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Overview of the research activities 

In this Ph.D. thesis, the main objective was to focus on improving the performance of 

sensing strategies for certain gases and (bio)chemical substances. Generally speaking, 

the research activities were divided into two main sections namely, electrochemical 

sensing studies (section 2.1) and gas sensing studies (section 2.2). In the former 

studies, the main attention was paid to the performance of the sensors for analytes in 

the aqueous phase using electroanalytical sensing strategies while in the latter ones 

getting deeper insight into the gas phase reactions and sensing performance of 

conductometric gas sensors, either qualitatively (mechanistic studies) or quantitatively 

were the core of studies. 

Electrochemical sensing analyses of this thesis encompasses the outputs and results of 

three separate research activities as follows: 

Study the effect of shell thickness (NiO in this case) on the electrochemical sensing 

detection of glucose using carbon nanotube/NiO core/shell nanostructure. The results 

were discussed and interpreted from both qualitative (sensing mechanism) and 

quantitative (improvement of sensitivity) points of view. 

Another core/shell nanostructure, i.e. carbon nanotube/Al2O3 was taken as a sensing 

material in this study; however, the focus was to improve the selectivity of the 

proposed electrochemical sensing platform for dihydroxy benzene isomers, i.e. 

catechol, hydroquinone, and resorcinol. 

In the last part of electrochemical sensing studies, CuO nanostructure was used to 

develop a non-enzymatic glucose sensor. Although the synthesis of sensing material 

was quite simple, cost-effective, and straightforward, the proposed electrochemical 

sensor was yet sensitive towards glucose detection mainly due to the electrocatalytic 

role of CuO. 

 In the gas sensing studies, on the other hand, analytes of interest were analyzed in the 

gas phase where the sensing phenomena were quite different from the electrochemical 

sensors mentioned above. The research activities in this part include four main topics 

as follows: 
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As in a conductometric gas sensor surface phenomena are of great importance, the 

carbon nanotube/NiO core/shell structures with different thicknesses of NiO shell were 

the subject of a study in which ethanol and acetone were analyzed as target gases. The 

effect of the shell thickness on the final performance of this gas sensor was clearly 

revealed and discussed in this study. 

The copper-metal oxide framework was the next sensing material whose gas sensing 

behavior towards NO2 was studied. The effect of operating temperature on the 

performance of this gas sensor was interesting and well discussed where it showed 

improved performance at lower temperatures (ca. 40 °C) for NO2 detection and, on the 

contrary, at higher operating temperatures (ca. 200 °C) for acetone detection. 

As detection of hydrogen is of great importance from industrial point of view, the next 

activity was devoted to designing a gas sensor for hydrogen monitoring. In this 

activity, the gas sensing behavior of WO3 was deeply investigated and, based on the 

quantitative results obtained the possible sensing mechanism was modelled and 

presented. I was actively involved in the sensing measurements and sensing modelling 

studies were undertaken by our colleagues from the University of Catania. 

My last activity in the gas sensing analyses section was to develop a gas sensor for 

NO2 based on carbon dots as the sensing material. Carbon dots were prepared from a 

cheap and easily available natural precursor, i.e., olive solid waste, by a simple 

pyrolysis process combined with a chemical oxidation step. This low-cost gas sensor 

could successfully detect NO2 even at very low concentrations. 

A more detailed discussion on each topic mentioned above can be found in the 

following sections of this thesis. 
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1 Introduction 

1.1 An introduction on electrochemistry  

Electrochemistry is an area of chemistry that studies the interrelation of electrical and 

chemical effects [1] while electroanalytical chemistry is the use of electrochemical 

techniques to characterize a sample. Although most electrochemical methods are based 

on three types of analytical signals, namely potential, current and charge, but a wide 

range of electrochemical methods have been developed using these three parameters 

[2]. As the simplest classification, various electrochemical methods can be divided 

into two major groups as follows: 

1- Bulk methods: Here the quantity measured is based on the phenomena that occur 

inside the solution. For example, in the conductometric method, the conductivity of a 

solution is measured, which is proportional to the concentration of the total ions 

dissolved in the bulk of a solution. 

2- Boundary methods (or Interfacial methods): In these techniques, the desired signal 

originates from the interface of solution-electrode. As an example, measuring the pH 

of a solution with a pH meter is actually based on an interfacial phenomenon. . 

 It is worth noting that the variety of boundary methods is much greater than balk 

methods and they can generally be divided into two categories of static methods and 

dynamic methods, each of which in turn includes a large number of sub-methods. The 

most important characteristic of a static system is the absence of electrochemical 

reactions and consequently the absence of current flow through the system (i = 0). 

Therefore, the concentration of species remains constant during the measurement. 

Unlike static methods, in dynamic methods, electric current flows in the system (i ≠ 0) 

and therefore the concentrations of the species participating in the electrochemical 

reaction are changed. Figure 1-1 shows some of the most important examples of these 

boundary methods. 
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Figure 1-1. Schematic view of common interfacial electrochemical methods [2]. 

An electrochemical cell in its simplest form consists of two electrodes. The first is an 

electrode that is sensitive to the concentration (or, better to say, is sensitive to the 

activity) of the species and is called the working electrode. The second electrode is 

used to complete the circuit or create a constant potential, and is called the reference 

electrode. It is worth noting that this two-electrode system is usually suitable for static 

methods in which there is no current passage (i = 0). 
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In dynamic methods where current passes through the system during analysis (i ≠ 0), 

the two-electrode system mentioned above is not very suitable because as the current 

passes through the reference electrode, its potential changes and it no longer has a 

constant value (this is not the case for micro or nano electrodes). Therefore, in dynamic 

methods, current should be prevented from passing through the reference electrode. 

For this purpose, three-electrode cells are usually used in dynamic methods. Here, one 

of the electrodes where the oxidation-reduction reaction of interest takes place is the 

working electrode, the other electrode that is used to complete the electrical circuit is 

called auxiliary or counter electrode, and the third electrode that is used to determine 

the potential of the working electrode at any given time is called reference electrode. 

Since in three-electrode cells the current flows only between the working and counter 

electrodes, a considerable current does not pass through the reference electrode and its 

potential remains constant. Two- and three-electrode configurations can be seen in 

Figure 1-2. 

 

Figure 1-2. Schematic view of a two-electrode (a) and three-electrode (b) system: Here Aux. 

Auxiliary electrode, Ref. Reference electrode and Work are work electrodes [3]. 
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1.2 Electroanalytical methods (used in this thesis) 

1.2.1 Chronoamperometry 

Chronoamperometry is a potential step technique, which generates a current-time 

graph at a constant potential applied to the working electrode [4]. This method involves 

tracking current changes due to the applying of potential step(s) to the working 

electrode over time. The potential step(s) are usually selected in such a way that the 

resulting current is of a diffuse nature. To perform this method, a three-electrode 

system including working, reference and auxiliary electrodes is used and a potential 

step is applied to the working electrode with the help of a potentiostat. To better 

understand this method, it is assume that in the electrode reaction described by the 

following equation (1-1) and at the beginning of the experiment there is only oxidizing 

species (O) in the solution: 

RneO                                                                                                         (1-1) 

Here the potential step (as shown in Figure 1-3a) is applied to the working electrode. 

Usually E1 is selected in such a way that O is not reduced. At the time the potential is 

applied to the working electrode, it is instantly changed to the new potential E2 so that 

the reduction rate of O is controlled by diffusion. The current-time relationship in this 

analysis can be understood using the concentration-time sections shown in Figure 1-

3b. Given that the surface concentration of species O at the applied potential of E2 will 

be zero, a concentration gradient will be established in the vicinity of the electrode 

surface. The area where the solution is depleted of type O is known as the diffusion 

layer, which is given by its thickness, δ. At the beginning of the of the potential step 

E2, the concentration gradient is steep and the diffusion layer is thin, but over time, the 

diffusion layer gradually expands and its thickness increases, resulting in a decrease 

in the concentration gradient and consequently an exponential decrease in the current. 

