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Abstract 
 
 
Ethanol detection is crucial in many research and application fields. Among 
these the pharmaceutical, clinical and food and beverage industries rely on the 
quantification of ethanol in fluids. In the pharmaceutical and clinical field, 
ethanol is detected in biological fluids such as blood, sweat, interstitial fluid and 
breath. In the food and beverage industry, ethanol detection is fundamental to 
produce alcoholic beverages. The yeast fermentation process is at the base of 
alcoholic beverages and other food products. 
 
In addition to ethanol, both biological fluids and alcoholic beverages contain 
glucose. Therefore, it is of great research interest to understand how the 
detection of ethanol is affected by the presence of glucose. 
 
The detection of analytes in solution is generally performed using bulky, 
expensive and operator-dependent instrumentation. Electrochemical sensors 
are considered a good alternative to the classic methods as they are portable, 
less expensive and are characterized by a good sensitivity and low limit of 
detection (LoD). 
 
These sensors are classified in two categories: enzymatic and non-enzymatic. 
In this thesis both solutions have been investigated by developing Pt-based 
electrochemical sensors.  
 
The significant results of this work are: (i) the effective nanostructuration of Pt 
screen printed electrodes to enhance the detection performance of the sensor. 
The roughness factor obtained, which measures the increase of the sensing 
area, is around 120; (ii) the effective ethanol detection in chloride-free neutral 
and acidic solution, with and without glucose using non-enzymatic sensor. The 
sensors exhibited a linear response in the range 0 – 10 mM ethanol (R2 > 0.96). 
These concentrations of ethanol characterize diluted alcoholic beverages. The 
sensitivity of the sensor in neutral environment in the absence of glucose 
resulted to be 145  7 uA/(mM*cm2) with a LoD of 849  43 uM. In acidic 
environment the ethanol sensitivity was tested in solutions with different glucose 
concentrations. The sensing conditions that gave rise to the best ethanol 
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detection performance is in the absence of glucose, in which the sensitivity 
resulted to be 274 ± 17 uA/(mM*cm2) with a LoD of 1130 ± 70 uM. 
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Chapter 1: Introduction 

1.1 Importance of ethanol detection 

Ethanol detection is an important topic in various fields of research, ranging 
from the pharmaceuticals, clinical research, food and beverage industries, and 
ethanol fuel cell research [1], [2].  
 
Different ethanol sensors have been developed for alcohol detection in body 
fluids, such as breath, sweat, urine and blood. Blood alcohol concentration 
(BAC) sensors and breath-analysers (BrAC) play a key role in improving road 
safety by detecting alcohol consumption [3]. Additionally, ethanol detection in 
biofluids such as sweat, interstitial fluids, tears and saliva is crucial for clinical 
and forensic analysis [2].  
 
Beyond medical and safety applications, ethanol detection is also crucial for 
assessing product quality in the food, beverage, and agricultural industries. 
Moreover, continuous ethanol monitoring is vital in processes such as the 
fermentation of alcoholic beverages [1], which is the focus of this project.  
 
The fermentation process consists in the metabolism of carbohydrates into 
alcohols or acids by eukaryotic organisms, such as yeasts. This process is 
responsible for producing a wide range of products, including beer, wine, cider, 
yogurt, cheese, bread, and coffee [4]. 
 
Ethanol is the main reaction product of glucose metabolism in alcoholic 
fermentation, as shown by Equation 1.1 [4]: 
 

𝐶6𝐻12𝑂6 (𝑔𝑙𝑢𝑐𝑜𝑠𝑒) →  2 𝐶2𝐻5𝑂𝐻 (𝑒𝑡ℎ𝑎𝑛𝑜𝑙) +  2 𝐶𝑂2 (𝑐𝑎𝑟𝑏𝑜𝑛 𝑑𝑖𝑜𝑥𝑖𝑑𝑒)  1.1  
 

The most widely used yeast strain for alcoholic fermentation is Saccharomyces 
cerevisiae. In beer production, this yeast converts the sugars present in malted 
cereals, one of the four ingredients needed to produce beer, into ethanol and 
carbon dioxide [4]. Monitoring ethanol levels throughout fermentation is 
essential to ensure process control and maintain the quality of the final product. 
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1.2 Ethanol sensing 

Conventional methods for ethanol sensing are chromatography and 
spectroscopy.  
Chromatography is a separation technique that is carried out exploiting either 
the different sizes of the chemical compounds, electrostatic interactions or 
affinity tendencies [5]. 
 
Spectroscopy includes various techniques such as mass spectrometry (MS), 
near infrared spectroscopy (NIR), Raman spectrometry. These techniques 
determine analyte concentration by analysing its interaction with 
electromagnetic waves. 
 
While both methods are highly precise and reliable, they are characterized by a 
bulky, expensive, complex and operator-dependent instrumentation. Due to 
these limitations, these techniques are unsuitable for in situ, continuous, real-
time measurements, which are essential for processes like fermentation. To 
address this issue, the past two decades have seen the development of more 
portable and cost-effective ethanol sensors [1]. Among the various chemical 
sensors used for this purpose, electrochemical sensors stand out for their good 
sensitivity and low limit of detection [6]. 
 
Electrochemical sensors are classified into two categories: enzymatic and non-
enzymatic. The strong aspects of one category are the weak aspects of the 
other category. In particular, enzymatic sensors are characterized by high 
selectivity but are affected by numerous issues such as the influence of the 
environment (pH, temperature and humidity) on the activity of the enzymes, 
short enzyme lifespan, inefficient electron transport between the enzyme and 
the electrode surface, challenging immobilization techniques, and low 
reproducibility [7]. On the contrary, the non-enzymatic sensors are more stable, 
as they are not affected by environmental conditions or enzyme degradation or 
inefficiency in the electron transport between the enzyme and the electrode 
surface. However, they suffer from lower selectivity and are prone to poisoning 
effects. In fact, intermediates and byproducts of the reactions occurring on the 
electrode, as well as interferents and chloride ions tend to adsorb onto the 
electrode surface, reducing the catalyst’s sensing performance [7]. 

1.3 Outline of the thesis 

This thesis focuses on the development of a platinum-based ethanol sensor for 
continuous monitoring of ethanol. 
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Chapter 2 provides an overview of electrochemical sensors and techniques, 
followed by a review of the state of the art of enzymatic and non-enzymatic 
electrochemical ethanol sensors. The enzymatic sensors developed in literature 
differ based on the enzyme used, the species of the enzyme, the immobilization 
procedures, and the addition of elements that enhance the performance of the 
electrode. Non-enzymatic ethanol sensors in literature differ based on the 
composition of the catalyst and the nanostructuration of the electrode. 
 
Chapter 3 details the development of the enzymatic sensor, including the choice 
of enzyme species and immobilization techniques. This is followed by the 
description and analysis of the experimental work that was conducted to 
investigate the sensor’s performance. Chapter 4, 5 and 6 focus on the non-
enzymatic sensor.  
Chapter 4 details the nanostructuring of electrodes using two different 
techniques and comparing their effectiveness. An ethanol pre-screening 
analysis is also performed in all pH environments.  
Chapter 5 and 6 present the experiments conducted on the nanostructured 
electrodes in neutral and acidic environments, respectively. These two chapters 
also examine the cross-interference between glucose and ethanol, as both 
analytes are present in the beer fermentation broth. This has been considered 
as the principal application of this work. 
Finally, Chapter 7 summarizes the conclusions of the study and outlines 
potential future research directions. 
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Chapter 2: State of the art for 
ethanol sensors 

 
 
The conventional methods for ethanol detection include chromatography (e.g. 
high-performance liquid chromatography (HPLC), gas chromatography (GC)), 
spectroscopy (e.g. Fourier-transform infrared spectroscopy (FTIR), infrared 
spectroscopy (IR)) and spectrometry (e.g. mass spectrometry (MS)) [1]. While 
these methods are precise and reliable, they are also complex, operator-
dependent, bulky, and expensive [1]. In contrast, electrochemical sensors 
provide a portable, cost-effective, and user-friendly alternative for on-site, real-
time ethanol measurements. 

2.1 Electrochemical sensors  

Chemical sensors, as defined by IUPAC [8], are devices capable of 
transforming chemical information, such as ethanol concentration, into an 
analytical signal. Every chemical sensor comprises two functional units: a 
receptor and a transducer. The receptor is responsible for the transformation of 
chemical information into a form of energy, which the transducer then 
transforms into an analytical, readable signal [8]. 
 
Chemical sensors can be classified based on the transducer’s physical 
principle, including optical, electrochemical, electrical, mass sensitive, 
magnetic, and thermometric sensors [8]. The electrochemical sensors are 
defined by IUPAC as devices that: “[…] transform the effect of the 
electrochemical interaction analyte - electrode into a useful signal” [8]. These 
sensors are characterized by high working speed, low limit of detection, and 
good sensitivity, making them highly attractive for analyte detection [6]. 
 
The main characteristics of electrochemical sensors include the following. 

I. Selectivity. The ability to recognise the target analyte without interference 
from other species. A selective sensor can sense other substances but it 
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“exhibits a degree of preference for the substance of interest” [9]. 
Selectivity is often assessed by testing the sensor in a solution containing 
possible interferents. An important issue in electrochemical sensors is 
fouling, the gradual formation of a non-conductive layer of organic 
species on the surface of the electrode, which can severely hamper the 
performance of the sensor [10]. 

II. Specificity. The ultimate, or ideal form of selectivity, the ability to 
recognise only the target analyte. The contribution to the result of a 
specific sensor comes only from the target analyte and no other 
components [9]. 

III. Sensitivity. The extent to which the output signal changes with the 
variation in the target analyte concentration [10]. This is usually 
evaluated by measuring the sensor’s response to known concentrations 
of the target analyte.  

IV. Limit of detection (LoD). The measure of the lowest detectable analyte 
concentration [10]. Concentrations of analyte lower than the LoD cannot 
be distinguished from background noise. Therefore, the LoD is usually 
computed as three times the signal to noise ratio. 

V. Stability. The ability to preserve the signal over time [10]. Stability is 
measured in two ways: the operational and the storage stability. The first 
is the ability of the sensor to retain a stable signal over time while 
continuously measuring the concentration of the target analyte [11]. The 
second is the ability of the sensor to maintain the original sensitivity to 
the target analyte after being stored in the right conditions for a certain 
amount of time [11]. 

VI. Repeatability. The ability to obtain consistent results across multiple 
experiments conducted using the same method, the same test material 
and under the same conditions [12]. 

VII. Reproducibility. The ability to obtain consistent results across multiple 
experiments conducted using the same method, the same test material 
under different conditions [13]. 

VIII. Linear range. The concentration range over which the output signal is 
directly proportional to the analyte molarity [14]. It is measured using the 
Pearson correlation index [10]. A sensor with a wide linear range can be 
used to detect a broad range of analyte concentrations. 

2.1.1 Types of electrochemical sensors 

Electrochemical sensors can be categorized in amperometric, potentiometric, 
and conductometric/impedimetric [15]. 
 

I. The amperometric sensors’ working principle is based on the application 
of a voltage between the electrode at which the analyte is detected, also 
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called working electrode (WE), and the reference electrode (RE), which 
acts as a stable reference potential [15]. The application of the potential 
induces oxidation or reduction of the desired electroactive species, which 
results in a continuous flow of electrons between the electrodes and 
therefore a continuous measurement of current [15]. The potential 
applied can be constant or variable. In the first case the measurement 
method is called amperometry, in the latter case voltammetry. In these 
sensors the peak current value that is measured is directly proportional 
to the concentration of the analyte present in the solution [15]. The 
sensitivity that characterises these sensors is expressed in 
ampere/molar. 

II. Potentiometric devices measure the potential difference between the 
WE and the RE when no current is allowed to flow between them. These 
sensors are typically used to determine ion concentrations in a solution, 
such as in pH measurement [15]. 

III. The conductometric or impedimetric sensors measure the surface 
impedance as it changes when the analyte molecules bind to specific 
binding elements on the electrode surface [6]. 

2.1.2 Three-electrode setup 

Amperometric sensors typically use a three-electrode setup, comprising a 
working electrode (WE), a counter (or auxiliary) electrode (CE) and a reference 
electrode (RE), all submerged in an electrolyte (Figure 2.1 (a)). These 
electrodes are then connected to a potentiostat which is the instrument that 
allows for the control of the potential applied to the electrodes, as well as for the 
measurement of the output current. 
 
The WE is made out of receptor and transducer. The chemical reaction that 
causes the detection of the analyte takes place on the receptor’s surface [15]. 
The analyte undergoes a redox reaction on the WE surface, releasing or 
accepting electrons.  
 
