of TEOS was added into the solution 
containing 25 g of ethanol and 4.5 g of hydrochloric acid 
solution (0.1 M). The mixture was stirred at lab temperature for 
2 hours and then refluxed at 60 °C for 60 min. Eventually, 25 g 
of an  ethanol solution of CTAB cationic surfactant (2 g in 
25 mL) was dissolved in the as-obtained solution by slowly 
stirring at lab temperature for 1 hour. The FTO was dipped in 
such a sol and quickly calcinated at 500 °C for 1 hour under N2 
flow. The functionalization by (3-aminopropyl)triethoxysilane 
(APTES) was performed by irradiating for 1 hour the adsorbent 
(either the silica layer or the bare FTO layer), then dipping in 
anhydrous toluene under N2 at 70 °C. After 1 hour, a solution of 
APTES in anhydrous toluene was added to obtain a final 
concentration of 5 μM. After 3 hours at 70 °C the sample was 
cleaned by sonication for few minutes in toluene, ethanol and 
water in order to eliminate the un-grafted silane and eventually 
dried under a nitrogen stream. 
The sample was then immersed in a solution of Ag NPs for 15 
minutes and dried under N2 flux. The final titania layer was 
obtained by dipping the sample in a titania sol and calcinating it 
under N2 flow for 1 hour at 400 °C. The titania sol has been 
developed in our group and was previously reported31. Briefly, 
0.9 mL of HCl 37 % was added to a solution of Ti(OC3H7)4 in 
ethanol (0.1 mol in 100 mL) under stirring. Then, 0.47 g of 
Lutensol ON70 (BASF) was added to the sol after being 
dissolved in 100 mL of ethanol. 
Silver nanoparticles (Ag NPs) were synthesized by adapting the 
procedure reported by Panzarasa.28 Briefly, 0.15 g of silver 
nitrate were dissolved in 25 mL of water and this solution was 
added under stirring to a solution of 0.5 g of trisodium citrate 

and 0.25 g of poly(vinylpyrrolidone) (PVP10, Mw ~ 10000 (g 
mol-1)) in 125 mL of water. The resulting solution was poured 
in a three-necked, round-bottomed 250 mL flask equipped with 
a mechanical stirrer and a dropping funnel. The solution was 
cooled in an ice bath and an ice-cooled solution of sodium 
borohydride, obtained by dissolving 12 mg of solid in 30 mL of 
water, was added dropwise under stirring. The resulting dark 
brown suspension was left under stirring for 5 minutes after the 
addition, aged at + 4 °C for 24 hours before use and stored at 
this temperature. 
 
Film characterization: room-temperature X-ray diffraction 
(XRD) patterns were collected between 5° and 90° with a 
powders diffractometer Philips X’Pert θ/2θ in grazing angle 
geometry, ω = 1.0°, utilizing X Cu Kα radiation (λ = 1.5416 Å 
and power 1.6 kW). The results were obtain on the basis of 
Hanawalt method on the data set of PDF-2 (Powder Diffraction 
File, ICDD). Scanning electron microscopy (SEM) images 
were obtained by a Zeiss LEO 1430 working at 30 keV. HR 
TEM images were acquired using a JAM 2010 equipped with a 
LAB6 electron gun (beam energy 200 keV) and a Gatan CCD 
camera allowing high resolution imaging. Film transparency 
and plasmonic resonance were evaluated by UV–Visible 
spectroscopy (Beckman DU640). Z-potential was determined 
by a Malvern Zetasizer Nano-ZS equipped with a universal dip 
cell (Malvern) and standard polystyrene cuvettes. Water contact 
angles were measured by a Krüss Easydrop. Film thicknesses 
were evaluated using a Filmetrics® F20 reflectometer 
(Filmetrics). 
 