It is noteworthy that in this method, the immobility of the electrode and the solution 

causes that the flux of the electrolyzed compound towards the working electrode 

gradually decreases due to the increase in the thickness of the diffusion layer, which 

appears as a decrease in current. As long as the measured current intensity due to the 
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application of the E2 potential step is a diffusing current, the changes in current over 

time can be described by the Cottrell equation. 

i = Current 

n = number of transferred electrons 

F = faraday constant 

A = electrode surface area 

c⃰ = bulk concentration 

D = diffusion constant 

t = time 

The Cottrell equation shows the relationship between the current intensity resulting 

from the applying of a potential step (E2) at any given moment and the concentration 

of the species under study, C *. In most cases, with the help of data obtained from the 

chronoamprometric method and by plotting the variation of i-t-1/2, which appears as a 

straight line with a slope of nFAC*D1/2π-1/2, the diffusion coefficient (D) of the species 

can be determined. Coronamprometry can also be used to calculate the electrode area 

or to detect the mechanism of electrode reactions [5]. 

Figure (1-3) shows the potential-time change diagram (potential step applied to the 

working electrode), the changes of concentration sections in the vicinity of the working 

electrode over time, as well as the current-time response resulting from the application 

of the potential step of section (a). 

2
1

* )()(
t

D
nFACti




                                                                                
                                        (1-2) 
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Figure 1-3. a) potential-time change diagram, b) concentration section changes with time 

and c) corresponding current-time response 

 

1.2.2 Voltammetric methods 

In voltammetric methods, a time-dependent potential is often applied to the working 

electrode, and the resulting current variations are followed as a function of the applied 

potential. The resulting diagram shows the changes in current according to potential 

and is called a voltammogram. 

Historically, the oldest voltammetry method is polarography, which was introduced in 

the 1920s by a scientist named Jaroslav Heyrovský who won the 1959 Nobel Prize in 

Chemistry. A wide range of voltammetric methods have been developed since then. 

After the first cyclic voltammetry studies by Randles-Sevcik in the early 1950s, 

hydrodynamic voltammetric methods rapidly growth in the 1950s and 1960s [6]. In 

the same years, other very successful methods such as alternating current (ac) 

voltammetry and pulse voltammetry emerged [7]. After the introduction of 

microelectrodes in the 1970s and 1980s, another development in voltammetric 

methods occurred [8]. Electrode surface modification with the help of organic or 

(a) 

(c) 

(b) 



7 

 

inorganic modifiers has greatly expanded the scope and capabilities of voltammetric 

methods and made it a powerful analytical method. With the help of electrode 

modification, many analyses that were not possible using unmodified electrodes (bare 

electrode) (for example, due to high overvoltage) could be performed successfully [9]. 

Plotting the current curves with respect to the applied potential to the system, can 

provide valuable quantitative and/or qualitative information about the electrochemical 

system under-study. 

1.2.2.1 Different types of current in voltammetry 

The current measured in voltammetric methods has two main sources, which are:  

1. Faradic current: The origin of this type of current is the electron transfer processes 

at the electrode-solution boundary (interface). Moreover, the Faradic current itself can 

have two important sources. The first is the faradic current that arises from the electron 

transfer of the desired species (analyte) and we try to amplify this current as much as 

possible. The second source is the faradic current that results from the electron transfer 

of other species in the system (interferences) and we try to reduce its share in the total 

flow as much as possible. 

2. Non-faradic current: To produce this current, no electron transfer reaction occurs 

on the electrode surface and for this reason it is called non-faradic current. The main 

source of non-faradic current generation is the formation of electrical double layers 

(similar to a capacitor), due to the application of potential, near the electrode surface. 

This electrical double layer is created due to the applying a potential to the electrode 

and consequently the accumulation of charges on the surface of the electrode where 

ions in solution that have opposite charge with respect to the surface of the electrode 

move toward the charged electrode and accumulate near its surface. The creation of 

this electrical double layer is the main source of non-faradic current. It should be noted 

that by reducing the share of non-faradic current (capacitive current) in the total 

current, the sensitivity and, consequently, the detection limit of the method can be 

improved. 
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1.2.2.2 Key-points in a voltammetric analysis 

1. In a three-electrode configuration, the working, auxiliary and reference 

electrodes should be placed as close as possible to each other. For this purpose, 

the working electrode is usually placed between the reference and auxiliary 

electrodes so that it has the shortest possible distance from the reference 

electrode. This reduces the ohmic drop due to the resistance of the solution as 

much as possible and reduces the measurement error of the working electrode 

potential. 

2. Electrochemical cells usually have an inlet and outlet for blowing inert gas into 

the solution inside the cell, in order to remove the oxygen from the solution. It 

should be noted that this inert gas should be as pure as possible. Nitrogen gas 

is often used as an inert gas due to its high purity, availability and low price. 

3. The amount of solution required in electrochemical methods is often between 

5 to 20 ml, although in special cases, electrochemical cells with a capacity of a 

few microliters or a few litters are also designed and used. 

4. The concentration range of the analyte used in DC voltammetric methods is 

usually, not always, between 0.1-5 mM because at concentrations higher than 

5 mM, large currents cause a significant ohmic drop, which is one of the 

effective sources of the error is in voltammetric analyses. On the other hand, 

for concentrations lower than 0.1 mM, due to the decrease in the share of 

Faradaic current from the analyte in the total current, the share of background 

current in the total current will be dominant and this brings about error in 

measurements of analyte concentration. It is worth noting that in some 

voltammetric methods, such as the differential pulse or square wave 

voltammetry methods, the detection limit of the measurements can be reduced 

to concentrations of 10-7 M or even lower by increasing the ratio of faradic 

current to background current. 

5. In a voltammetric analysis, usually a high concentration (often more than 0.1 

M) of the supporting electrolyte (backup electrolyte) is added to the solution in 

order to first reduce the resistance of the solution (and therefore the ohmic 

drop). Additionally this supporting electrolyte will help to minimize the share 

of current due to analyte migration in the total current. It should be noted that, 
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firstly, the supporting electrolyte must be of high purity (because it is added to 

the solution with a much higher concentration than the analyte and then 

presence of even small amounts of impurities in it, will have a significant 

effect). Secondly, this supporting electrolyte, after dissolution, should produce 

ions that are not oxidized or reduced easily. This provides a wider potential 

window for analysis. 

6. In the absence of constant temperature conditions in the laboratory, sometimes 

it is necessary to place the electrochemical cell inside a thermostatic bath, 

because in some cases voltammetric responses are affected by temperature 

[10]. 

1.2.2.3 Cyclic voltammetry (CV) 

Among all voltammetric methods, cyclic voltammetry is the most widely used method, 

which is mainly used to acquire both quantitative and qualitative information. In recent 

years, a variety of potential scanning methods (such as cyclic voltammetry) have been 

used to study various systems. Understanding the mathematical equations governing 

these methods, it has become possible to measure many important kinetic parameters. 

Due to the high capability of the cyclic voltammetry method in investigating the 

mechanism of electrochemical reactions, this method is often used as the first and most 

useful method used to obtain mechanistic information about the electrochemical 

systems. For this purpose, we first perform potential sweeping in a wide range of 

potentials and obtain the resulting voltammograms. In these scans, several peaks may 

appear, which depending on their location, how they are created and decay, how they 

change with respect to the changes in potential scan speed, and how they change due 

to successive potential cycles, useful mechanical information can be provided. 

Figure (1-4) shows a potential-time profile applied to an electrode in cyclic 

voltammetry as well as the response of a reversible redox couple during a potential 

cycle. For example, if we assume that there is only oxidant species (O) in the 

environment, a negative direction is chosen for potential sweep in the first half cycle. 

As the applied potential gets closer to the formal potential (E°) of the redox pair, the 

cathodic current increases until cathodic peak is formed (at Epc). By passing through 

the potential region in which the reduction process takes place (at least 90/n mV after 
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the Epc), the direction of the potential scan is reversed. During reverse potential sweep, 

the reducing molecules (R), produced in the previous half cycle, are re-oxidized to 

form the anodic peak [11]. 

 

 

Figure 1-4. Potential-time excitation profile in a cyclic voltammetry analysis (a) and the 

resulting voltammogram for a reversible electrochemical reaction (b) 

In the cyclic voltammetry method, to investigate the reaction mechanism, the potential 

scan range, potential scan direction, potential scan speed and number of potential cycle 

can be changed and useful information about the mechanism of the electrode process 

can be obtained from their effect on the resulting voltammograms [12]. 