The RE provides a stable applied potential difference [15]. Common REs 
include silver/silver chloride (Ag/AgCl), saturated calomel electrode (SCE), and 
mercury-mercurous sulphate electrode (MSE). These electrodes are chosen for 
their high reproducibility and stability. 
The Ag/AgCl electrode consists of a silver wire in contact with AgCl in a 
saturated KCl solution (Figure 2.1 (b)). The half-cell reaction at this electrode is 
the following: 
 

AgCl(s)+e-⟷Ag(s)+Cl-(aq)    2.1  
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As the cathode a reduction of AgCl takes place forming solid Ag and chloride 
ions in solution. As an anode the oxidation of Ag occurs: chloride ions release 
electrons and form solid AgCl. The potential stability of this electrode is achieved 
by having the saturated KCl as inner filling solution.  
It must be taken into consideration that the KCl solution can leak into the 
electrolyte in which the RE is submerged, therefore some chloride ions can be 
unwantedly found in solution. For this reason, double junction electrodes can 
be used. These electrodes have in fact an additional second solution placed 
between the KCl solution and the electrochemical cell solution in which the 
analyte is contained [16]. Ag/AgCl RE is the most used in electrochemical 
settings due to the toxicity of SCE and MSE electrodes. 
The SCE electrode is composed of mercurous chloride cathode (Hg2Cl2), also 
called calomel, in contact with a liquid mercury anode (Hg), in saturated KCl 
solution [16]. 
The MSE consists of the contact between mercurous sulphate (Hg2SO4) and 
mercury wire (Hg), in a solution of sulphuric acid (0.5 M H2SO4) [17].  
 
The CE allows for the current to flow from or to the WE when the analyte is 
respectively reduced or oxidised on the electrode surface [15]. The presence of 
this electrode prevents any possible impairment of the stability of the RE‘s 
potential due to the passage of current. 
Therefore, the potentiostat always measures the current that flows between the 
WE and the CE, whilst the potential is always applied between the WE and the 
RE [15]. 
 
The WE can be manufactured in house for instance by depositing a conductive 
thin film or by printing a thin layer of conductive inks onto ceramic or plastic 
substrates creating printed electrodes. Alternatively, electrodes can be bought 
and modified to adapt them to the wanted application. Among the commercially 
available electrodes, screen printed electrodes (SPE) are a cheap, easy to use 
and disposable option for electrochemical sensing. Moreover, the dimensions 
of these electrodes are less than 4 cm2, therefore they can be used with low 
volumes of sample [18]. These electrodes are manufactured by printing 
conductive inks onto ceramic or plastic substrates. SPEs integrate a three-
electrode cell design, therefore there is no need for the use of external 
electrodes. The WE can be in platinum, carbon, silver, gold and other materials, 
while the RE is usually printed Ag/AgCl (Figure 2.1 (c)) [19].  
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Figure 2.1: a) Representation of three electrodes set up, b) representation of silver/silver 

chloride RE, c) screen printed electrodes with WE and CE in carbon (110), gold (220) and 
platinum (550) [18] 

2.1.3 Electrochemical techniques 

Amperometric techniques, such as voltammetry and chronoamperometry, are 
commonly used to evaluate the ability of an electrode to sense an analyte. The 
output current measured is, in fact, proportional to the analyte concentration. 
 
Voltammetry consists in applying a variable potential to the WE and measuring 
the resulting flow of electrons as generated current [15]. If the voltage is swept 
cyclically between two potentials, called lower limit potential (E1 in Figure 2.2) 
and upper limit potential (E2 in Figure 2.2), the technique is called cyclic 
voltammetry (CV), otherwise it is called linear sweep voltammetry (LSV). There 
are other voltammetric techniques developed to minimize the influence of the 
capacitive current on the voltammogram. However, the explanation of these 
methods falls outside the scope of this section, as we will focus only on the 
techniques employed in the experimental section. 
An important parameter that characterises both CV and LSV is the scan rate, 
which is the ratio between the potential range (E2-E1) and the duration of the 
scan. In Figure 2.2, the scan rate is indicated as (E2-E1)/(t2-t1). This parameter 
is crucial because, if it results to be too high, there is not enough time for the 
reactions to occur, for electrons to be exchanged at the electrode surface, 
therefore, no meaningful information can be extracted from the measurements 
[15]. In voltammetry, the solution in which the measurement is conducted is 
generally not stirred, therefore, the only mass transport present is the diffusion. 

I. CV is typically used to identify the potentials at which the oxidation and 
reduction of chemical compounds happen. The graph in which the 
measurements are plotted is called voltammogram and has a typical 
“duck” shape, as can be noticed in Figure 2.2 (b) [15]. The cycle starts 
from E1 and proceeds towards E2 in what is called the forward scan. As 
the potential increases the compounds in solution diffuse towards the 

(a) (c) (b) 

CE   WE   RE 
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electrode surface and get oxidised, therefore they lose electrons which 
give rise to an anodic current. The potential at which the current is 
maximal is the oxidation potential of the compound (Ep,c in Figure 2.2 (b)). 
As the potential increases further, the current decreases because there 
are less and less molecules close to the electrode-electrolyte interface 
that can to be oxidised. On the contrary, as the potential is reversed and 
decreased from E2 to E1, the reduction of the oxidised compounds 
occurs, therefore electrons are now accepted by the analyte in solution 
and the current is cathodic [10], [15]. The anodic and cathodic peak 
current values are proportional to the concentration of analyte present in 
solution; therefore, this technique can also be used to build the 
calibration plot and compute the sensitivity of the sensor [10], [15]. 

II. LSV is usually implemented to construct the calibration plot for an analyte 
as the output peak current is proportional to the target’s concentration. 
The principles governing this technique are the same as the ones 
mentioned for CV. 

 

 
Figure 2.2: Cyclic voltammetry technique. (a) voltage-time graph, (b) voltammogram.  

Adapted from [20] 
 
Chronoamperometry consists in measuring the current over time when a 
square-wave voltage is applied between the WE and RE. During this 
measurement, the solution is generally stirred to keep the diffusion layer 
constant, therefore guaranteeing a stable output current per each concentration 
of the target analyte in solution. This technique is very accurate and more used 
for quantitative analyses and the construction of calibration plots in respect to 
voltammetry [10], [15]. 
 
Amperometric electrochemical sensors can be differentiated into two 
categories: enzymatic sensors and non-enzymatic ones. In the next two 
subchapters there is the description of the state of the art for both types of 
electrodes to sense ethanol. 

t1          t2 

 

Ep,c Ep,a 
 



State of the art for ethanol sensors 

10 

2.2 Enzymatic ethanol sensors 

Enzymatic sensors are based on the activity of biological components that are 
embedded on the WE. Enzymes are defined as catalysts or catalytic proteins 
as they have the ability of increasing the rate of chemical reactions for specific 
substrates. For ethanol detection, two enzymes are widely used: alcohol 
dehydrogenase (ADH) and alcohol oxidase (AOX). Both are responsible for the 
oxidation of alcohols into their corresponding aldehydes; therefore, they are 
also called redox enzymes [2], [15]. 

2.2.1 Enzymes for ethanol detection 

Alcohol dehydrogenase (ADH) catalyses the oxidation of primary aliphatic and 
aromatic alcohols in the presence of the cofactor nicotinamide adenine 
dinucleotide (NAD+), as shown in Equation 2.2 [1]: 
 

𝐶𝐻3𝐶𝐻2𝑂𝐻 (𝑒𝑡ℎ𝑎𝑛𝑜𝑙) + 𝑁𝐴𝐷+
𝐴𝐷𝐻
→  𝐶𝐻3𝐶𝐻𝑂 (𝑎𝑐𝑒𝑡𝑎𝑙𝑑𝑒ℎ𝑦𝑑𝑒) + 𝑁𝐴𝐷𝐻 + 𝐻+  2.2 

 
Sensors incorporating ADH on the WE are highly stable and specific to ethanol. 
However, the need for the additional cofactor makes this approach less 
attractive for continuous, real-time measurements [2]. 
 
The AOX is an octameric protein that includes in its three-dimensional structure 
the cofactor flavin adenine dinucleotide (FAD). This strongly bound cofactor  
eliminates the need for additional components for the reaction to occur except 
for oxygen (O2), which acts as the electron acceptor [2]. Equation 2.3 shows the 
ethanol oxidation reaction catalysed by AOX: 
 

𝐶𝐻3𝐶𝐻2𝑂𝐻 (𝑒𝑡ℎ𝑎𝑛𝑜𝑙) + 𝑂2
𝐴𝑂𝑋
→  𝐶𝐻3𝐶𝐻𝑂 (𝑎𝑐𝑒𝑡𝑎𝑙𝑑𝑒ℎ𝑦𝑑𝑒) + 𝐻2𝑂2  2.3  

 
To measure the rate at which the reaction above occurs, the sensors need to 
detect the decrease of O2 concentration or the increase of hydrogen peroxide 
(H2O2) concentration [2], therefore another distinction of ethanol enzymatic 
sensors based on AOX is done in the next section. 
 
AOX promotes the oxidation of all short-chain aliphatic alcohols. AOX is 
produced by methylotrophic yeasts, which are single cell microorganisms that 
use this enzyme for the methanol oxidation process [2]. For this reason, to 
prevent the oxidation of low molecular weight alcohols, many ethanol sensors 
have been developed by including ADH, instead of AOX [2]. On the other hand, 
considering the application of the sensors to detect ethanol in alcoholic 
beverages, the concentration of other alcohols can be neglected as compared 
to the one of the desired analyte. Therefore, AOX based sensors are preferred 
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to ADH based ones as there is no need for the addition of any cofactor. For this 
reason, from now on the focus will be on the AOX based sensors. 

2.2.2 AOX based sensors based on O2 detection 

AOX sensors can be based on the detection of the decrease of oxygen 
concentration. In particular, the sensors that monitor the consumption of O2 
make use of the base principle of the Clark-type O2 electrode, which was 
invented in 1962 [2]. This sensor consists of a platinum cathode and a silver 
reference electrode, both immersed in a potassium chloride electrolyte solution 
and covered by a O2 semi-permeable membrane [2]. When a negative potential 
of 600mV is applied to the Pt electrode relative to the RE, the oxidation reaction 
takes place at the silver anode, as is shown in Equation 2.4, whilst the reduction 
reaction occurs at the platinum cathode, as shown in Equation 2.5 [2]: 

 
4𝐴𝑔 + 4𝐶𝑙− → 4𝐴𝑔𝐶𝑙 + 4𝑒−    2.4  

 
𝑂2 + 4𝐻+ + 4𝑒− → 2𝐻2𝑂    2.5  

 
Therefore, when the potential is applied and the reactions take place, a current 
proportional to the concentration of O2 can be measured [2]. 
The alcohol oxidase was first included in this sensor by immobilizing it on the 
cathode through a nylon cloth by Nanjo and Guilbault, in 1975 [1]. These first 
alcohol sensors are very specific, do not suffer from interferences, but their 
response, accuracy and reproducibility are very low [2]. 

2.2.3 AOX based sensors based on H2O2 detection 

To overcome the disadvantages of the AOX sensors based on O2 detection, 
sensors based on the detection of H2O2 have been developed in the same 
period. In particular, the sensing of H2O2 can be done by measuring the current 
that results from the oxidation or reduction of the molecule on the surface of the 
WE, as shown in Equation 2.6 and 2.7 respectively [2]:  

 
𝐻2𝑂2 → 𝑂2 + 2𝐻+ + 2𝑒−     2.6 

 
𝐻2𝑂2 + 2𝑒− + 2𝐻+ → 2𝐻2𝑂    2.7 

 
On a platinum WE, when a positive potential of 600mV is applied relative to a 
Ag/AgCl RE, the oxidation of H2O2 yields both H2O and O2 as shown in Equation 
2.8 [2], [21]: 

2𝐻2𝑂2 → 𝑂2 + 2𝐻2𝑂 + 4𝑒−    2.8 
 
These sensors are called first generation of biosensors and they allow the direct 
detection of H2O2, as can be seen in Figure 2.3a [2]. Although these sensors 
are characterized by a wide linear range, the application of such a high voltage 
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to the WE causes the unwanted oxidation of species normally present in 
alcoholic beverages, such as ascorbic acid and uric acid, therefore solutions 
like the addition of electrocatalysts, mediators and additional elements can be 
implemented to reduce the oxidation potential of H2O2 [2]. 

2.2.3.1 Use of electrocatalysts, mediators, and additional enzymes 

To reduce the detection of interferents that characterises the sensors based on 
the detection of H2O2, a solution is to lower the necessary applied potential. This 
was achieved by including electrocatalysts for either H2O2 oxidation or 
reduction, on the surface of the electrode [2]. These additional compounds, in 
fact, ease the passage of electrons between the electrode and the transducer 
element. 
 