CV and EIS experiments were carried out with an Autolab 
PGStat30 (Ecochemie, The Netherlands) 
potentiostat/galvanostat equipped with FRA module and 
controlled by GPES and FRA softwares. Impedance data were 
processed with Z-View 3.1 software. 
Cyclic voltammetric characterization was performed in 0.1 M 
NaClO4 aqueous solution at room temperature, in a three-
electrode conventional cell, with a saturated calomel and a 
platinum wire as reference and counter electrodes, respectively. 
No N2 degassing of the solution was necessary, since dissolved 
O2 did not affect the measurements. The potential was varied 
between – 0.1 V and + 0.4 V (SCE) at 0.1 (V s-1) scan rate. The 
potential window was chosen considering the Pourbaix 
diagrams14 for TiO2 and metallic Ag. Electrochemical 
impedance spectra were registered at – 0.1, + 0.1 and + 0.25 V 
(SCE), with a range of frequencies between 65000 and 0.1 Hz 
and an amplitude of 10 mV in the same experimental conditions 
of cyclic voltammetry. The behaviour of the electrodes was 
studied both in the presence or in the absence of a redox 
reaction, using K4[Fe(CN)6] as model probe molecule. 
 
Photoactivity test: the photocatalytic activity of the device was 
tested by following in time the degradation of an 
hydrophobizing organic molecule deposited onto the titania 
layer. The adopted hydrophobizing/staining molecule (SILRES 
BS 1701) is produced and commercialized by Wacker Chemie 
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AG. It is a mixture of isomeric octyltriethoxysilanes with iso-
octyltriethoxysilane as the main component. The molecules 
were chemisorbed at the tested surface by the chemical vapor 
deposition protocol previously reported by us49.  The device 
was placed in a glass container together with a Teflon® cup 
filled with the siloxane. The container was placed in an oven at 
100 °C for 3 hours to vaporize the siloxane. Eventually, the 
substrate was sonicated in toluene and dried. 
The degradation of the organic moieties was monitored by 
measuring the water contact angle as a function of the time of 
UV irradiation.  
 
Dopamine detection: the dopamine hydrochloride was of 
analytical purity and purchased  by Sigma-Aldrich. It was 
detected using Differential Pulse Voltammetry, scanning the 
potential between – 0.1 V and + 0.4 V (SCE), with the 
following parameters: modulation time 0.05 s, interval time 
0.5 s, step potential 0.005 V, modulation amplitude 0.05 V, in a 
three electrodes cell. Three voltammograms at each dopamine 
concentration were recorded. The calibration curve was 
repeated three times, with comparable results. Saturated 
calomel, Pt wire and the modified FTO were used as reference, 
counter and working electrodes, respectively. Phosphate buffer 
(pH 7.4, 0.1 M) was used as the supporting electrolyte. 

Conclusions 

Fouling and fragility of complex engineered electrochemical 
devices for the detection of biomolecules are solved by the 
development of sandwich structured electrodes endowed with a 
photoactive top layer. The lack of investigation in this field 
caused the scarce applicability of many specific sensors for the 
detection of highly relevant molecules in biomedical and 
environmental protection fields. Here, we engineered a simple 
system with the purpose to detect an organic biomolecule with 
absolute relevance in the medical context, dopamine. We 
solved the problem of chemisorption and fouling of such 
molecules by covering the sandwich with a photoactive external 
top layer. We proved the total recovery of sensitivity after 
irradiating the device by UV-A lamp for a short time (1 hour). 
No change in the electrode signal was observed after numerous 
usages and irradiations. Silver nanoparticles, deposited in a 
controlled manner inside the sandwich, not only are critical for 
the detection of dopamine, but were demonstrated to maintain 
their structure and metallic nature. We proved, for the first time 
in the sensing field, the protective effect of the titania top layer 
on nanoparticles modified electrodes, making their behavior 
unchanged in time. Hence, the proof of concept of sensors with 
highly applicative and commercial appealing, reusable and 
potentially not affected by aging, was demonstrated. The 
described know-how, deriving from the ability to create such 
transparent, photoactive, multilayer structures, can be 
potentially employed on other electrode supports and tailored 
on different target molecules, solving, one for all, the problem 
of  the “cleaning” process.  
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Self-cleaning reusable composite electrode is ad hoc designed to 
bypass the fouling problem connected with biomedical molecule 
detection (e.g. dopamine).  
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