1.2.2.4 Differential pulse voltammetry (DPV) 

Although the cyclic voltammetry method has unique capabilities in the field of 

qualitative examination of electrochemical systems, it has not been very successful in 

terms of quantitative measurements as compared to other analytical methods such as 
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spectroscopic methods. Therefore, in the 1960s, due to some inherent disadvantages 

such as low analysis speed, low sensitivity and poor detection limit, pulse voltammetry 

methods gradually replaced potential linear scanning methods. Differential pulse 

voltammetry and square wave voltammetry were two of the most successful methods 

of pulse voltammetry [13]. One of the main reasons for the success of the differential 

pulse voltammetry method in chemical analysis is related to the successful 

minimization of capacitive current in this method. To remove the capacitive current in 

this method, the current is sampled (at least) twice during the applying each pulse. The 

first sampling of the current is done just before the applying the potential pulse (i1 in 

figure 1-5a) and the second sampling of the current just before the end of each pulse 

(i2 in figure 1-5a). The final current is reported as the difference between these two 

measured currents. Another result of dual current sampling is that the voltammogram 

obtained in the differential pulse voltammetry method appears as a peak (figure 1-5b). 

Due to the successful elimination of background current in the differential pulse 

voltammetry method and the consequent increase in the signal-to-noise ratio, the 

detection limits obtained for reversible redox systems can be reduced even to a 

concentration of 10-8 M. 

 

Figure 1-5. Differential pulse voltammetry. (a) The profile of potential waveform applied to 

the electrode over time and (b) the resulting voltammogram 
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1.2.2.5 Square wave voltammetry (SWV) 

Square wave voltammetry was first introduced by Krauss and Ramali [1].This method 

is often performed on a stationary electrode such as carbon paste, gold and glassy 

carbon electrodes etc. Figure 1-6 shows that, in a typical SWV, how the applied 

potential changes with time as well as the final response of a SWV analysis. As this 

figure shows, in the square wave voltammetry method, no time is given to the system 

to recover the diffusion layer again while applying successive potential pulses. It 

simply means that potential pulses are applied to the work electrode without time 

interval in between. Therefore, it can be said that the applied pulse profile in the SWV 

method is somehow similar to the differential pulse voltammetry method, except that 

in the SWV method no time is applied for pre-electrolysis (the time before applying a 

new potential pulse to the electrode to partially regenerate the diffusion layer) [14]. 

Figure 1-6 shows the most important parameters in a square wave voltammetric 

analysis. Pulse width (tp), pulse height (ΔEP) and potential step height (ΔEs) are among 

these parameters. Frequency (f) is another alternative to show the pulse width, which 

is defined as the number of potential cycles per second and is expressed as f = 1/2tp. 

Using the above definitions, the potential scan rate in a square wave voltammetric 

analysis can be calculated using the equation Ѵ=ΔEs/2tp (where Ѵ stands for potential 

scan rate). It is worth noting that in the square wave voltammetry method, only 

frequency parameter can be varied widely. Considering the above data, it can be 

known that the square wave voltammetry method is a very fast method. For example, 

if we consider that pulse width (tp) is 5 milliseconds and the potential step is 10 

millivolts, we can scan a potential range of one volt in one second. This very high 

speed of the SWV makes it a very suitable choice for use in chromatographic methods 

as a detector. 

Figure 1-6(a) clearly shows that in the square wave voltammetry method, the current 

is sampled twice per each potential cycle (shown by solid and hollow dots in the 

figure). The first current measurement is made at the end of the forward pulse and the 

second sampling of the current is performed at the end of the backward pulse of a 

potential cycle. Figure 1-6(b) shows the sampled currents variation over time and the 

current sampling locations (dark spots). As the applied pulse potential approaches the 
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reduction potential of the target species, the rate of analyte electrolysis increases 

sharply, and consequently the currents due to the reduction and oxidation of the analyte 

(in the opposite direction) begin to increase. As shown in the figure, the forward pulses 

accelerate the reduction of the oxidizing form and amplify the resulting cathodic 

currents, while the backward pulses cause the species produced in the forward 

(reducing) pulses to be re-oxidized 

Figure 1-6(c) shows that by deduction of the forward currents from the backward 

currents, a peak shape net current, at about the formal reduction potential of the redox 

couple, is obtained, which is very similar to the differential pulse voltammetry method 

[15, 16]. 

 

Figure 1-6. Square wave voltammetric analysis. Profile of potential waveform applied to the 

electrode over time (a) Current profile obtained over time (b) and normalized acquired 

voltammogram (c) [1]. 
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The main advantage of the square wave voltammetry method over the cyclic 

voltammetry method is the ability of this method to reduce undesirable background 

effects, and consequently providing a more precise insight of the electrochemical 

systems understudy. For this reason, useful quantitative information can be obtained 

for very low analyte concentrations using the square wave voltammetry method 

(compared to the cyclic voltammetry method). 

 

1.3 Conductometric gas sensors 

1.3.1 An introduction on chemoresistive gas sensors 

Nanostructured metal oxides semiconductors (MOSs) gas sensors have attracted 

significant interest over the last few decades since they usually offer the advantages 

such as low cost, ease of fabrication, high sensor response and short response/recovery 

times [17]. According to the sensing properties of the metal oxides, MOSs can be 

typically divided into two main categories namely n-type metal oxides and p-type 

metal oxides. Usually, the resistances of an n-type metal oxides decrease after 

exposure to the reducing gases such as H2, H2S, CO, CH4, NH3 where oxidising gases 

such as NO2, NO, O3, SO2, etc. increase the resistance of an n-type MOS. P-type metal 

oxides exhibit the opposite behaviour in the presence of reducing/oxidising gases [18].  

Chemo-resistive metal oxide gas sensors, i.e. the gas sensing platform used in my 

thesis, rely on changes of electrical conductivity of the sensing material due to a 

change in the surrounding atmosphere. The main methods to deposit the sensing 

materials onto a gas sensing substrate are mostly divided into two main groups namely 

thin film deposition, e.g. using chemical vapour deposition method, and thick film 

deposition, e.g. drop casting method. More specifically,  

• Thick films (thickness more than 1µm) are easy to deposit through relatively cheaper, 

easier and faster techniques 

• Thin film depositions (thicknesses between 5 nm and 1µm) results in the more 

homogeneous sensing films, but usually these techniques are more expensive and 

require complex systems for the deposition. 
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As thick film deposition methods are typically faster and more simple, this method 

was used throughout my thesis, see figure 1-7. 

 

Figure 1-7. A typical thick film gas sensor preparation procedure by drop casting method 

using a gas sensing substrate with platinum interdigitated electrodes onto the front side and 

platinum heater part onto the backside. 

An electrical heater is usually present on the backside of the ceramic substrate to 

ensure that the sensing material works at the optimal temperature. 

Gas detection is broadly assumed to be related to the reactions between ionosorbed 

surface oxygen and the target gas [19]. There is a shift in the equilibrium state of the 

surface oxygen reaction in the presence of a target gas. The resulting change in the 

state and/or amount of the chemisorbed oxygen is emerged as a change in the sensing 

material conductivity. For example, when a reducing gas, e.g. H2, CO, ethanol, 

acetone, etc., comes into contact with the sensing material surface, it changes the 

density of the ionosorbed oxygen. This is manifested as a change in the sensor 

resistance which will be used as an analytical signal to quantify the concentration of 

the target gas [20]. 

The usual operating temperature of metal oxide gas sensors is from 150 to 500 °C. 

Operational temperature is the most important parameter influencing the performance 

of a chemoresistive gas sensor. To avoid long term variations in metal oxide based gas 

sensors function, the operating temperature should be low enough in order to prevent 
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significant bulk change of the sensing material and high enough so that gas reactions 

occur with acceptable response and recovery time. 

Figure 1-8 illustrates a schematic diagram of a typical chemoresistive gas sensing 

setup. Herein, different gas needed for running the gas sensing setup are supplied either 

from certified bottles with known concentration of the desired gases (more common) 

or from different permission tubes.  

 

Figure 1-8. Schematic view of our in-house built gas sensing setup 

These gases are mixed in the next step using mass flow controllers (MFC) to produce 

desired concentrations. These gas streams are later directed into a gas chamber in 

which gases are exposed to the sensing materials (deposited onto a gas sensing 

substrate). This contact between sensing material and gases inside the gas chamber 

brings about a variation in conductivity of the sensing material, which is then recorded 

using a multimeter and used as the sensing signal.  