The main electrocatalysts used for H2O2 reduction are Prussian Blue (PB) and 
Rhodium, whilst cobalt ions are used for oxidation. This sensing method, which 
takes the name of indirect H2O2 detection, is represented in Figure 2.3 (b) [2]: 
 

 
Figure 2.3: Scheme of reactions involved in ethanol sensing by AOX via (a) direct, (b) indirect 

detection of H2O2. Figure taken from [2] 
 
Another solution to lower interference is to modify the electrode by including 
mediators that act as transporters of electrons between the redox site of the 
enzyme and the electrode surface [2]. The sensors that include these elements 
form the so-called second generation of biosensors [2]. Examples of AOX 
mediators are poly(neutral red) (PNR) [22], cobalt-phthalocyanine (CoPC) [23] 
or conductive polymers as polyaniline (PANI) [24]. The reaction scheme of this 
group of sensors is represented in Figure 2.4 (a) [2]. 
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A further solution to solve the interference problem is the addition of a second 
enzyme, a peroxidase, able to catalyse the reduction of H2O2 into H2O at low 
potentials [2]. Typically, bienzymatic sensors include horseradish peroxidase 
(HRP) and their working principle can be seen in Figure 2.4 (b). 
 
The last two solutions presented, can be implemented simultaneously to obtain 
bienzymatic sensors that also include mediators to ease the transfer of 
electrons between the redox centre in HRP and the electrode surface. The 
resulting electrodes show higher sensitivity and lower detection limit. Examples 
of such mediators are ferrocene [25], [26] , ferrocyanide [23], polypyrrole (PPY) 
[27] and Osmium complexes [28]. The reaction scheme is represented in 
Figure 2.4 (c) [2]. 
 

 
Figure 2.4: Scheme of reactions involved in ethanol sensing via AOX with (a) mediated electron 

transfer. Schemes (b) and (c) represent the mechanisms of detection of bienzymatic 
biosensors. Figure adapted from [2] 

 
The main problem that affects the second generation of biosensors is the lack 
of stability and reproducibility, due to the possible leaching of the mediator and 
the fact that diffusion of chemical compounds is hampered by these components 
[29]. Therefore, research is now focused on the third generation of biosensors, 
which are called direct electron transfer sensors. The sensors belonging to 
this category are characterized by the replacement of O2 as the electron 
acceptor [29]. In this way the potential at which the sensor works is closer to the 
redox voltage of the enzyme and therefore interferences are minimised [29]. 
Ideally there should be a direct transfer of electrons between the redox centre 
of AOX and the electrode surface, as can be visualized in Figure 2.5 [2]: 

(a) 

(b) 

(c) 
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Figure 2.5: Scheme of direct electron transfer based electrodes. Figure adapted from [2] 

 
The main obstacle in the development of such biosensors is the deep 
embedment of the FAD centre in the AOX enzyme. For this reason, in many 
projects, the addition of conductive nanostructures was implemented to 
enhance the electrical communication between the transducer and the FAD 
centre of the enzyme [1].  

2.2.3.2 Immobilization techniques and fabrication of the electrodes

Enzyme immobilization procedures and nanostructuration are techniques that 
allow to retain a higher quantity of enzyme on the electrode, so that the 
developed sensors yield a higher response to the target analyte.  
Nanostructuration consists in the deposition of nanostructures on the surface of 
the electrodes to increase their roughness and the surface area. For this reason, 
higher enzyme quantities can cover the electrode’s surface and therefore 
increase the sensitivity of the sensor [1].  
Immobilization techniques are defined as the processes needed to ensure that 
the enzyme is steadily retained on the surface of the electrode. These methods 
allow the reaction catalysed by the enzyme to take place as close as possible 
to the electrode surface, so that the signal is maximised [15]. Nevertheless, 
precautions need to be taken when immobilizing an enzyme to not cause its 
denaturation and inactivation [15].  
 
The easiest method to immobilise an enzyme is to use a membrane via non-
covalent entrapment. The membrane’s role can be only supportive, or it can 
also act as a barrier and prevent interfering components from reaching the 
electrode surface [2]. For example, nitro-cellulose acetate and polycarbonate 
membranes were both successfully used as an interference barrier in a study 
conducted in the 2000 [30]. In another study, poly-ortho-phenylenediamine 
(pOPD) was used as a perm-selective membrane, whilst polyurethane (PU) was 
used as outer layer [31]. Other examples of interference barriers used for 
ethanol sensors are pOPD film, non-conductive overoxidized polypyrrole 
(PPYox) film [32], and Nafion [33], [34], [24]. Numerous conductive polymers 
have been used to retain the enzyme while also enhancing the performances of 
the electrode. Examples are PPY, PEDOT, PEDOP [35], and polyaniline (PANI) 
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[34]. In other cases, enzymes can be included in the electrode by mixing a 
conductive powder with the enzyme solution obtaining an electrode paste [26], 
[28]. In another application, the entrapment of the enzyme was obtained by 
including the AOX and HRP enzymes in a calcium alginate hydrogel [36]. 
 
Another solution is to crosslink the enzyme with a polymer or with other 
proteins that allows a higher quantity of enzyme to be loaded on the electrode 
[2]. The most popular crosslinker used is glutaraldehyde (GA), generally 
coupled with bovine serum albumin (BSA) as can be seen in Table 2.1 [32], [22], 
[11], [33].  
 
The two immobilization methods just described are affected by the 
disadvantage of not controlling the orientation of the adsorbed enzyme, which 
is instead addressed by the immobilization techniques based on covalent 
binding of the enzyme to the electrode [37]. For example, a sensor was created 
by covalently coupling HRP and AOX with a carbonyldiimidazole (CDI) activated 
graphite powder. This sensor shows increased stability and sensitivity relative 
to other sensors prepared without the activation of the graphite powder [28]. 
 
In general, the enzyme prepared with these immobilization methods is 
afterwards deposited on the electrode via techniques, among which the two 
most popular are drop casting and electrodeposition.  
The first method consists in simply pipetting the correct amount of enzyme 
solution onto the WE surface. This process is followed by a drying period and a 
subsequent storage of the electrodes in the fridge before usage. 
The second method is based on the application of a voltage to the electrode 
submerged into a solution containing the enzyme. For example, if the enzyme 
is immobilized using conductive polymers, the solution in which the potential is 
applied contains the desired monomers and the enzyme [30]. 
 
Moving away from immobilization strategies, the increase of the sensor’s 
performance can be obtained by including nanostructures on the electrode’s 
surface. In 2015 for example stabilised gold nanoparticles coupled with AOX 
were dispersed on the surface of a glassy carbon electrode (GCE). This 
inclusion increased noticeably the sensitivity of the electrode relative to the 
incorporation of only AOX [34]. 
 
Finally, some elements called enzyme stabilizers can be added to the sensor to 
increase its stability [37]. Examples of stabilizers, that can also be found in Table 
2.1, are glycerol [31], lactilol [28], dextrane [28] and polyethylenimine (PEI) [28], 
[31], [38]. 
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Table 2.1: List of enzymatic ethanol sensors, with focus on the yeast species used, the electrode, the enzyme immobilization technique and the sensing 
performance (sensitivity, LoD and linear range of detection). In blue are highlighted the immobilization methods, in green the mediators, in orange the 

electrocatalysts and in purple the presence of the second enzyme HRP. 
 
Year of 
publication 

Type of yeast 
species 
(company) 

Type of electrode used 
(area) Enzyme deposition technique Sensitivity 

Linear 
detection 
range (mM) 

LoD (mM) 

2012 [23] 

«Pichia Pastoris 
«Candida Boidinii 
«Hansenula sp. 
(Sigma-Aldrich) 

Screen printed carbon 
electrodes modified with: 
Prussian Blue (SPPBCE), 
Ferrocyanide(SPFCE), Co-
phtalocyanine (SPCPCE) 
(0.1256 cm2) 

Drop casting of 10 uL of 
AOX/HRP mix (0.05 U/uL each) 
(no HRP included on SPCE/CP). 

1.205 uA/mM  0.05 – 1 0.02  

2000 [30] Pichia Pastoris 
(Sigma-Aldrich) 

Screen printed carbon 
electrode doped with cobalt 
phthalocyanine (CoPC-
SPCE) 
(0.09 cm2) 

Drop casting of 5 uL of AOX 
solution. Cover with a membrane 
of nitrocellulose acetate or 
polycarbonate 

1.201 uA/mM 0.12 – 2 - 

2009 [11] Hansenula sp. 
(Sigma-Aldrich) Screen printed Pt electrode 

Drop casting of AOX solution with 
5% BSA and treatment with GA 
vapor 

~3 nA/mM 
(deduced from 
graph) 

0.3 – 20  0.3  

2017 [31] Pichia Pastoris 
(Sigma-Aldrich) 

Pt-Ir electrodes covered with 
pOPD 

Dipping the electrode in a mix of 
AOX in PBS pH=7.4, glycerol, PEI 
and PU (all 1% sol) 

25.4 nA/mM 0 – 10  0.049  

2001 [38] 

«Hansenula 
«Candida Boidinii 
«Pichia Pastoris 
(Sigma-Aldrich) 

Pt screen printed electrode 
(0.0314 cm2) 

Drop casting of 2uL of the mixture 
composed by the enzyme 
solution, PEI and 
poly(carbamoyl)sulfonate (PCS) 
prepolymer (to create hydrogel) 

30.5 nA/mM 
10.6 nA/mM 
6.2 nA/mM 
(HS, PP, CB 
respectively) 

0.01 – 3  
0.02 – 3.75  
0.04 – 3.75  

- 
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2011 [33] Pichia Pastoris 
(Sigma-Aldrich) 

Screen printed graphite 
electrode modified with 
Prussian Blue 
(0.07 cm2) 

Drop casting of 5uL of mix: 25 uL 
of AOX solution, 4% BSA, 8 uL of 
5% Nafion and 5 uL of 2.5% GA 
solution 

- 0.05 – 0.5  - 

2010 [35] Pichia Pastoris 
(Sigma-Aldrich) 

Pt electrode 
(0.12 cm2) 

Electrodeposition of the enzyme in 
three different conductive 
polymers’ matrices (PPY, PEDOT, 
PEDOP) 

21.4 uA/(M*cm2) 
(Ppy, PEDOP) 
22.2 uA/(M*cm2)  
(PEDOT) 

0 – 1750   170 

2008 [22] Hansenula sp. 
(Sigma-Aldrich) 

Carbon film electrodes 
modified with poly(neutral 
red) PNR 
(0.2 cm2) 

Drop casting 10 uL of mixture 
composed of 10 uL of enzyme 
solution (AOX+BSA) mixed with 5 
uL of GA solution (2.5%)  

171.8 nA/mM 0 – 0.7  0.029  

1996 [28] 

«Hansenula 
Polymorpha 
(Sigma-Aldrich) 
«Hansenula 
Polymorpha 
stabilised with 
Dextrane 
(Leeds 
Biochemical) 
«Candida Boidinii 
(Genzyme) 
«Pichia Pastoris 
(Sigma-Aldrich) 

Carbon paste electrode 
(0.049 cm2) 

For every AOX species, 4 
electrode types were prepared by 
mixing graphite powder with 
enzyme solution: 
I) AOX+HRP 
II) AOX+HRP + LA 
III) AOX+HRP + PEI (covalent 
coupling for AOX CB) 
IV) AOX+HRP-Os (hydrogel made 
with PVI-Os) 
Best results: CB-HRP-PEI, PP-
HRP-Os 

0.351 uA/mM 
1.31 uA/mM 
(CB-HRP-PEI -- a,  
PP-HRP-Os -- b) 

0.25 – 2  
0 – 4  

0.015  
0.010  

2006 [32] Pichia Pastoris 
(Sigma-Aldrich) 

Au electrode 
(0.12 cm2) 

Three sensors prepared: 
I) pyrrole and AOX solution form a 
PPY-AOX film 
II) overoxidized PPY film + drop 
casting of 2uL enzyme solution 
(10uL AOX, 30uL 2.5% GA, 8mg 
BSA) 
III) pOPD film + drop casting of 

282.8 nA/mM 
(PPYox/BSA-GA) 0.01 – 0.75  0.0023 
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2uL enzyme solution (10uL AOX, 
30uL 2.5% GA, 8mg BSA) 

2015 [34] Pichia Pastoris 
(Sigma-Aldrich) 

Glassy carbon electrode 
(0.196 cm2) 

Au nanoparticles stabilized with 
AOX, encapsulated with PANI 
Chitosan and Nafion to cover the 
dispersed np on the electrode  

68.3 uA/(mM*cm2) 0.01 – 4.7  0.007 

2021 [24] Pichia Pastoris 
(Sigma-Aldrich) 

Screen printed carbon 
electrodes modified with 
PANI  
(0.11 cm2) 

Drop casting of 5uL 2.5% Nafion, 
40uL 0.1% GA and 40uL AOX 
solution  

1.705 uA/(mM/L) 0.01 – 1  0.045  

2018 [36] Pichia Pastoris 
(Sigma-Aldrich) Pt electrodes 

Electrodeposition of calcium 
alginate hydrogel to immobilize 
the enzymes AOX, HRP  

-54 nA/(g/L) 0 – 21,7  - 

2007 [39] Hansenula sp. 
(Sigma-Aldrich) 

O2 sensor (Pt cathode and 
Ag/AgCl anode) 
(2 mm diameter) 

Drop casting of AOX solution 
mixed with chitosan onto an 
eggshell membrane 

3.02 mg/(mM*L) 
(O2 sensor) 0.06 – 0.8  0.03  

2003 [26] Pichia Pastoris 
(Sigma-Aldrich) pellets: 3 mm diameter 

Mix of 0.28g graphite, 200uL AOX, 
11mg HRP, 0.4mL PBS, ferrocene 
and Teflon 

55.1 uA/mM 0.02 – 2  0.005  
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2.3 Non-enzymatic ethanol sensors 

The topic of non-enzymatic ethanol sensors has not been investigated deeply, 
as the gold standard has always been to work with enzymes thanks to their 
great selectivity. On the other hand, the energy field has been focusing, over 
the last decades, on sustainable energy and the devices used for this purpose. 
In particular fuel cells are of great interest in this field and many fuels have been 
studied for this purpose, in between which ethanol results as non-toxic and easy 
to store. Therefore, the ethanol oxidation on non-enzymatic catalysts has been 
investigated deeply in this industry type [40]. Multiple materials have been 
studied for this purpose, such as platinum, palladium, nickel and gold. In the 
next sections the focus will be on platinum as the material for non-enzymatic 
ethanol sensing. 