Usually two main gas mixtures is used in the chemoresistive gas sensors. First, a 

mixture of 20% oxygen and 80% of nitrogen which is used as a reference mixture. 

When the sensing material is exposed to this gas stream the recorded resistance is 

called baseline resistance (or reference resistance). In the next step, sensing material 

is exposed to another gas stream containing oxygen, nitrogen and target gas (whose 

concentration is going to be determined) and the new resistance is recorded as target 
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resistance. Depending on the gas sensing material, p-type or n-type, and type of target 

gas, reducing or oxidizing gas, a variation in resistance is observed. Ideally, this 

variation is related to the concentration of the target gas and is used to plot a calibration 

curve.  

This operating simplicity together with low cost, miniaturization ability and 

compatibility to integrate with electronic devices, make MOS chemoresistive gas 

sensors a valuable option in real field applications. However, despite the 

aforementioned advantages, some limitations including low selectivity (the capability 

to discriminate among different gases) and low long-term stability are the main 

remaining challenges to be addressed. 

Playing role in different fields like automotive industry, bio medics, homeland 

security, and breath analysis, developing gas sensors are of great importance in order 

to fulfil upcoming demands to develop more reliable gas sensors. In fact, by choosing 

specific type, size and shape of the material it is possible to improve the sensing 

performance of a gas sensor. 

 

1.4 Analytical figures of merit 

Chemists, to assay and eventually to compare different measurement methods, mainly 

use figures of merit.  The most important figures of merit used in this thesis are linear 

dynamic range, sensitivity, selectivity and detection limit. They are briefly introduced 

as follows,  

Linear dynamic range: Concentration range over which a linear change in the 

instrumental response (signal) is observed along with variation in the analyte 

concentration. 

Sensitivity: Analytical sensitivity is defined as the variation in response (signal) 

magnitude due to the variation in the amount of analyte and is mostly reported as the 

change in signal per unit change of analyte. The sensitivity of a technique is correctly 

reported as the slope of the calibration curve and, provided the plot is linear, can be 

measured at any point on it. 
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Selectivity: Selectivity is an index that shows the ability of a method to determine 

particular analytes in mixtures or matrices without interfering from other components 

of similar properties. An analytical method is selective if its signal is a function of the 

amount of analyte present in the sample. In an ideal situation where the signal is only 

related to the analyte concentration, the method is called specific, which is rare to 

achieve.   

Limit of detection: is defined as the minimum (smallest) detectable amount of analyte 

with a certain level of confidence (reliably detected). As a general rule, detection limit 

of an analyte shows the concentration which generates a signal significantly different 

from the ‘blank’ noise (commonly signal to noise ratio ≥ 3). 
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2 Experimental activities, Results and Discussions  

2.1 Electrochemical sensing analyses  

2.1.1 Tuning the NiO Thin Film Morphology on Carbon Nanotubes; Effect of 

shell thickness on electrochemical detection of glucose 

Abstract. Quantification of biological or biochemical substances is critical in 

healthcare applications. Herein, in order to take advantage of both catalytic activity of 

NiO for glucose oxidation and high conductivity of CNTs, NiO films with different 

thicknesses were deposited on the surface of stacked-cup carbon nanotube (SCCNT) 

using atomic layer deposition (ALD) technique. Thanks to the synergetic effect of this 

composite, i.e. atomic layer deposited NiO on the surface of SCCNT (NiO/SCCNT), 

we prepared an electrochemical sensor with high sensitivity of 1252.3 μA cm−2 mM−1 

and an ultrafast response (<2s) for glucose determination in alkaline solution (0.1 M, 

KOH). Additionally, exploiting ALD technique provided us with an opportunity to 

deposit NiO on the SCCNT surface with different thicknesses, which in turn, enabled 

us to evaluate thoroughly the effect of different thicknesses of NiO on glucose 

measurement. 

2.1.1.1 Introduction 

Glucose is a vital biochemical substance whose detection, quantitatively or 

qualitatively, is of great importance not only in clinical diagnostic tests but also in 

food, textile and other industries [21]. Diabetes, as a widespread metabolic disorder 

relevant to glucose, is being changed to a prevalent challenge for human healthcare 

due to change in lifestyle and environmental pollutants [22]. Evaluation of glucose can 

be useful as a diagnostic test for diabetes mellitus, which is a global health problem 

with devastating social and economic impact, as well as for cancer treatment. 

Therefore, many efforts have been directed to evaluate glucose using different kinds 

of organic and inorganic materials. Many studies have been carried out to develop non-

enzymatic glucose sensors based on functionalised nanostructures of noble metals (Pt, 

Pd, Au) and alloys (Pt Ru, Pt Pb, Pt Au, etc.). In spite of having good electrocatalytic 

activity, materials based on noble metals such as Pd-SWCNT [23], Pt-CNT [24], 

MWCNT-RuO2 [25], Pt Ir alloy [26] and Au Pt alloy [27] exhibit limitations due to 
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their high cost and vulnerability to chemisorbed intermediates and chloride ions [28]. 

Nowadays, transition metals (e.g. W, Mn, Zn, Fe, Co, Ni, Cu) and transition metal 

oxides (e.g. CuO, Mn2O3, Co3O4, NiO, WO3, RuO2) have received noticeable attention 

as cost effective electrocatalysts for electrochemical sensing [27-31]. It is important to 

mention that the properties (i.e., sensitivity, selectivity, response times and stability) 

of non-enzymatic electrochemical glucose sensors strongly depend on the electrode 

material and its nanostructure [32, 33]. Ni based materials, especially NiO and 

Ni(OH)2, have been widely reported due to their low toxicity, low cost and high 

electrocatalytic activity promoted by the Ni3+/Ni2+ redox couple in basic media [34, 

35]. Nonetheless, the poor stability, high charge transfer resistance and sheet 

resistance, which lead to insufficient electron-transfer kinetics, hinder the wide 

applications of Ni based materials in electrochemical sensors.  

 

Herein, the fabrication of NiO/SCCNTs nanocomposites by ALD with different 

number of ALD cycles (25, 50, 100, 200, 400 and 700), as well as their morphological, 

structural and electrochemical characterization, and their application as the active 

electrode material for enzyme-free glucose detection is reported. Using ALD 

technology gave us this opportunity to not only prepare a sensitive and selective sensor 

for glucose but also to investigate the effects of thickness of nickel oxide layer on the 

performance of the proposed sensor for glucose determination. 

2.1.1.2 Electrode preparation 

Electrochemical measurements were performed using commercial screen-printed 

carbon electrode (SPCE), comprising of a planar substrate equipped with a carbon 

working electrode (4 mm in diameter, geometric area of 0.1257 cm2), a silver pseudo-

reference electrode and a carbon auxiliary electrode. To modify the bare SPCEs, 1.0 

mg of each NiO/SCCNTs nanostructure, i.e. SCCNT coated with NiO through 25, 50, 

100, 200, 400 and 700 cycles of ALD, was ultrasonically dispersed in distilled water 

(1 mL). The desirable amounts of the homogenous dispersions were directly drop 

casted onto the surface of the carbon working electrode and left at room temperature 

to dry until further use. Cyclic voltammetry (CV) and amperometry (I-t) techniques 

were applied at DropSens μStat 400 Potentiostat empowered by Dropview 8400 
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software for data acquisition. All experiments were performed at room temperature 

unless otherwise stated. 

2.1.1.3 Result and discussion 

2.1.1.3.1 Transmission electron microscopy analyses (TEM) 

The detailed structure and morphology of the as synthesized NiO/SCCNT samples was 

analyzed by transmission electron microscopy (TEM). Fig. 2-1 shows TEM and high-

resolution TEM (HRTEM) images for samples coated through 25, 50, 100, 200, 400 

and 700 cycles of NiO ALD (abbreviated as S25, S500, S100, S200, S400 and S700, 

respectively). The diameter of the SCCNT as found by TEM images is around 75-110 

nm. To differentiate between the samples, a thorough investigation was made by taking 

the TEM images of individual SCCNT/NiO composites. 

 

Figure 2-1. TEM images of pristine SCCNT (a, b), an overview of NiO coated SCCNTs with 

100 ALD cycles (c), HRTEM images for S25 (d), S50 (e), S100 (f), S200 (g), S400 (h) and 

S700 (i). The inset in (i) shows the SAED pattern of S400. 
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It can be clearly seen that, SCCNT are equally and conformably coated from the inner 

and the outer surfaces with NiO nanoparticles. The polycrystalline character of the 

coating was confirmed by SAED (inset in Figure 2-1i) for the sample with 400 NiO 

ALD cycles. The main Debye-Scherrer rings correspond to the (111), (200) and (220) 

planes of the rock salt structure of NiO and to the (002) plane for graphitized carbon 

in the composites. The thickness of the NiO coating increases with the no. of ALD 

cycles, the average thickness calculated for samples coated with 25, 50, 100, 200, 400 

and 700 cycles is 0.8 nm, 1.7 nm, 4.0 nm, 6.5 nm, 14.0 nm and 21.8 nm, respectively, 

figure 2-2.  

 

 

 

 

 

 

 

 

Figure 2-2. Thickness of the NiO film as a function of number of ALD cycles, under self 

limiting conditions. The linear fitting crosses the origin with a slope of 0.32 Å cycles-1. 

The layer proportionately developed with the no. of ALD cycles and the growth per 

cycle (GPC) is calculated as 0.032 nm from the slope of the linear fit (R2=0.9957), 

proving the self-limiting growth behavior of the ALD process. 

2.1.1.3.2 Electrochemical behavior of glucose at CNT/NiO modified electrode 

In order to understand the electrochemical behavior of CNT/NiO modified electrodes, 

cyclic voltammetry (CV) analysis was carried out in alkaline medium (KOH solution). 

Regarding this, we investigated some key factors which are of great importance in both 

practical and theoretical aspects of glucose oxidation. Effect of different thickness of 

NiO on glucose oxidation, effect of alkalinity of medium as well as scan rate on 

electrochemical glucose oxidation, and, finally, evidences about EC′ mechanism of 

glucose oxidation were thoroughly studied. 
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2.1.1.3.3 Effect of NiO thickness on glucose oxidation 

Cyclic voltammetry was used for studying the interfacial redox chemistry of the nickel 

oxide nanostructures toward glucose oxidation. Fig. 2-3 illustrates typical CVs 

recorded in 0.1 M KOH with and without glucose for a CNT/NiO modified electrode 

(S200).  

CVs for the CNT/NiO modified electrode showed a pair of well-defined anodic and 

cathodic peaks at about 0.530 and 0.470 V in 0.1 M KOH solution (dashed curve in 

fig. 2-3). These two peaks can be ascribed to NiII/NiIII redox pair or Ni(OH)2/NiOOH. 

Generally, electrochemical behavior of NiO toward glucose oxidation in alkaline 

solutions can be explained as follows: first NiO is converted to Ni(OH)2 in alkaline 

medium and after that Ni(OH)2 species generate oxyhydroxide species (NiOOH) by 

cycling potential, see equations 1 and 2 [36]. Afterward, NiOOH nanostructures 

oxidize glucose while being itself reduced back again to Ni(OH)2 . Regeneration of 

Ni(OH)2 due to irreversible reduction of NiOOH by glucose increases oxidation peak 

current in the presence of glucose. NiOOH that is considered as active form of nickel 

hydroxide for catalytic oxidation of glucose, can be reproduced again via oxidation of 

Ni(OH)2 at electrode surface which resulting in a catalytic cycle. Meanwhile, in the 

presence of glucose, cathodic peak decreases with increasing glucose concentration 

because NiOOH species have been already consumed by glucose and, consequently, 

relatively smaller current will be generated during cathodic scan, see Fig 2-3. Another 

interesting aspect of glucose oxidation at CNT/NiO modified electrode was positively 

shift of anodic peak potential with increasing glucose concentration, which has been 

already observed in other reports [37, 38]. Although there is not complete agreement 

on the reason, however, change in local pH at the electrode surface due to prolong and 

rapid oxidation cycle [39] and diffusion-limited process of glucose at CNT/NiO 

modified electrode [40] can be considered as possible reasons for this observation. 

CNT/NiO + H2O          CNT/NiO.H2O          CNT/Ni(OH)2                              (1) 

CNT/Ni(OH)2 + OHˉ         CNT/NiO(OH) + H2O + e-                                       (2) 

CNT/NiO(OH) + glucose          CNT/Ni(OH)2 + glucolactone                           (3) 
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Figure 2-3. Recorded cyclic voltammograms in a 0.1 M KOH solution containing different 

amounts of glucose at 50 mV/s for S200 modified electrode. 

Effect of different thickness of deposited NiO onto CNT toward oxidation of glucose 

was explored by preparing different modified electrode using S25, S50, S100, S200 

and S400. Here, we put our attentions on two important figures of merit i.e. sensitivity 

and linear dynamic range (LDR) for glucose measurement using these modified 

electrodes. For achieving this, calibration curves for measurement of glucose with 

different modified electrodes were obtained using cyclic voltammetry and sensitivity 

(slope of calibration curve) and LDR were extracted from them. As can be seen in fig. 

2-4, sensitivity of glucose determination increases with increasing the thickness of NiO 

up to S100, however, for higher thickness, i.e. S200 and S400, sensitivity decreases to 

some extent. This interesting observation can be explained keeping this in mind that, 

active sites for glucose sensing are NiO species, after converting to NiO(OH); hence, 

for S25 response to glucose is lowest due to the lack of NiO species for glucose 

oxidation. However, increasing amount of NiO species from S25 to S100 endows 

higher and higher sensitivity to corresponding sensors and finally for S100 sensitivity 

reaches the highest value because available active sites for glucose oxidation become 

maximum. For higher thickness, e.g., S200 and S400, increasing the thickness of NiO 

cannot increase the available active sites anymore, therefore, sensitivity curve reaches 

a plateau in this area or even declines because NiO is originally an insulant material 

and can increase resistance of electrode. Very sharp rising in LDR from S25 to S100 

and becoming almost the same for S100, S200 and S400 can also be understood 
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regarding abovementioned reasons. Less NiO active sites in S25 and S50 can be 

saturated in lower concentrations of glucose and causes deviation of calibration curve 

from linearity even in low concentration of glucose. Therefore, S100 modified 

electrode was chosen for further studies. we  also optimized amount of nanocomposites 

for electrode modification by dropping different amount of 1 mg/mL suspension of 

S100 onto the SPE, i.e. 2, 4, 6 and 8 µL, see fig. 2-4. 4 µL was chosen as the optimum 

volume because it gave the highest difference between ip in the presence of glucose (2 

mM) and ip in the absence of glucose (0.1 M KOH).  

Figure 2-4. Effect of different amount of deposited NiO on (a) sensitivity and (b) LDR of 

glucose determination. (c) Effect of different amounts of S100 on background subtracted 

current (Δip) in glucose solution. 

2.1.1.3.4 KOH effect 

Further, behaviour of S100 modified electrode was thoroughly studied using different 

concentration of KOH from 0.01 M to 1 M in order to optimize KOH concentration 

and obtained results have been presented in fig. 2-5. Displayed results in fig. 2-5a 

depict that, in 0.01 M KOH solution anodic peak potential is appeared in a much more 

positive potential and peak current is considerably lower than other KOH 

concentrations. However, enhancing anodic peak current continues sharply from 0.01 

to 0.1 M KOH concentration, maximized at 0.1 M and decreases, to some extent, from 

0.2 to 1 M of KOH. These observations can be explained considering this that OHˉ 

ions have great impact on sensing properties of CNT/NiO modified electrode toward 

glucose, see Eq1,2 and 3. In very low concentration of KOH, e.g. 0.01M, NiO(OH) 

cannot be produced enough form NiO species and, due to critical role of NiO(OH) in 

catalytical oxidation of glucose, peak current will be lower and peak potential occurs 

at higher potential. However, very high concentrations of KOH are not suitable for 
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performance of CNT/NiO modified electrodes since high concentrations of OHˉ ions 

can block adsorption of glucose and/or causes producing undesirable intermediates 

during oxidation of glucose which block the surface of electrode [41] and decrease the 

peak current. Then, 0.1 M KOH was used for further tests. 

 
 

Figure 2-5. Cyclic voltammograms of the NiO/CNT modified electrode (a) in different KOH 

concentrations and (b) in in different KOH concentrations and a constant glucose 

concentration at scan rate of 50 mVs−1. (c) Peak current of cyclic voltammograms in the 

absence (blue) and presence (red) of a constant concentration of glucose. 