2.3.1 Ethanol oxidation reaction on platinum 

The ethanol oxidation reaction (EOR) on the surface of Pt catalyst can follow 
two different pathways, as shown in Figure 2.6 [40]: 

I. C1 pathway: the so-called complete oxidation, which consists in the 
oxidation of ethanol into carbon dioxide freeing a total of twelve electrons. 

II. C2 pathway: the so-called partial oxidation, which consists in the 
oxidation of ethanol into acetaldehyde or acetic acid, freeing respectively 
two and four electrons. 

 
Figure 2.6: EOR mechanisms on Pt catalyst. Figure adapted from [40] 

 
In the C1 pathway the C-C bond is cleaved, giving rise to intermediate 
compounds such as CHx, which are then oxidised into CO, that is further 
oxidised into CO2 [40].  
 
The EOR mechanism has been investigated to determine the reaction 
intermediates and the conditions that favour the two pathways. The ethanol 
oxidation on Pt depends on the composition and pH of the electrolyte, the 
voltage at which the reaction occurs, the temperature, the crystallographic 
orientation of the catalyst and the ethanol concentration [40]. 
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2.3.2 Influencing factors on EOR 

Many parameters influence which EOR pathway occurs when ethanol is present 
in solution. The main ones are ethanol concentration, pH and composition of 
the electrolyte in which the analysis is conducted, the applied potential to the 
electrode, and the crystallographic orientation. 
 
A study on polycrystalline Pt in an acidic environment showed that if ethanol 
concentration is lower than 0.1M, the C1 pathway is favoured. More 
specifically, for ethanol concentration equal to 25mM there is a peak of 
production of CO2. Instead, when ethanol concentration is higher than 0.1M, 
specifically from 0.2M up, the main product of the EOR is acetaldehyde. This 
can be explained by the fact that when the analyte concentration is very high, 
the catalyst’s sites are not able to adsorb water and cause its dissociation into 
H+ and OH-. This latter step is, in fact, crucial for the oxidation of acetaldehyde 
into acetic acid and of adsorbed CO groups into CO2, therefore the rate of 
ethanol oxidation is low at high ethanol concentrations [41]. Figure 2.7 shows 
the influence of ethanol concentration on the EOR as well as the oxidation 
reaction of adsorbed CO that takes place on the surface of the electrode, thanks 
to the presence of adsorbed dissociated water molecules. 

 
Figure 2.7: Scheme of ethanol concentration influence on the EOR 

 
Another important parameter that influences the EOR mechanism is the 
electrolyte. In a study conducted in 2010, a polycrystalline Pt electrode was 
tested in different solutions: perchloric acid (0.1M HClO4), sodium hydroxide 
(0.1M NaOH) and phosphate buffer solutions (0.1M PBS) with pH varying from 
2 to 12. The results showed that in alkaline media both C2 and C1 pathways 
take place and exhibit higher current densities than in acidic media. Moreover, 
the C1 pathway is promoted in the absence of strongly adsorbing anions, thus 
in perchloric acid and in sodium hydroxide. In the phosphate buffers instead, 
the anions get strongly adsorbed on the surface of the catalyst, therefore the C-
C bond cleavage is hindered [42]. 
 
In the same study the influence of applied potential was also studied. It was 
noticed that at low applied potentials on a clean Pt surface, the production of 
CO/CO2 and acetic acid is comparable. This can be explained by the fact that 
at low potentials the formation of oxidants, such as hydroxyl groups adsorbed 
on the surface, is low, therefore the oxidation of the adsorbed CHx and CO into 
CO2 as well as the oxidation of acetaldehyde into acetic acid, is limited. As the 
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potential increases, the oxidants’ coverage of the catalyst’s surface increases. 
At the same time, although, this higher coverage limits the adsorption of the 
analyte and therefore the cleavage of the C-C bond. For this reason, these two 
processes are always competing [42]. Therefore, as it was demonstrated in a 
study conducted in 2014 on Pt(111), the rate limiting step of the EOR is the 
adsorption of water and its dissociation. Thus, an ideal catalyst should adsorb 
intermediates weakly and water more strongly [43]. 
 
Finally, EOR is also strongly dependent on the crystallographic orientation of 
the catalyst. From a 2008 study the Pt(100) surface results as the best surface 
for the production of CO2, while Pt(111) yields only products belonging to the C2 
pathway. The selectivity towards the two pathways depends on how the atoms 
bind to the surface of the catalyst and the stability of hydroxyl groups adsorbed 
on the catalyst [44]. 

2.3.3 Additional elements influencing the EOR 

To improve the catalytic activity of Pt and therefore increase the chances of 
completely oxidising ethanol into carbon dioxide, elements such as metals or 
oxides can be added to the catalyst [40]. If a metallic element is alloyed with 
platinum an electronic effect is yielded, which means that the valence 
electronic structure of the catalyst changes, resulting in a more reactive surface, 
able to bind adsorbed species more strongly [40].  Specifically, if Ru, Sn or SnOx 
are added to the catalyst, a bifunctional effect results, which means that water 
dissociation is favoured on the surface of the catalyst [40]. This was 
demonstrated by a study which compared the ethanol catalytic performance of 
glassy carbon electrodes modified with only Pt (Pt/C), with Pt and SnOx 
8%weight (Pt/ SnOx8/C) and with Pt and SnOx 12% weight (Pt/ SnOx 12/C). The 
results show that as the quantity of SnOx increases, the catalytic activity of the 
electrodes increases, yielding a higher transfer of electrons [45]. 
 
The two mentioned effects must be tuned to allow for a stronger binding of water 
over intermediates, but also to elicit the cleavage of the C-C bond. Many 
catalysts have, in fact, been realised by adding Sn or Ru to Pt, exploiting 
therefore only the bifunctional effect. These catalysts cause only the partial 
oxidation of ethanol into acetaldehyde or acetic acid, not yielding the maximum 
current. When an additional metal element is included in the catalyst, this 
promotes the cleavage of the C-C bond, resulting in the production of CO2 and 
therefore the release of 12 electrons [40]. 
 
Many studies have compared the performance of differently modified electrodes 
in order to come to the previously mentioned conclusions. For example, in 2006 
Pt-Ru/C and Pt-Ru-Ni/C electrodes were compared and it was shown that the 
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catalyst containing Ni had a better resistance to CO poisoning in acidic medium 
[46].  
 
Six years later another study compared five electrodes in acidic medium: Pt/C, 
Pt-Sn/C, Pt-Re/C, Pt-Re-Sn/C %w(20:10:10) and Pt-Re-Sn/C %w(20:5:15) for 
ethanol sensing. The tri-metallic electrodes showed the better results, and the 
one with a lower percentage of Re has shown the best performance as it does 
not hinder the oxidation of intermediates [47].  
 
Finally, in 2015 the performance of Pt, Pt-Rh, Pt-SnO2, Pt-Rh-SnO2 catalysts in 
acidic acid were compared and it was demonstrated that the tri-metallic catalyst 
yields the highest amount of CO2 [48].  

2.3.4 Nanostructuration of the electrodes 

The addition of nanostructures on the electrodes has been used over the past 
decades in order to enhance the selectivity, sensitivity and LoD of 
electrochemical sensors. The nanostructuration of the electrodes does, in fact, 
increase the surface area yielding a better sensing performance in both 
enzymatic and non-enzymatic sensors [49]. It is possible to compute the 
enhanced area (electroactive surface area (ESA)) of the nanostructured 
electrodes from the CV curves of the electrodes. 
 
Among other techniques used for the development of nanostructures, 
electrodeposition is a simple and effective method [50] as well as perfectly 
compatible with electrochemical sensors and very well adaptable to 
miniaturized electrodes [49]. This technique is carried out with the electrode to 
be nanostructured immersed in an electrolyte solution containing the metal salts 
of the metal that will constitute the nanostructures. The three-electrode setup is 
completed with a CE and a RE. The WE behaves as the cathode while the CE 
behaves as the anode. When a potential is applied between the WE and the 
RE, the metal ions in solution get reduced at the surface of the WE. 
Simultaneously, the CE gets oxidised creating new metal ions in solution [51]. 
 
This method has been used in multiple research studies with the aim of 
developing ethanol sensors [52], [53], [54], [55], [56], [57], as can be seen in 
Table 2.2. Usually, electrodeposition of Pt is obtained by applying different 
potentials to the electrode when in solution hexachloroplatinic acid (H2PtCl6) is 
present.  
 
In a study conducted in 2015 the researchers investigated the influence of the 
metal salt concentration, of the applied potential and of the deposition time. The 
results showed that a higher concentration of H2PtCl6 yields a larger 
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electroactive surface area, whilst a higher applied potential promotes the 
formation of smaller nanostructures. The deposition time instead affects the 
shape of the nanostructures, causing them to be sharper as the time increases 
[50]. 
 
Multiple metals can be electrodeposited onto the WE by either exposing it to 
different electrolytes or by applying different potentials to yield the reduction of 
different ions [51]. For example, a trimetallic catalyst was obtained by 
electrodepositing Pt, Ru and Ni on a modified glassy carbon electrode (GCE), 
thanks to the application of pulsed potential in a solution containing salts of all 
three metals (0.2 M H2SO4, 1 mM H2PtCl6, 1 mM RuCl3 and 1 mM NiSO4) [55].  
 
In other works, the electrode nanostructuration is based on other methods. For 
example, in 2011 nanoporous PtAg (NPS-Pt) and PtCu (NPC-Pt) were prepared 
by first dealloying Ag and Cu from Al using AgAl and CuAl foils respectively, and 
then by immersing these nanostructures into H2PtCl6 to let the galvanic 
replacement reaction between nanoporous metal structures and noble metal 
salts take place while stirring. These nanostructures were then mixed with 
carbon powder, ethanol and Nafion. The resulting ink was deposited onto a GCE 
[58]. Two years later the research group used the same protocol to deposit 
nanoporous PtCo and nanoporous PtNi onto two separate GCE [59], [60]. In 
another study in 2017, Pt nanoparticles were prepared with a water-in-oil 
method, and simply drop-cast onto a SPCE [61]. 
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Table 2.2: List of non-enzymatic ethanol sensors, with focus on the electrodes used, the geometric area and the ESA, the nanostructuration technique, the 
analysis media and the sensing performance (sensitivity, LoD and linear range). In red are the catalytic elements. 