2.1.1.3.5 Scan rate effect 

Effect of scan rate on sensing process of CNT/NiO modified electrode was studied to 

provide evidences about kinetic of reaction of glucose at the electrode surface. As scan 

rate was enhanced from 5 to 100 mV/s (fig. 2-6) both anodic and cathodic peak 

currents increased alongside with shift in cathodic and anodic peak potentials in 

negative and positive directions, respectively. Fig. 2-6 depicts both anodic and 

cathodic peak currents correlate with square root of scan rate with coefficient of 

determination (R2) of 0.9998 and 0.9975, respectively. These data show 

electrochemical process of glucose determination is being controlled by slow diffusing 
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step(s) towards or away from electrode. Another interesting result, which can be 

obtained from scan rate study, is comparing recorded CVs at low scan rate with high 

scan rate. As it is obvious in fig. 2-6, at very low scan rate, e.g. 5mV/s, cathodic peak 

will be completely disappeared and just there is anodic peak. However, at higher scan 

rates cathodic peak gradually grows and becomes significant at higher scan rates. For 

explaining this phenomenon, according to Eq. 1-3, electrochemical reaction 2 is 

followed by chemical reaction 3 in which produced NiIII in Eq.2 is consumed by 

glucose in Eq.3. Therefore, in slow scan rates glucose species have enough time to 

consume almost all produced NiIII and avoiding of generation of cathodic peak in CV. 

However, at high scan rates, glucose species do not have enough time to consume 

produced NiIII and these remained NiIII species generate the cathodic peak. As a result, 

we can conclude that, electro-chemical oxidation of glucose might be occur according 

to Eq.1-3 in which an electrochemical reaction(Eq.2) is followed by a catalytic 

chemical reaction (Eq.3) that is a so-called EC′ mechanism, here in this case, chemical 

reaction is rate-determining step (RDS).  

 

Figure 2-6. Cyclic voltammograms of the NiO/CNT modified electrode, S100, at different 

scan rates in the presence of glucose. Insets show (a) the plots of peak currents vs. square 

root of scan rate and enlarged cyclic voltammograms of NiO/CNT modified electrode at (b) 

100 mV s-1 and (c) 5 mV s-1. 
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2.1.1.3.6 Amperometric application of CNT/NiO modified electrode for glucose sensing 

The amperometric performance of the S100 electrode was assessed by successive step-

wise addition of glucose aliquots to 0.1 M KOH solution. Since the working potential 

has a great effect on the amperometric signals and therefore it affects the relative 

glucose determination, in order to enhance the analytical performance of 

NiO/SCCNTs sensors, comparison experiments were carried out in the range of 0.55 

V to 0.75 V to optimize the applied potential (Eapp), (Figure 2-7a). At the Eapp of 

0.55 V and 0.75 V, the responses rapidly deviated from linearity at high and low 

glucose concentration resulting in a narrow measurement range. The best results 

regarding sensitivity and linearity were obtained at Eapp=0.65 V, which was selected 

as the optimum working potential for the subsequent amperometric analyses. 

Repeatability of the proposed sensor was investigated using S100 electrode prepared 

by dropping 4 μL of the samples onto the surface of the SPCE. This sensor is highly 

stable, proven by a relative standard deviation (RSD) of 1.2 % for three successive 

glucose measurements, and is not poisoned by products and/or intermediate species 

during the glucose measurements (Figure 2-7b). This high stability of the 

NiO/SCCNTs sensors (by using even a very small amount of the sample, 0.0038 

mg/0.1257 cm2) is due to the strong interaction of ALD deposited NiO particles onto 

the SCCNT substrate, which also caused to reduce the dissolution and aggregation of 

NiO particles in the electrolytic solution. Moreover, our group in a recent publication 

also reports the stability of the electrode using the same material (NiO/CNTs by ALD) 

for OER in similar conditions. It is noted that NiO/CNTs with 100 ALD cycles is the 

best electrode in both studies, which shows a remarkable stable potential profile and a 

well-protected core-shell structure even after the 12 hours of chronoamperometric 

measurements in 1 M KOH solution. Additionally, in the same report, the XRD pattern 

of the sample (NiO/CNTs-100) was also measured after 1 h of treatment in 1 M KOH, 

under similar conditions as the electrochemical experiments.  
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Figure 2-7. Chronoamperometric tests using S100 electrode with serial additions of glucose 

solutions in order to increase the total glucose concentration of the electrolyte by steps of 

100 μM at different applied potentials (a) and at Eapp=0.65 V for three different 

measurements with the same electrode (b). Currenttime responses of S100 electrode 

acquired in 0.1 M KOH solution and increasing concentrations of glucose at Eapp=0.650 V, 

insets show the current-time responses in the low glucose concentration and the calibration 

curve for glucose determination using S100 electrode (c). Interference study to selected 

species on S100 electrode in 0.1 M KOH and 0.2 mM glucose (d). 

However, no significant change was observed, which again proved a good stability of 

NiO coating for the ALD synthesized NiO/CNTs electrodes [42]. These results are 

also well supported by XPS characterisation for NiO/SiC nanocomposites prepared by 

ALD for electrochemical sensing.4 The stability of ALD synthesized NiO/CNTs is 

also discussed in a recent articles focused on electrochemical sensing [43]. Figure 2-

7c shows that the amperometric measurements of glucose result in a well-defined 

steady state curve. An interesting aspect of this sensor is the fast response toward 

glucose oxidation. This sensor rapidly responded after addition of glucose and reached 

95% of steady-state current in less than 2 seconds. The calibration curve from the 

amperometric measurements shows a linear dependence on the glucose concentration 

over a vast range of concentrations from 2 μM to 2.2 mM with a sensitivity of 

(extracted from the slope of calibration plot) 1252.30 μA cm 2 mM 1 and a 
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determination coefficient (R2) of 0.9979 (inset of Figure 2-7c). The limit of detection 

was determined as 0.10 μM considering a signal-to-noise ratio (S/N) of 3. Some easily 

oxidized electrochemical active bio organic substances that usually co-exist with 

glucose in the human blood can interfere with the performance of non-enzymatic 

glucose sensors. Therefore, interference studies need to be carried out to prove the 

applicability of any electrochemical glucose sensor. The selectivity of our sensor was 

tested by amperometric detection at an applied potential of 0.65 V with S100 electrode 

by adding 0.2 mM of glucose in the electrolyte followed by the successive addition of 

10–20 μl of sucrose (Suc), fructose (Fru), mannose (Man), uric acid (UA) dopamine 

(DA) and ascorbic acid (AC). Since, in physiological samples the glucose 

concentration is much higher (ca. 3–8 mM) compared to these interfering species (<0.5 

mM) [28, 44], we selected a similar difference of concentrations for the interference 

study. As shown in Figure 2-7d, the corresponding oxidation current responses for a 

set of sugars like Suc, Fru and Man at 10 μM, and 20 μM endogenous metabolites, 

namely UA, DA and AC are relatively small as compared to 0.2 mM glucose. These 

results indicate that NiO/SCCNTs electrodes have a good selectivity towards glucose 

oxidation reaction in the concentration range of physiological samples and could 

compete with enzymatic glucose sensors.  

Moreover, these figures of merit were also favourably compared with state-of-the-art 

sensors based on NiO in the Table 2-1.  
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Table 2-1 Comparative study of different modified electrode glucose sensors reported in 

literature 

Electrode LDR 
LOD 

(μM) 

Sensitivity 

(μA cm−2 mM−1) 

Response 

Time (s) 
Ref. 

Ni/MWCNTs1 3.2 μM–17.5 mM 0.89 67.2 < 2 [45] 

NiO/GNS2 5.0 μM–4.2 mM 5.0 666.71 5 [46] 

NiO/CPE3 1 μM –110 μM 0.16 5590 < 5 [33] 

NiO QDs4 

1 μM-10 mM 

and 

10–50 mM 

26 

13.14 

And 

7.31 

--- [47] 

NiNPs/SMWCNT

s5 
1 μM-1mM 0.5 1438 3 [48] 

NiF6 50 μM–7.35 mM 2.2 --- 5 [49] 

f-Ni(OH)2-CNT7 100 μM-1.1 mM 0.5 238.5 3 [50] 

Macro-

mesoporous NiO 
10 μM–8.3 mM 1.0 243 < 5     [51] 

NiO/CuO/PANI8 

 
20 μM –2.5 mM 2 --- 5     [52] 

ALD NiO/CNT9 2 μM –2.2 mM 0.1 1252.3 < 2 
This 

work 

 

2.1.1.3.7 Conclusions 

In summary, SCCNTs coated with various thicknesses of NiO by atomic layer 

deposition were successfully synthesized. NiO particles of a uniform morphology form 

a thin film, which becomes more dense with the increase of the number of ALD cycles. 