 

Year of 
publication Electrode Electrode 

surface (cm2) 
Nanostructuration 
technique Media 

Electrochemical 
active surface 
area 
(computation 
method) 

Sensitivity Linear range 
(mM) LoD (uM) 

2015 [52] 
ITO covered 
glass 
electrode 

0.16  

Pt and Ru nanoflowers 
were electrodeposited at -
0.4V (vs Ag/AgCl) in 2mM 
H2PtCl6, 0.5mM RuCl3 
and 0.2M H2SO4 

0.5M H2SO4 
0.5M NaOH 
0.1M PBS 
pH=7 

1.11 cm2 
(Cu upd 
stripping) 

56,6 
uA/(mM*cm2) 0.025 – 9.5  5  

2016 [53] 
GCE 
modified with 
EGN-GO  

0.03  

Pt and Cu were 
electrodeposited at -0.2 V 
(vs SCE) in 1mM H2PtCl6, 
100mM CuSO4, 0.2M 
Na2SO4. Following CV in 
0.5M H2SO4 for porous 
structure 

0.5 M H2SO4 1.15 cm2 
(H adsorption) 

11000 
mA/(mM*cm2) 0.25 - 13  50  

2017 [61] 

screen 
printed 
carbon 
electrode 

0.1256  

drop casting of Pt 
nanoparticles dispersion 
prepared with water-in-oil 
method 

1M KOH 4.56 cm2 
(H adsorption) 

12701 
mA/mM 15 - 102  - 

2019 [54] Au electrode 0.0706 

electrodeposition of Au 
nanoparticles at -3V (vs 
SCE) in 50mM HAuCl4 
and 3M NH4Cl. Following 
electrodeposition of Pt 
nanoparticles at -1V (vs 
SCE) in 4mM H2PtCl6, 
0.1M KCl 

0.5M H2SO4 18.8 cm2 
(H adsorption) 

76 
uA/(mM*cm2) 0.05 - 43.3  2.3  
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2009 [55] 

GCE coated 
with ionic 
liquid 
modified and 
MWCNT 

0.07 

Pt, Ru and Ni were 
electrodeposited by 
applying pulsed potential 
[-0.9;0]V (vs SCE) in 
0.2M H2SO4, 1mM 
H2PtCl6, 1mM RuCl3 and 
1mM NiSO4 

0.5M H2SO4 (potassium 
ferricyanide) 

21 
uA/(mM*cm2) 0 - 38  50  

2011 [58] GCE 0.1256  

nanoporous Ag (NPS) 
and nanoporous Cu 
(NPC) were added to 
H2PtCl6 to create 
nanoporous PtAg (NPS-
Pt) and nanoporous PtCu 
(NPC-Pt) respectively. 
These were then mixed 
with carbon, ethanol, 
Nafion and deposited 
onto the electrode 

0.5M H2SO4 (H desorption) 
0.42 
uA/(mM*cm2) 
(NPS-Pt) 

0 - 20 
(NPS-Pt) 

10 
(NPS-Pt) 

2013 [59] GCE 0.1256 

nanoporous PtCo mixed 
with carbon, ethanol, 
Nafion and deposited 
onto the electrode 

0.5M H2SO4 (H desorption) 

0.53 
uA/(mM*cm2) 
(deduced 
from graph) 

0 - 12 8  

2013 [60] GCE 0.1256  

nanoporous PtNi mixed 
with carbon, ethanol, 
Nafion and deposited 
onto the electrode 

0.5M H2SO4 (H desorption) 

0.43 
uA/(mM*cm2) 
(deduced 
from graph) 

0.2 - 11 10  

2013 [57] Au electrode - 

electrodeposition of Pt 
nanoparticles in 7mM 
H2PtCl6 solution. Fe3O4 
MNPs were drop casted 
onto the electrode 

0.1M H2SO4 -
Na2SO4 
pH=2 

- 420 
uA/(mM*cm2) 0.02 - 0.11  3.2  
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2019 [56] 
MoS2 
modified ITO 
electrode 

- 

electrodeposition of Pt by 
applying -0.2V (vs SCE) 
in 2mM H2PtCl6 and 0.1M 
H2SO4 

0.1M H2SO4  (H desorption) - - 105 (only test 
made) 
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2.4 Conclusion  

In conclusion, amperometric ethanol sensors based on enzymes are primarily 
developed using AOX and operate by sensing the increase of hydrogen 
peroxide concentration. To lower the applied potential to the electrode needed 
to obtain the oxidation of H2O2, electrocatalysts, mediators and additional 
enzymes are employed. Moreover, immobilization methods by using 
membranes, crosslinkers, and covalent binding, enhance enzyme loading and 
help retain the activity of these proteins. However, the main limitations of 
enzymatic sensors include the short lifetime of enzymes, the influence of 
environmental factors on the enzyme activity, and the low efficiency of the 
electron transport between the bioreceptor and the electrode. 
 
Non-enzymatic ethanol sensors based on Pt provide a viable alternative to 
enzymatic sensors. They are less sensitive to the environment and exhibit more 
direct and efficient electron transfer. The main techniques that can be used to 
improve the sensor’s performance are nanostructuration of the electrode as well 
as the inclusion of additional elements. The primary drawback of non-enzymatic 
sensors is the lack of specificity to the target analyte, which can lead to 
erroneous sensing of interferents, and the adsorption of reaction intermediates 
and byproducts on the electrode surface.  
 



Experimental work: Enzymatic sensor 

28 

Chapter 3: Experimental work: 
Enzymatic sensor 

 
 
This chapter describes the fabrication choices and methods used to develop the 
enzymatic sensor, moreover it reports the performance evaluation of these 
sensors when applied to a neutral solution containing the target analyte. In fact, 
the alcohol oxidase best working pH is between 7.5 and 8.5 based on the yeast 
it is derived from [62]. 

3.1 Electrode modification 

The enzymatic sensor was prepared following the protocol established by Rusli 
in 2021 for the development of sensors capable of detecting glucose and lactate 
during the beer fermentation process [63]. To simplify the manufacturing 
process and enhance reproducibility, no mediators, electrocatalysts, or 
additional enzymes were incorporated in the sensor’s fabrication. The protocol 
involved immobilizing the enzyme by crosslinking it with BSA using GA [63]. This 
immobilization technique is widely used in enzymatic ethanol sensors, as 
highlighted in Table 2.1. 
 
The enzymatic sensors developed in this project are based on the enzyme 
alcohol oxidase (AOX). AOX can be derived from three yeast species: Pichia 
pastoris, Candida boidinii and Hansenula polymorpha. For this study, the 
enzymes derived from the latter two species were selected because they are 
available in powder form. Lyophilized powder enzymes generally exhibit 
superior storage stability compared to enzymes purchased in solution, provided 
they are stored under appropriate conditions [64]. 

3.1.1 Materials and methods  

For the development of Hansenula AOX-based electrodes, the lyophilized 
enzyme was purchased from Creative Biogene, in a quantity of one KU. One 
unit of enzyme is defined as “the amount of enzyme that generates 1 umole of 
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H2O2 from methanol per minute at pH 7.5 at 25°C” [65]. The enzyme’s specific 
activity is reported as 10-40 units/mg, with the quality control test resulting in 
13.1 units/mg. 
 
The Candida Boidinii AOX was purchased in powder form from Sigma Aldrich in 
a quantity of 50 units, with specific activity of 5-15 units/mg. 
 
All electrochemical measurements were conducted at room temperature using 
a potentiostat (Autolab PGSTAT302N). The electrodes used to develop the 
sensors were disposable Metrohm DropSens Pt SPEs featuring a 4mm 
diameter Pt WE, a Pt CE and a Ag/AgCl RE. The experiments on the Hansenula 
based electrodes were conducted using the internal RE and CE from the 
screen-printed electrode setup with a compatible connector purchased from 
Metrohm DropSens.  An external commercial double-junction Ag/AgCl RE and 
a platinum wire CE were used to conduct the experiments on the sensors that 
included the Candida Boidinii AOX. 
 
The experiments used a 100 mL of 0.1M PBS (pH 7.4) obtained from VWR. The 
ethanol stock solution was prepared by diluting ethanol absolute purchased 
from VWR with the PBS. 
 
Cyclic voltammetry tests were conducted between -1 V and 1 V, with a scan rate 
of 100 mV/s, until the voltammograms were overlapping. 
 
Chronoamperometry studies were conducted with magnetic stirring at 300 rpm. 
A potential of 0.7 V relative to the RE was applied to ensure the oxidation of 
H2O2 produced during the enzymatic oxidation of ethanol. The CA tests were 
conducted for ethanol concentrations ranging from 0 to 20 mM. Each 
measurement was repeated with three electrodes to ensure reproducibility. 

3.1.2 Immobilization protocol 

The enzymatic electrode preparation relies on the usage of the drop casting 
technique, where a small volume of enzyme is deposited on the WE surface. 
 
The following is the protocol used for a glucose sensor based on the enzyme 
glucose oxidase: 

I. In a first phase, 3 mg of BSA were dissolved in 93.8 uL of PBS, then 
1.2 uL of GA were added to the solution and lastly 2 mg of glucose 
oxidase (GOX) were mixed in.  

II. A volume of 0.1 uL of this solution was deposited on the surface of the 
electrode and left to dry for 60 minutes.  



Experimental work: Enzymatic sensor 

30 

III. The electrodes are left to dry in the freezer for 24 hours before being 
ready to be used. 

This protocol was developed for a 0.26 mm2 WE and the enzyme used had an 
activity of 100-250 units/mg, resulting in an enzyme loading of 0.8097-2,024 
units/mm2 [63].  
 
For this study, adjustments were made to account for the larger area of the WE, 
which is 12.566 mm2. Based on a study reported in 2012, the drop-casting 
volume suited for this area is 10 uL corresponding to 0.119 units/mm2 [23].  
 
Two batches of sensors were prepared for both enzyme species. While the PBS, 
GA and BSA quantities remained consistent with the original protocol, the 
enzyme loading is different. 
 
Regarding the electrodes that include Hansenula, the first batch was prepared 
by mixing 2 mg of AOX in the solution to drop cast, which resulted in a loading 
of 0.2186 units/mm2. The other set, instead, was characterized by a loading of 
1 unit/mm2 and was achieved by including 9 mg of AOX in the solution to drop 
cast. 
 
The two sets of electrodes that included Candida AOX, were prepared by using 
2 mg and 19.8 mg of enzyme, to obtain a loading of around 0.0835-
0.251units/mm2 and 0.829- 2.488 units/mm2, respectively. 

3.2 Performance evaluation 

The immobilization procedure used for electrode functionalization proved to be 
inefficient. After every CV and CA test, the enzyme layer flaked off. Additionally, 
the enzyme solution prepared by including the highest mass of the enzyme 
(9mg for Hansenula, 19,8mg for Candida) were highly viscous, making them 
difficult to pipette and resulting in uneven coverage on the WE surface as shown 
in Figure 3.1. 
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Figure 3.1: Photos of the modified SPE with the enzyme Hansenula. In a) and b) the electrode 
on the left is prepared by including 9mg of enzyme, the one on the right 2mg.  a) 24 hours after 

the deposition; b) Zoomed-in view of the sensing area. 
 
All the CA tests of the modified electrodes showed no response to ethanol, as 
shown in Figure 3.2. 
 

 
Figure 3.2: CA response of Hansenula electrodes in 0.1 M PBS with consecutive ethanol spike. 

Stirring rate: 300 rpm; applied potential: 0.7 V vs Ag/AgCl RE 
 
Due to the poor stability of the enzyme layer and the high cost of the enzymes, 
further efforts to develop enzymatic ethanol sensors were not pursued. 

3.3 Summary and contributions 

This chapter describes the development of enzymatic ethanol sensors. The 
main topics are the choice of the AOX-producing yeast species, the 
immobilization protocol and the performance evaluation for the detection of 

(a) (b) 

20mM 10mM 8mM 6mM 4mM 2mM 1mM 



Experimental work: Enzymatic sensor 

32 

ethanol. The key contribution of this chapter is the adaptation of previously 
developed protocol to include the enzyme AOX on SPEs. 
 
Given the high cost of enzymes and the results with established enzyme 
immobilization protocols/units of enzyme per area, the focus of this thesis 
shifted to non-enzymatic ethanol sensing solutions, which are described in the 
next chapter. 
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Chapter 4: Electrode 
nanostructuration and pre-
screening 

 
 
This chapter describes the methods used for electrode nanostructuration and 
the evaluation of the performance of the sensors in the presence of ethanol in 
acidic, neutral and alkaline environments. 
 
There are two primary approaches to enhance the performance of non-
enzymatic sensors: the addition of a metal to promote the formation of alloys, 
or the nanostructuration of the electrode surface. As explained in Section 2.3.3, 
alloying Pt with other elements improves the chances of obtaining CO2 from 
EOR, thus yielding a higher current. In Section 2.3.4, it was explained how 
nanostructuration of electrodes causes an increase of the ESA, yielding an 
increase of the surface on which ethanol is oxidised.  
 
In this thesis, the nanostructuration of electrodes was conducted using two 
electrodeposition techniques. These were compared in terms of enhancement 
of the electrochemical active surface area (ESA) and of catalytic performance 
in the presence of the target analyte. 