The electrocatalytic performance of the nanocomposites depends on the thickness of 

the NiO coating. The sample obtained with 100 ALD cycles (S100) shows one of the 

best electrochemical performance reported so far for an enzyme-free glucose sensor in 

alkaline media. Indeed, our sensors showed a high sensitivity of 1252.30 μA cm-2
 mM-

1
 over a wide linear range of concentrations (i. e., from 2 μM to 2.2 mM) and a low 

detection limit (0.10 μM, S/D=3), and a high selectivity and reproducibility. The 

                                                 
1 nickel combined with multi-walled carbon nanotubes 
2 Nickel oxide-decorated graphene nanosheet 
3 Potential scanning nano NiO modified carbon paste electrodes 
4 nickel oxide quantum dots 
5 nickel nanoparticles/straight multi-walled carbon nanotubes 
6 three-dimensional porous Ni foam 
7 Nickel hydroxide nanoflowers/carbon nano tube 
8 Novel nickel and copper oxide nanoparticle modified polyaniline 
9 Atomic layer deposited NiO/Carbon nano tubes 
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remarkable performances can be attributed to a combination of desired characteristics 

such as the conformal NiO coating obtained by ALD, the high specific surface area of 

the electrode and the good conductivity of the SCCNT substrate. These characteristics 

make it possible to measure with precision the glucose concentration in physiological 

samples. 
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2.1.2 CNT-Al2O3 core-shell nanostructures; effect of Al2O3 thickness on the 

electrochemical detection of dihydroxybenzene isomers 

 

Abstract: This study aimed at analysing the effect of thickness of dielectric Al2O3 

coatings on the conductive stacked-cup carbon nanotubes (SCCNTs) to their 

electrochemical properties. Atomic layer deposition (ALD) technique was used to 

deposit well-controlled variable thicknesses of Al2O3 on the SCCNTs substrates. The 

SCCNT/Al2O3 (X) modified screen printed electrodes (SPEs) were used to study their 

electrochemical performances towards the simultaneous determination of di-

hydroxybenzene isomers, namely hydroquinone (HQ) and catechol (CC). Results 

revealed that SCCNT/Al2O3 nanostructures are highly active towards di-

hydroxybenzene isomers and both sensitivity and selectivity of the developed 

electrochemical sensors are strongly dependent on the thickness of the Al2O3 layer. 

The SCCNT/Al2O3 heterostructures with the 9 and 19 ALD cycles ( ̴ 2.4-3.6 nm, 

thickness of Al2O3 layer) show the best performance among other samples. The best 

performance was found at a shell thickness of 2.4 nm, where the peak currents 

increased about 10 times as compared to the non-coated CNTs modified electrode.  

 

Graphical abstract 
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2.1.2.1 Introduction 

Phenolic compounds such as hydroquinone (HQ, 1,4-benzenediol) and catechol (CC, 

1,2-benzenediol) are distinguished members of di-hydroxybenzene family. Today, 

they are extensively exploited as organic intermediates in different industries including 

cosmetic, tanning, pharmaceutical and pesticide industries [53]. In a throughout study 

it was revealed that in the presence of a mixture of these two di-hydroxybenzene 

isomers, a synergistic genotoxic response is produced in cultured human lymphocytes. 

The results present further support on the hypothesis that benzene derivatives can be 

potentially accused for genotoxicity and leukemia in humans [54]. Besides, di-

hydroxybenzenes are considered as important ecological pollutants owning to their 

toxicity for plants and animals and slow degradation in the nature. Considering 

aforementioned points, it is of great importance to develop reliable and effective 

techniques to monitor these two isomers. This goal has been seeking by the scientists 

and many analytical methods have been developed including high performance liquid 

chromatography with fluorescence detection [55],  gas chromatography with 

quadrupole mass spectrometry detection [56], fluorescence spectroscopy-based 

methods [57], electro-chemiluminescence [58], UV-vis spectrophotometry [59] and, 

last but not the least, electroanalytical techniques [60, 61]. However, among all of 

these proposed methods, electrochemical methods have been found an elegant place 

thanks to the electroactive nature of these isomers. The ease of instrumentation, low 

cost and simplicity are spectacular features that make electroanalytical methods an 

appealing option over other analytical methods.  

Due to the analogous composition of these phenolic di-hydroxybenzene isomers and 

the coexistence of other interference species, the selectivity and sensitivity of 

electrochemical sensors for HQ and CC remains challenging. Sensitivity and 

selectivity are two major factors whose improvements have been always an active field 

in electrochemical sensing. More sensitive and selective sensors enable us to come 

closer to the practical application of the sensors where, usually, low concentration of 

analytes and/or presence of other potentially interferences obstacle practical 

application of sensors.  

Even though, many supported metal oxide nanoparticles with remarkable 

electrochemical properties have been applied to comprehend the selective and 

https://pubchem.ncbi.nlm.nih.gov/compound/benzene
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sensitive detection of HQ and CC, however, a precise control over the size and 

distribution of MOx nanoparticles onto the conductive supports remains challenging. 

Atomic layer deposition (ALD) has been reported as an influential vapour-phase 

deposition technique with a sequential, self-saturating gas-surface reaction control 

behaviour. ALD shows several advantages over other methods, such as a low growth 

temperature, a precise atomic-scale level thickness control and the distinguished 

uniformity and conformality over the entire substrate. 

Herein, we report the fabrication of SSCNTs/Al2O3 nanocomposites with different 

number of ALD cycles (4, 9, 19, 49 and 100), in order to control the Al2O3 film 

thicknesses. Their morphological, structural, electrochemical characterization and 

their application to the simultaneous detection of HQ and CC is reported. More 

specifically, systematic experiments were performed to reveal how the thickness of the 

sensing material, Al2O3 in present case, can bring about significant effects on 

performance of the electrochemical sensors. 

 

2.1.2.2 Experimental 

Reagents 

Carbon nanotubes, nitric acid (67%) and argon (99.99%) were supplied from Applied 

Science inc., VWR chemicals and Air Liquide, respectively. Trimethylaluminum 

(TMA, 98%) was purchased from STREM chemicals. Dihydroxybenzene isomers and 

standard phosphate buffer solutions (PBS) were purchased form Sigma-Aldrich. 

Double-distilled water was used throughout the experimental part. All chemicals and 

reagents were of analytical grades and used without further purification unless 

otherwise stated. 

Apparatus 

The thickness of the Al2O3 deposited nanostructures was initially measured on silicon 

wafer (SSP) using SENpro spectroscopic ellipsometer from Sentech. The acquired 

data was fitted to the model using the SpectraRay 4 software. High-resolution 

transmission electron microscopy (HRTEM), high-angle annular dark-field scanning 

transmission electron microscopy (HAADF STEM) and energy dispersive X-Ray 

(EDX) elemental mappings were performed using a FEI Talos F200S 
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scanning/transmission electron microscope (S/TEM). Electrochemical measurements 

were performed using commercial screen-printed carbon electrode (SPCE), 

comprising of a planar substrate equipped with a carbon working electrode (4 mm in 

diameter, geometric area of 0.1257 cm2), a silver pseudo-reference electrode and a 

carbon auxiliary electrode. Cyclic voltammetry (CV) and square wave voltammetry 

techniques were performed using DropSens µStat 400 Potentiostat empowered by 

Dropview 8400 software for data acquisition. 

Preparation of Al2O3/CNT nanostructures 

Stacked-cup carbon nanotubes, SCCNTs, were pre-treated with nitric acid to 

functionalize and to remove the amorphous carbon as described in our report elsewhere 

[62]. Al2O3 film was deposited in a GEMSTAR-6 ALD system using 

Trimethylaluminum (TMA) and Millipore water (H2O) as a metal precursor and 

oxygen source, respectively. Both the precursors were used at room temperatures. The 

temperature of the ALD chamber was set at 200 oC. One ALD cycle was adjusted as 

(i) 100 ms pulse/ 20 s exposure followed by a 30 s argon purge, alternatively for both 

the precursors. The thickness of the Al2O3 layer was controlled by changing the 

number of the ALD cycles and the samples were named as SCCNT/Al2O3(X), where 

X represents the number of Al2O3 ALD cycles (4-100). 