4.1 Materials and methods 

Nanostructuration of electrodes was achieved using two electrodeposition 
techniques. In both methods, platinum was electrodeposited from an aqueous 
solution containing 25 mM H2PtCl6 and 50 mM H2SO4 [49], [63]. In particular, 
the first technique, LSV, is based on the application of a potential that varies 
linearly in time at a certain scan rate, while the second method, CC, is based 
on the application of a constant potential. In the latter protocol the solution is 
stirred at 500 rpm using magnetic stirrers. 
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The first method is called LSV electrodeposition. It was implemented in a study 
in 2019 to deposit Pt nanostructures onto gold microelectrodes [49]. The LSV 
was conducted at a scan rate of 100 mV/s using two different potential ranges: 
between 0 and -0.6 V or between 0 and -0.8 V relative to Ag/AgCl RE. In the 
same study, it was demonstrated that the latter potential range was more 
effective, therefore it was implemented in this project  [49]. 
 
The second method used is called chronocoulometry (CC) and it was used in a 
study in 2021 to deposit Pt nanostructures onto Pt electrodes [63]. The 
deposition of nanostructures is done by applying a constant potential over a 
period in order to control the charge passing through the electrode. In the 
original protocol the potential applied was -0.06 V towards Ag/AgCl RE in order 
to deposit a 25 mC charge on a 0.7854 mm2 electrode. For this study, the charge 
was scaled proportionally to account for electrodes with a surface area around 
16 times larger, yielding a charge of 400 mC [63].  
 
In both procedures, the electrodes were first cleaned with CV in nitrogen purged 
0.5 M H2SO4 until overlapping cycles were observed. The potential range used 
was between -0.2 and 1 V, with a scan rate of 100 mV/s. After cleaning, 
electrodes were rinsed with deionized (DI) water, dried with N2, and subjected 
to electrodeposition. Post-deposition, electrodes were again rinsed, dried, and 
underwent a material activation via CV test under identical conditions to assess 
the surface area enhancement. 
 
The LSV electrodeposition was carried out using an Autolab potentiostat, while 
the CC technique was executed using the Gamry 600+ potentiostat. In both 
procedures the RE is an external double junction Ag/AgCl electrode while the 
counter electrode is a Pt mesh. The working electrodes used are Pt SPE 
purchased from Metrohm DropSens with a 4 mm diameter WE (area 
12.56 mm2). Experiments were conducted in triplicates. 
 
There are mainly two techniques to evaluate the electroactive surface area of 
electrochemical sensors. The first one is by computing the area underneath the 
CV acquired in H2SO4 solution and related to the Pt oxide formation and 
subsequently dividing it by a factor of 420 uC/cm2, related to a 1 cm2 atomically 
smooth Pt electrode [50]. The second one consists in the computation of the 
area underneath the CV acquired in H2SO4 solution and related to the hydrogen 
adsorption/desorption peak and subsequently dividing it by a factor of 
210 uC/cm2, which is the charge associated with the H deposition [53]. In this 
work the first method is used. 
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The roughness factor (Rf) is a measure of the roughness of a surface. The 
higher this factor is, the higher is the nanostructuration. The Rf and the ESA are, 
in fact, proportional quantities. 
 
The computation of the roughness factor and ESA was obtained using the 
following steps: 

I. Computation of the area of the peak related to the Pt oxide formation 
underneath the CV acquired in H2SO4 solution. The potential range for 
the computation of this area was defined to be between 0.2 V and 0.8 V. 

II. Subtraction of the electrochemical double layer current density. This 
parameter is defined as the product between the potential range related 
to the Pt oxide formation and the current corresponding to the lower limit 
of this potential range. Figure 4.1 shows a visual representation. 

III. Division by the scan rate, to obtain the charge deposited. 
IV. Division by the conversion factor 420uC/cm2, to obtain the ESA. 
V. Division by the area of the electrode, to obtain the roughness factor. 

These computations were done in MATLAB, in particular, in order to compute 
the area underneath the CV, the MATLAB function trapz was used. 

 
Figure 4.1: Representation of a CV scan in H2SO4 after nanostructuration. The red rectangle 

represents the electrochemical double layer current density. 
 
Finally, CV measurements were conducted in order to evaluate the performance 
of the electrodes for sensing ethanol. They were performed using an Autolab 
potentiostat, double junction Ag/AgCl external RE and a Pt wire CE. They were 
conducted in all environments: acidic (0.5 M H2SO4), neutral (0.1 M PBS, pH 7) 
and alkaline (1 M KOH). In particular, the PBS was prepared using monosodium 
phosphate (NaH2PO4) and disodium phosphate (Na2HPO4) in order to avoid the 
presence of chlorides that can poison the surface of the catalyst. The tests in 
chloride-free PBS were conducted in triplicates. The scan rate used for these 
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tests was 100mV/s and the potential range was between -0.2 and 1 V. For 
ethanol additions, the stock solution was prepared by diluting ethanol absolute 
with the chloride-free PBS. 

4.2 Characterization of the nanostructured electrodes 

To compare the results of the two nanostructuration techniques, a morphological 
characterization was performed using a scanning electron microscope (SEM). 
Additionally, the ESA and the Rf were computed. 

4.2.1 Morphological characterization 

SEM images reveal that the nanostructuration obtained with the CC technique 
is much higher and more defined compared to the LSV results. The 
nanostructures are, in fact, bigger, therefore more visible and recognisable in 
the SEM image of the electrodes modified with the LSV deposition technique. 
These observations are evident in Figure 4.2. 
 

 

 

4.2.2 Evaluation of electroactive area and roughness factor  

To evaluate the increase of the catalytic activity of the nanostructured 
electrodes, CV tests were conducted in sulfuric acid before and after 
electrodeposition, as shown in Figure 4.3: 
 

500 nm 

500 nm 

(a) (b) 

Figure 4.2: SEM images of the nanostructured electrodes. a) Result of CC electrodeposition, 
 b) Result of LSV electrodeposition. 
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Figure 4.3: Comparison of CV scans in 0.5 M H2SO4 before and after electrodeposition. a) CV 
scan of CC nanostructured electrodes (blue) and bare Pt electrodes (red), b) CV scan of LSV 

nanostructured electrodes (blue) and bare Pt electrodes (red), c) Zoom in of CV scan of bare Pt 
electrodes. Scan rate: 100 mV/s. 

 
As can be noticed in Figure 4.3 (a) and (b), two peaks, both cathodic and anodic, 
between -0.2 V and 0.1 V represent the H2 adsorption/desorption. The cathodic 
peak around 0.5 V, instead, refers to the reduction of the Pt oxide formed during 
the positive scan. In the bare Pt scan (Figure 4.3 (c)) no significant peaks can 
be observed. Notice the different order of magnitude of the output current 
between the CV scans of the nanostructured electrodes and the CV conducted 
with the bare Pt electrodes. 
 
The magnitude of the output current of the CV conducted after the LSV 
deposition technique is around 10 times smaller than the one recorded after the 
CC deposition (Figure 4.3 (a), (b)). Therefore, it can be concluded that the CC 
nanostructuration is more effective than the LSV method. 
 
The computation of the ESA and of the roughness factor quantitatively 
represents this different nanostructuration efficiency. As shown in Table 4.1, the 
ESA, and the Rf for electrodes modified with the CC technique are 
approximately 15 times higher than those modified with the LSV technique. This 
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difference can be attributed to the fact that a 16 times higher charge passes 
through the electrode in the CC method in respect to the LSV method. 
 

Procedure ESA (cm2) Rf Applied charge (mC) 
LSV 1,02  0,02 8,07  0,16 25,77  0,76 
CC 15,07  0,02 119,89  0,20 400 

Table 4.1: Comparison between electrodeposition techniques in term of ESA, Rf and applied 
charge 

 
In conclusion, the CC deposition technique outperforms the LSV technique. 
Therefore, the following experiments evaluating the sensor performance in the 
presence of the analyte were conducted solely with the CC-modified electrodes. 

4.2.3 Performance evaluation 

To evaluate the performance of the nanostructured electrodes, CV 
measurements were conducted to qualitatively calculate the sensitivity of the 
bare electrodes and the nanostructured electrodes in three different 
environments; neutral, acidic, and alkaline environments, both with and 0.5 M 
ethanol. The obtained results are shown in Figure 4.4. 
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Figure 4.4: Comparison of bare SPE and nanostructured SPE in different environments in the 
absence and presence of 0.5 M of ethanol. (a) CV in 0.1 M chloride-free PBS (pH 7); (c) CV in 

0.5 M H2SO4; (e) CV in 1 M KOH. (b), (d) Zoom ins of bare SPE in the neutral and acidic 
environment respectively. Sample size in (a), (b) n = 3. Scan rate: 100 mV/s. 

 
As shown in Figure 4.4, the CV curves of bare SPEs in neutral (b) and alkaline 
(e) environments remain unchanged regardless of the presence of ethanol, 
indicating no ethanol sensing capability. In contrast, nanostructured SPEs 
exhibit distinct differences between blank scans and analyte scans in acidic and 
neutral environments (Figure 4.4 (a), (c)). When ethanol is added to the solution, 
the CV graphs show characteristic peaks, absent in the blank scan, 
corresponding to the oxidation and reduction of the analyte.  
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In the alkaline environment, no significant differences are observed between the 
blank and ethanol-containing solutions, suggesting that ethanol sensing is not 
feasible under these conditions (Figure 4.4 (e)). These findings indicate the 
potential for ethanol detection using nanostructured electrodes in acidic and 
neutral environments. 

4.3 Summary and contributions 

This chapter describes the nanostructuration of Pt electrodes using two different 
electrodeposition techniques and the pre-evaluation of the performance of the 
sensors for ethanol detection in solutions at different pH. The key contributions 
of this chapter include: 

I. Evaluation of the efficiency of two different analytical methods for 
nanostructuring electrodes and found in the literature, CC and LSV. ESA, 
Rf and applied charge were computed and compared. As a result of this 
comparison the CC method showed the best nanostructuration 
performance with a roughness factor of 119,9  0,2. 

II. Assessment of the ethanol detection capabilities of the CC-modified 
electrodes in neutral, acidic, and alkaline environments. The findings 
show that the nanostructured electrodes exhibit a much better sensing 
capability in acidic and neutral environments, in respect to the bare 
electrodes. 

 
In the next sections the focus will be the assessment of the analytical 
performance for sensing ethanol of the CC-modified electrodes in both neutral 
and acidic environments. 
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Chapter 5: Sensing of ethanol in 
neutral environment 

 
 
In the previous chapter the pre-screening analysis showed that there is sensing 
of ethanol in neutral environment; therefore, in this chapter the nanostructured 
electrodes prepared using the procedure outlined in the previous chapter were 
tested in a neutral environment to investigate their performance in detecting 
ethanol. 

5.1 Materials and methods 

All the experiments were conducted at room temperature using an Autolab 
potentiostat, an external double junction Ag/AgCl RE, a Pt wire CE and the 
nanostructured electrodes as the WE. The volume of solution used was 50 mL. 
 
The 0.1 M chloride-free PBS (pH 7) was prepared using monosodium 
phosphate (NaH2PO4) and disodium phosphate (Na2HPO4) to avoid the 
presence of chlorides, which could poison the catalyst surface. The ethanol 
stock solution was prepared by diluting absolute ethanol with the prepared 
chloride-free neutral PBS. Interferents stock solutions were prepared by dilution 
with chloride-free neutral PBS, kept in a refrigerator, and used within three days. 
 
CV tests were conducted to determine the potential range and provide a 
qualitative measure of ethanol sensitivity. The scan rate was set to 25 mV/s. 
 
CA tests were conducted to determine the potential at which the electrodes 
showed the highest response to ethanol. Moreover, CA tests were used to 
calculate the electrodes’ sensitivity, establish the LoD, and evaluate the 
influence of interferents. In all experiments, the desired concentration of the 
analyte was spiked into the solution using micropipettes. Prior to the 
experiment, all electrodes were rinsed with DI water and dried. In these 
experiments the solution is stirred at 600 rpm using magnetic stirrers. 
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Before each CA test, the desired potential was applied for 120 seconds to allow 
the current to stabilize. After the stabilization, the current was recorded for 
different amounts of seconds based on the focus of the CA test. 
 
For the CA tests conducted to determine the potential at which the electrodes 
showed the highest response to ethanol, a total of 150 seconds was recorded. 
The current averaged in the first 40 seconds represents the baseline current, 
while the current averaged in the last 80 seconds represents the electrodes’ 
response to the analyte.  
 
For the CA tests conducted to construct the calibration plot and the interference 
study, a total of 600 seconds and 700 seconds respectively was recorded. 
Additions of analytes were done every 100 seconds; therefore, the step current 
was computed averaging the current in the last 60 seconds. 
 
The LoD can be computed using two methods: LoD intrasample and LoD 
intersample. In this Chapter only the latter has been computed as 3*𝑆𝑏̅̅ ̅/�̅�, where 
𝑆𝑏̅̅ ̅ is the standard deviation of the signals in the blank medium between all 
electrodes and �̅� is the average sensitivity. The error of this LoD coincides with 
the percentage standard error of the average sensitivity, which is the only 
influential error. 
The computations were done with the Excel application. 

5.2 Definition of the optimal potential window in CV 

CV tests were conducted to identify the optimal potential window for the 
nanostructured electrodes in chloride-free neutral PBS with and without 2.5 mM 
ethanol. The upper potential was initially kept fixed at 1 V while the lower 
potential was decreased until the hydrogen evolution reaction (HER) peak 
became fully visible. The HER, which produces H2 as a product of water 
electrolysis, typically defines the lower limit of CV curves. The best lower 
potential was determined to be -0.9 V, as can be observed in Figure 5.1: 
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Figure 5.1: CV measurements to identify the lower potential of the window in 0.1 M chloride-free 

PBS (pH 7) without (a), and with 2.5 mM ethanol (b). Scan rate: 25 mV/s. 
 
Next, the upper potential was evaluated by fixing the lower potential at -0.9 V 
and increasing the upper voltage potential until the oxygen evolution reaction 
(OER) peak was observed. The OER, which produces O2 as a product of water 
electrolysis, marks the upper potential limit. The optimal upper potential was 
determined to be 1 V, as can be seen in Figure 5.2: 
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Figure 5.2: CV measurements to identify the upper potential of the window in 0.1 M chloride-

free PBS (pH 7) without (a), and with 2.5 mM ethanol (b). Scan rate: 25 mV/s. 
 
In conclusion, the optimal potential range for experiments in neutral 
environment was fixed between -0.9 and 1 V. 
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5.3 Identification of ethanol electrooxidation peaks in CV 

After determining the CV potential window, the nanostructured electrodes were 
tested with different ethanol concentrations to assess the proportional increase 
of the output current relative to the analyte concentration.  

 
Figure 5.3: CV acquired for different concentrations of ethanol in the range 0-10 mM at 

nanostructured electrodes in 0.1 M chloride-free PBS (pH 7). Oxidation peak I) and reduction 
peak II) are more prominent as the ethanol concentration increases. Scan rate: 25 mV/s. 

 
As shown in Figure 5.3, as the ethanol concentration increases there are 
multiple peaks appearing and increasing with the ethanol concentration 
increase. In particular, the blank scan showed no peaks in the positive potential 
range, while an oxidation peak appears in the presence of ethanol (peak I in 
Figure 5.3). Moreover, a reduction peak around 0.1 V becomes more 
pronounced with higher ethanol concentrations (peak II in Figure 5.3). Other 
peaks can be observed in the CV scan, but because of the complexity of the 
electrochemical reaction, it is not possible to determine which reaction is 
associated with each peak. Detailed analysis of the reactions occurring at the 
different potentials would require advanced techniques like in situ Fourier 
transform infrared spectroscopy (in situ FTIR) or differential electrochemical 
mass spectrometry (DEMS) [48]. 
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5.3.1 Determination of the calibration potential in CA 

CA was used to establish the potential yielding the highest ethanol response, 
with potentials ranging from 0 to 0.6 V. Figure 5.4 shows the step current as a 
function of the potential for three electrodes as well as the time-current plot. 

 
Figure 5.4: Time-current response to the addition of 2.5 mM ethanol at different applied 

potentials for electrode 1 (a), and 2 (b) in 0.1 M chloride-free PBS (pH 7). (c) CA average step 
current at different applied potentials; error bars: standard error of the step current for three 

electrodes. Sample size: n=3; stirring speed: 600 rpm. 
 
As can be seen from Figure 5.4 (a) and (b), referring to the responses of two 
different sensors, there is some variability among the electrodes, which is due 
to possible fabrication differences. Considering that after 0.3 V only one sample 
was responding to ethanol, the step current – applied potential plot shows only 
the data for the potentials up to 0.3 V. The highest ethanol response was 
recorded at 0 V relative to Ag/AgCl RE, which was subsequently used for the 
calibration plot. The error on the average step current was computed as the 
standard error among the different electrodes, thus dividing the standard 
deviation of the step current measured for three electrodes by the square root 
of the number of electrodes. 
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5.3.2 Calibration in CA 

CA was used to build the calibration plot by applying a working voltage of 0 V 
relative to Ag/AgCl RE. Figure 5.5 shows the time-current CA graph and the 
calibration curve. 

 
Figure 5.5: CA response to ethanol in 0.1 M chloride-free PBS (pH 7). (a) Time-current graph 

with ethanol additions every 100 s; (b) Average calibration curve; error bars: standard deviation 
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among three electrodes. Sample size: n=3; stirring speed: 600 rpm; applied potential: 0 V vs 
Ag/AgCl RE. 

 
The average sensitivity obtained for three electrodes was 18.27  0.93 uA/mM, 
and the mean sensitivity expressed per unit area is 145,46  7.42 uA/(mM*cm2). 
The error for the average sensitivity was computed as standard error, thus 
dividing the standard deviation of the sensitivity by the square root of the 
number of samples. The intersample LoD results to be 849  43 uM, the error 
is equal to the percentage standard error of the sensitivity. 
 
Considering the studies on non-enzymatic ethanol sensors presented in 
Table 2.2 (see Chapter 2), the sensors developed in this project demonstrate 
good sensitivity but more than a ten-time higher intersample LoD. This high 
discrepancy with literature could also be associated with the fact that 
intersample LoD value is always higher than intrasample LoD, therefore the 
reported studies might have computed the latter. Nevertheless, this study is 
innovative as it shows the feasibility of sensing ethanol in a neutral environment, 
which was shown before only by Hajian et al. [52]. 

5.4 Interference study 

Understanding the effect of interferences is crucial in the development of a 
sensor, as one of its primary characteristics is selectivity. Among the interferents 
commonly tested for ethanol sensors in the literature, this study considered 
isopropanol, acetic acid, glucose, and ascorbic acid. Figure 5.6 shows the result 
of CA tests conducted to evaluate the effect of these interferents on ethanol 
sensing. 
 

 
Figure 5.6: CA interference study in 0.1 M chloride-free PBS (pH 7). (a) Time-current plot with 
additions every 100 s; (b) Zoom in of (a). Sample size n=3; stirring speed: 600 rpm; applied 

potential: 0 V vs Ag/AgCl RE. 
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As can be seen from Figure 5.6, the influence of isopropanol, acetic acid, and 
ascorbic acid is negligible. However, the response of the electrodes to glucose 
is significantly higher than to ethanol. To better understand this cross-
interference between ethanol and glucose, further experiments were conducted, 
as described in the next section. 

5.4.1 Glucose cross-interference analysis 

Alcoholic beverages typically contain both ethanol and glucose, making it 
essential to evaluate the cross-interference between these analytes. 
 
In the past decades, non-enzymatic glucose sensors have been developed as 
an alternative to enzymatic sensors. Research on glucose sensors mainly 
focuses on monitoring blood glucose level for diabetes management. Among 
the materials that have been used to fabricate these sensors, platinum, as a 
noble metal, has shown high efficiency in glucose electrooxidation [7]. Notably, 
glucose oxidation into gluconolactone is favoured in alkaline and neutral pH due 
to the presence of reactive hydroxyl groups adsorbed on the catalyst surface 
[7]. In contrast, glucose reactivity was found to be lower in acidic media [66]. 
 
In this work, the influence of glucose on ethanol sensing was investigated by 
studying the sensitivity to ethanol in chloride-free neutral PBS with glucose 
(Figure 5.7). 
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Figure 5.7: CV analysis of cross-interference analysis between glucose and ethanol in 0.1 M 
chloride-free PBS (pH 7). Medium containing increasing concentrations of ethanol between 0 
and 10 mM and: (a) 1 mM glucose, (b) 5 mM glucose, (c) 10 mM glucose. Oxidation peaks I 

and II are proportional with ethanol concentrations. Scan rate: 25 mV/s. 
 
As glucose concentration in chloride-free neutral PBS increases, the peak 
currents corresponding to the ethanol oxidation peaks decrease, but continue 
to remain visible and proportional to the ethanol concentration (peak I and II in 
Figure 5.7). Therefore, ethanol sensing in a neutral environment in the presence 
of glucose is feasible. However, the sensitivity and LoD were not thoroughly 
investigated in this study, therefore the conclusion remains qualitative.  

5.5 Summary and contributions 

This chapter describes the analysis of the performance of nanostructured Pt 
electrodes in a neutral solution. The key contributions of this chapter include: 

I. The evaluation of the optimal CV potential window in chloride-free neutral 
PBS with and without ethanol, which resulted to be between -0.9 and 1 
V. 

II. The evaluation of the sensitivity and intersample LoD of the electrodes, 
which are respectively 145,46  7.42 uA/(mM*cm2) and 849  43 uM. 

III. The evaluation of the influence of interferents on ethanol sensing. In 
particular, it was observed that the only non-negligible interferent among 
the ones tested was glucose. This cross-interference was therefore 
investigated further and results showed there is sensitivity to ethanol 
even at high glucose concentrations when working with voltammetric 
techniques. 

 
In the next section the focus will be the analysis of the electrodes’ performance 
in acidic environment. 
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Chapter 6: Sensing of ethanol in 
acidic environment 

 
 
This subchapter presents the analysis of ethanol detection in acidic solutions. 
This analysis was conducted because the beer fermentation broth is 
characterised by an acidic pH. 

6.1 Materials and methods 

All experiments were performed at room temperature using an Autolab 
potentiostat, an external double junction Ag/AgCl RE, a Pt wire CE and the 
nanostructured electrodes as the WE, where not specified otherwise. The 
volume of solution used was 50 mL. 
 
The 0.1 M chlorides-free neutral PBS was prepared as explained in the 
subchapter 5.1. To lower the pH of the medium phosphoric acid was added. The 
resulting buffer pH was 4.  Moreover, 0.1 M PBS (with chlorides) from VWR was 
also used, after lowering its pH, to establish the influence of chloride ions on the 
electrode’s performance. Ethanol solution was prepared by diluting absolute 
ethanol with the chloride-free neutral PBS. Glucose solution was prepared using 
the chloride-free neutral PBS, stored in a refrigerator, and used within three 
days. 
 
CV measurements were performed to determine the optimal potential range, to 
qualitatively measure ethanol sensitivity, and to assess the reproducibility of the 
electrodes. The scan rate used was 25 mV/s. 
 
Two different protocols were used and compared for CA measurements to 
identify the potential at which the electrodes exhibited the highest response to 
ethanol and glucose separately. In both protocols, a magnetic stirrer with a 
speed of 600 rpm in the first protocol and of 450rpm in the second, and a 50 mL 
beaker were used. The protocols were two: 
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I. Spiking protocol: first, all electrodes were rinsed with DI water and dried. 
After, the working potential was applied for 120 seconds to allow the 
current to stabilize. After the stabilization, the current was recorded for 
150 seconds. The current averaged in the first 40 seconds represents 
the baseline current, while the current averaged in the last 50 seconds 
represents the electrodes’ response to the analyte.  

II. Continuous protocol: the electrodes were first activated in chloride-free 
PBS (pH 4) by performing CV at 100 mV/s for 10 cycles. Then a 
continuous measurement of current is done for the electrodes 
submerged in the solution without the analyte. The working potential was 
held constant for 120 s, then increased by steps of 0.1 V. The current 
averaged in the last 50 s at every potential tested represents the baseline 
current. This protocol was then repeated for electrodes submerged in the 
analyte-containing solution. The averaging process in this second 
configuration yields the current that represents the electrodes’ response 
to the analyte. This protocol was performed using an external double 
junction Ag/AgCl RE containing chloride-free acidic PBS as the outer 
filling solution, to lower possible chloride ions leaking. 

 
Finally, CV measurements were used to build the calibration plot in acidic 
solution and in the presence of glucose. Peak currents in the CV were manually 
determined after subtracting the baseline from each curve. The baseline was 
computed as the tangent to the CV scan at the minimum peak positioned 
between 0 and 0.2 V. The average sensitivity was evaluated using 5 freshly 
prepared electrodes. The standard error on the average sensitivity was 
computed as the ratio of the standard deviation of sensitivities to the square 
root of the sample size. 
 
The LoD was computed using two methods: 

I. LoD intrasample was computed as the average of the LoD calculated for 
each electrode. The LoD for each electrode in each individual medium 
is equal to 3*𝑆𝑏/𝑠, where Sb is the standard deviation between the peaks 
of the last three CV scans in the blank medium, and s is the sensitivity 
computed for each electrode. The error of this LoD was computed as the 
standard error among five electrodes, thus it is equal to the ratio 
between the standard deviation among the intrasample LoDs for each 
electrode and the square root of the number of electrodes. 

II. LoD intersample was computed as 3*𝑆𝑏̅̅ ̅/�̅�, where 𝑆𝑏̅̅ ̅ is the standard 
deviation of the signals in the blank medium between all electrodes and 
�̅� is the average sensitivity. The error of this LoD coincides with the 
percentage standard error of the average sensitivity, which is the only 
influential error. 
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The computations were done with the Excel application. 

6.2 Definition of the optimal potential window in CV 

The potential range was evaluated as in the neutral environment analysis. 
These were performed in the chloride-free acidic PBS with and without 2.5 mM 
ethanol. To identify the lower potential limit, the upper limit was fixed at 1 V, and 
vice versa for the upper limit analysis. Limits were identified based on the 
visibility of the HER and OER peaks. Figures 6.1 and 6.2 respectively show the 
lower and upper potential limit analyses in the blank solution and in the 
presence of ethanol. 
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Figure 6.1: CV measurements to identify the lower potential of the window in 0.1 M chloride-free 

PBS (pH 4) without (a), and with 2.5 mM ethanol (b). Scan rate: 25 mV/s. 
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Figure 6.2: CV measurements to identify the higher potential of the window in 0.1 M chloride-

free PBS (pH 4) without (a), and with 2.5 mM ethanol (b). Scan rate: 25 mV/s. 
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6.3 Identification of ethanol electrooxidation peaks in CV 

Once the potential range has been selected, the ethanol sensitivity was tested 
qualitatively by conducting CV tests with various ethanol concentrations as 
shown in Figure 6.3. 

 
Figure 6.3: CVs acquired for different concentrations of ethanol in the range 0-10 mM at 

nanostructured electrodes in 0.1 M chloride-free PBS (pH 4). Oxidation peaks I) and II) are 
more prominent as the ethanol concentration increases. Scan rate: 25 mV/s. 
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Figure 6.4: CVs in absence and presence of 5 mM ethanol in 0.1 M PBS (pH 4) in the presence 

of chlorides. Scan rate: 25 mV/s. 
 
As can be observed from Figure 6.4 the optimal potential range for the acidic 
medium in the presence of chlorides is between -0.55 and 1.15 V. The scans in 
absence and presence of ethanol overlap completely, indicating that ethanol 
detection is not possible when chloride ions are present in solution. This is 
because these charged particles get adsorbed onto the catalyst surface, 
poisoning it, thus significantly reducing its ability to catalyse ethanol oxidation 
[7].  

6.3.1 Glucose cross-interference with ethanol detection in CV 

In alcoholic beverages, both glucose and ethanol are present. Therefore, it is 
essential to evaluate this cross-interference when developing ethanol sensors 
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6.5. 
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Figure 6.5: Qualitative analysis of ethanol and glucose cross interference in 0.1 M chloride-free 
PBS (pH 4). (a) CVs at two different concentrations of glucose (2.5 and 7.5 mM) in the presence 

of ethanol (5 mM). (b) CVs at two different concentrations of ethanol (2.5 and 7.5 mM) in the 
presence of glucose (5 mM). Peak I) and II) are representative of ethanol oxidation. Scan rate: 

25 mV/s. 
 
In the CVs for ethanol sensing in the presence of glucose, represented in Figure 
6.5 (b), the two anodic peaks identified in the previous section are clearly visible, 
and the current peaks increase proportionally with the analyte concentration. In 
contrast, the CVs for glucose sensing in the presence of ethanol, represented 

-0.5 0 0.5 1
E (V) vs Ag/AgCl

-0.8

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

I (
m

A
)

0 mM
2.5 mM
7.5 mM

-0.5 0 0.5 1
E (V) vs Ag/AgCl

-0.8

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

I (
m

A
)

0 mM
2.5 mM
7.5 mM

I 

II 

(a) 

(b) 

5 mM ethanol 

5 mM glucose 

Ethanol concentration 

Glucose concentration 



Sensing of ethanol in acidic environment 

60 

in Figure 6.5 (a), do not show any proportionality between output current and 
glucose concentration for the two mentioned peaks. These findings confirm that 
ethanol can be detected in acidic medium even when glucose is present. The 
next steps involve quantifying this ethanol detection ability by determining the 
sensitivity and the intersample and intrasample LoD of the sensor in the 
presence of different glucose concentrations. 

6.4 Sensor’s calibration using CA 

Having established that ethanol can be sensed in acidic solution, even in the 
presence of glucose, the next step was to determine the potential for CA 
measurements to build a calibration plot. The two CA protocols were used to 
evaluate the electrodes’ response to ethanol and glucose addition in acidic 
solution. The results are shown in Figure 6.6 (a) and (b). 
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Figure 6.6: Average step current response to 2.5 mM ethanol (a) and 2.5 mM glucose (b) in 0.1 

M chloride-free PBS (pH 4) at different potentials. (a) Continuous CA protocol for ethanol 
measurements; error bars: standard error of the step current for three electrodes. Sample size: 

n=3; stirring speed: 450 rpm. (b) Spiking CA protocol for glucose measurements; error bars: 
standard error of the step current for two electrodes. Sample size: n=2; stirring speed: 600 rpm. 
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error on the average step current was computed as the standard error among 
the different electrodes, thus by dividing the standard deviation of the step 
current among the electrodes by the square root of the number of electrodes. 
 
The result of this analysis is that the response of glucose and ethanol happens 
at the same working potentials, therefore it is not possible to proceed with the 
construction of the calibration plot with this approach. It would, in fact, be 
impossible to differentiate between the oxidation of glucose molecules or 
ethanol ones. Thus, the calibration plot was constructed using CV, as described 
in the next sections. 

6.5 Intra-electrode reproducibility 

To ensure the reliability of the calibration constructed based on CV 
measurements, intra-electrode reproducibility was assessed. Figure 6.7 shows 
the CV scans for a single electrode, freshly prepared, used three times in 
chloride-free acidic PBS with 10 mM ethanol. 

 
Figure 6.7: CVs in 0.1 M chloride-free PBS (pH 4) containing 10mM ethanol of the same 

electrode used three consecutive times. Scan rate: 25 mV/s. 
 
The peak current of the reused electrode was lower than that of freshly prepared 
one, despite the characteristic peaks remain visible. This decline may be 
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6.6 Sensor’s calibration  

Three different calibration plots were built to evaluate the detection ability of the 
electrodes in chloride-free acidic PBS in the presence of three different glucose 
concentrations. Two calibration plots were constructed based on the measured 
peak currents of the two anodic peaks identified earlier (see Section 6.3). The 
analysis presented here focuses only on the peak around 0.6 V, as it provides 
better sensitivity and reproducibility. 
 
The obtained results demonstrate that the increasing glucose concentration 
reduces ethanol sensitivity (Table 6.2). Additionally, as the ethanol 
concentration increases, the peak potential shifts to more positive values, as 
shown in Figure 6.8. The linearity of the obtained plots is always higher than 
0.96 (R2).  
 
As shown in Table 6.2, the intrasample LoD is consistently below 1 mM. 
However, in respect to the literature studies shown in Table 2.2 (see Chapter 2), 
this result is more than ten-times higher. The intersample LoD is generally 
higher than the intrasample parameter, due to the difference in the response 
offset among samples, despite similar analyte sensitivity. 
 

Solution (glucose 
concentration in 0.1 M 
chloride-free PBS (pH 4)) 

Sensitivity 
(uA/mM) 

Sensitivity per 
unit area 
(uA/(mM*cm2) 

LoD intrasample 
(mM) 

LoD intersample 
(mM) 

0 mM 34,44 ± 2,14 274.19 ± 17.05 0,622 ± 0,037 1,13 ± 0,07 
2.5 mM 28,05 ± 1,12 223.35 ± 8.90 0,589 ± 0,118 5,694 ± 0,227 
7.5 mM 23,29 ± 0,89 185.41 ± 7.05 0,749 ± 0,134 2,213 ± 0,084 

Table 6.1: Comparison of ethanol sensitivity and LoD in 0.1 M chloride-free PBS (pH 4) 
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Figure 6.8: CV scans in 0.1 M chloride-free PBS (pH 4) with different ethanol concentrations 
after baseline subtraction. The peak currents were identified manually. Scan rate: 25 mV/s 

6.7 Summary and contributions 

This chapter describes the analysis of the performance of nanostructured Pt 
electrodes in acidic solutions. The key contributions of this chapter include: 

I. The evaluation of the optimal CV potential window in chloride-free acidic 
PBS with and without ethanol, which resulted to be between -0.65 and 
1.2 V. 

II. The evaluation of the ethanol sensitivity and LoD in chloride-free acidic 
PBS containing different glucose concentrations. The highest sensitivity 
is obtained when the medium doesn’t contain glucose, and it results in 
274.19 ± 17.05 uA/(mM*cm2) with an intrasample LoD of 622 ± 37 uM 
and an intersample LoD of 1130 ± 70 uM. 
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Chapter 7: Conclusion and future 
works 

 
 
This thesis presents the development of electrochemical sensors to detect 
ethanol in the beer fermentation broth. The sensors were created based on Pt 
SPE. Two different sensor routes were exploited in this work: an enzymatic and 
a non-enzymatic approach. 
 
The enzymatic sensor was developed using AOX species Hansenula and Pichia 
Pastoris. The immobilization of the enzyme was conducted adapting a 
previously implemented protocol that involves immobilizing the enzyme by 
crosslinking it with BSA using GA [63]. The enzyme solution was drop-cast onto 
the electrodes to obtain two different enzyme loadings: around 0.2 units/mm2 
and around 1 units/mm2. Despite using two different enzyme species, the 
immobilization of the enzyme on the electrode did not show the expected 
stability, as the enzyme layer flaked off after CV tests in solution. For this reason, 
the sensor response to ethanol was absent.  
Future experiments should focus on: 

I. Determining the influence of different amounts/concentrations of BSA, 
GA and enzyme on the activity of the enzyme after its integration on the 
electrode. More experiments can be performed by testing other enzyme 
species and producers. 

II. Possibly improving the electrode’s performance by modifying it with the 
addition of electrocatalysts, mediators, enzyme stabilizers and 
nanostructuration strategies. All the mentioned techniques are reported 
in the literature. 

 
The non-enzymatic sensor relied on the integration of Pt nanostructured layers 
via CC technique; the ethanol detection performance was investigated in both 
neutral and acidic environments. The main contributions of this research part 
are listed below.  

I. Effective nanostructuration of the electrodes. The implemented 
protocol was demonstrated to be reproducible and the increase of the 
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ESA was successful. The resulting roughness factor is equal to 
119,9  0,2. This was observed through the SEM imaging of the 
nanostructured samples as well as with the evaluation of the 
performance in ethanol detection. 

II. Effective ethanol detection in neutral and acidic environments, 
whilst in alkaline solution the response of the electrodes was absent. The 
calibration plot was constructed using CA and CV respectively in neutral 
and acidic solutions. The highest response was obtained in the acidic 
environment, where the sensitivity to ethanol resulted to be 
274.19 ± 17.05 uA/(mM*cm2) and the intrasample and intersample LoD 
are equal to 622 ± 37 uM and 1130 ± 70 uM respectively. 

III. Effective ethanol detection in the presence of glucose. The 
investigation of the cross-interference between glucose and ethanol is 
crucial as both analytes are always present in the beer fermentation 
broth. In particular, the sensitivity to ethanol decreases to 81.5 % and 
67.6 % in acidic solution containing 2.5 mM and 7.5 mM of glucose 
respectively. 

 
Future research directions may include: 

I. Improving the results of nanostructuration obtained with the LSV 
technique. It would be valuable to compare the nanostructures produced 
by the LSV and the CC techniques under equivalent charge applied. 

II. Constructing calibration plots for ethanol detection in the presence of 
glucose in neutral environment. The analysis conducted on this topic in 
this work, was qualitative but demonstrated the feasibility of ethanol 
detection under these conditions. 

III. Developing a glucose sensor for simultaneous ethanol and glucose 
detection both in neutral and acidic environments. A glucose sensor, 
such as one based on glucose oxidase (GOX), could be integrated with 
the ethanol sensors developed in this thesis. This would enable 
simultaneous detection in both environments and allow the selection of 
the appropriate calibration plot to compute the ethanol concentration in 
solution. 

IV. Understanding ethanol and glucose reactions on the electrode’s 
surface at different applied potentials. Techniques such as in situ FTIR, 
XPS, DEMS could provide insights into the reaction mechanisms and 
help identify optimal potentials for CA ethanol detection.  

V. Testing the reusability and the long-term functional stability for 
continuous monitoring of the electrodes in neutral and acidic 
environments.  

VI. Addressing ethanol detection in the presence of chlorides. Since beer 
fermentation broth contains chloride ions, poisoning could hinder the 
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detection of the analyte. Applying a specially developed protective 
membrane to repel chloride ions from the electrode surface may help 
mitigate this issue. 
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