Preparation of modified electrodes 

Bare SPCEs were simply modified as follows; 1.0 mg of each SCCNT/Al2O3 

nanocomposites were ultrasonically dispersed in distilled water (1 mL). The desirable 

amounts of the homogenous dispersions were directly drop casted onto the surface of 

the carbon working electrode and left at room temperature to dry until further use.  

2.1.2.3  Results and discussion 

2.1.2.3.1 Structural characterizations 

The relative thickness of the Al2O3 thin film was first studied on Si-wafers with a 

native layer of SiO2 using spectroscopic ellipsometry (SE), as described in our earlier 

report [63]. By comparing the thickness of the coated Si-wafers to the non-coated Si-

wafers, fits of the SE data to the specific model (Al2O3/SiO2/Si), calculated Al2O3 

thicknesses are ca. 0.98, 2.3, 3.3, 7.7 and 15.3 nm for 4, 9, 19, 49 and 100 ALD cycles, 
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respectively. It gives a highly linear growth (coefficient of determination, R2 = 0.995) 

and the growth per cycles (GPC) is calculated as 0.14 nm from the slope of the linear 

fit of the Al2O3 film thickness versus the number of ALD cycles (Figure 2-8a). 

 

Figure 2-8. Linear fits for the Al2O3 thickness as a function of the number of ALD cycles as 

estimated, (a) on silicon wafers by spectroscopic ellipsometry (SE) and, (b) on CNTs by 

transmission electron microscopy (TEM). All the thicknesses were estimated from three 

different positions in the samples and the average values are shown in the linear fits. 

The detailed structure and morphology of the CNT/Al2O3(X) heterostructures with 

various thicknesses of Al2O3 were thoroughly analysed by transmission electron 

microscopy (TEM). Figure 2-9 shows bright field (BF) and HAADF-STEM 

micrographs for the CNT/Al2O3(X) heterostructures. It can be seen that Al2O3 is 

conformally and homogenously deposited both onto the outer and inner surfaces of the 

CNTs. It starts with the deposition of small Al2O3 particles (CNT/Al2O3(4), Figure 2-

9a,b and Figure 2-10a) with a steady growth to a dense Al2O3 film (Figure 2-9c ̶ I 

and Figure 2-10b ̶ d). 
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Figure 2-9. BF-HRTEM images for the (a and b) 4CNT/Al2O3 and (c) CNT/Al2O3(9) 

heterostructures. HAADF-STEM images for the CNT/Al2O3(9) heterostructures. BF-HRTEM 

images for the (e and f) CNT/Al2O3 (19), (g and h) CNT/Al2O3(49) and (i) CNT/Al2O3(100) 

heterostructures. The insets in the (c) and (i) show the SAED patterns for the CNT/Al2O3(9) 

and CNT/Al2O3(100) heterostructures, respectively. 

Furthermore, the micrographs demonstrate that the thickness of the Al2O3 film 

increased with the increasing of the number of ALD cycles, confirming the typical 

self-limiting behaviour of the ALD process. The average thickness of the Al2O3 thin 

film as estimated by the TEM images for the CNT/Al2O3(4), CNT/Al2O3(9), 

CNT/Al2O3(19), CNT/Al2O3(49) and CNT/Al2O3(100) as ca. 1.2, 2.2, 3.4, 7.5 and 

15.4 nm, respectively. The linear fitting of the Al2O3 film thickness (estimated by 

TEM) as a function of the ALD cycle numbers passes through the origin with a 

coefficient of determination, R2 = 0.996. The GPC calculated from the slope of the 

linear fit as 0.148 nm (Figure 2-8b). The insets in the Figure 2-9 c, i represent the 
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selected-area electron diffraction (SAED) patterns of the CNT/Al2O3(9) and 

100CNT/Al2O3 heterostructures. The main Debye-Scherrer rings correspond to the 

(002), (101), (004) and (112) planes of the hexagonal graphitized carbon of the CNT 

substrate (ICDD 00-023-0064). The zoomed-in HRTEM from the carbon phase is 

shown as an inset in Figure 2-9i, where the lattice fringes (d-spacings) matched to the 

(002) plane of the hexagonal graphitised carbon of the CNTs, d002= 3.36 Å. 

Noticeably, no reflections related to the crystalline planes of Al2O3 can be seen, 

showing that the as-deposited Al2O3 film by ALD is amorphous, as expected (cf. XRD 

patterns in our previous report) [64].  

Figure 2-10 shows the HAADF-STEM micrographs and the corresponding EDX 

elemental mapping images for the CNT/Al2O3(4), CNT/Al2O3(9), CNT/Al2O3(19)and 

CNT/Al2O3(100) heterostructures. The Al2O3 phase can be identified easily by the 

different Z-contrast compared to the CNT. The EDX mappings nicely demonstrate the 

well-defined and conformal Al2O3 film onto the CNTs together with the confirmation 

of the presence and spatial distribution of Al, C and O atoms in the samples. The 

thickness of the Al2O3 film in the CNT/Al2O3(X) heterostructures can also be 

estimated easily. 
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Figure 2-10. HAADF-STEM and the corresponding EDX elemental mappings images for the 

(a) CNT/Al2O3 (4), (b) CNT/Al2O3 (9), (c) CNT/Al2O3 (19) and (d) CNT/Al2O3 (100) 

heterostructures. 

2.1.2.3.2 Electrochemical behavior of modified electrodes towards DHB isomers 

To evaluate the electrochemical behavior of the CNT/Al2O3(X) nanostructures, cyclic 

voltammograms were recorded after placing bare SPCE and modified electrodes in the 

solutions containing DHB isomer(s) (Figure 2-11). Initial results showed that using 

bare SPCE as working electrode in a solution containing only HQ results in a quasi-

reversible voltammogram where anodic and cathodic peaks were appeared at 0.132 

and -0.142 V, respectively. Afterwards, CC was added to the above solution and cyclic 

voltammetry was carried out. Figure 2-11A (Curve b) shows that oxidation peaks of 

HQ and CC overlap and emerge as a single peak at 0.240 V, which makes it impossible 

to determine these two isomers simultaneously with bare SPCE. Additionally, as 
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Figure 2-11A (Curve c) depicts, SPCE shows a well-separated oxidation peak for the 

third isomer, RS, when it is placed in a solution containing all three isomers, 100µM 

of each. This irreversible oxidation peak of RS is far enough, i.e. 0.64 V, from the 

oxidation peaks of HQ and CC to be seen as a well-separated oxidation peak. 

Afterward, SPCE was replaced by a modified electrode, SPCE-CNT/Al2O3 (4), in the 

same solution containing all three isomers. 

 

 

 

 

 

 

Figure 2-11. Cyclic voltammograms of (A) bare SPCE in the presence of (a) HQ, (b) 

HQ+CC and (c) HQ+CC+RS. (B) Comparison between the recorded CVs in a solution 

containing all DHB isomers (HQ+CC+RS) using bare SPCE and SPCE-CNT/Al2O3 (4). CVs 

were acquired at scan rate of 20 mV/sec. Where used, concentration of each isomer was 

100µM in PBS pH=7.4. 

First, it was observed that the single oxidation peak (overlapped) of HQ and CC at 

SPCE was well separated into two distinctive oxidation peaks at CNT/Al2O3(4) 

modified electrode, Figure 2-11B. This separation between HQ and CC oxidation 

peaks at CNT/Al2O3(4) modified electrode can be mainly ascribed to the different 

adsorption abilities of the HQ and CC on Al2O3 surface [65], whereas the effect of the 

CNT substrate on the separation of the peaks seems to be rather negligible (see Figure 

2-12A inset I). Molecular dynamics simulations have already been performed to 

explore the interaction of phenolic compound on alumina surface in aqueous 

conditions and revealed that catechol molecules have the strongest adsorption ability, 

compared with HQ and RS, that generally acts through cooperative hydrogen bonding 

interactions of two neighbor hydroxyl groups of catechol with the surface oxide groups 

of alumina [66]. Secondly, following the peak to peak separation (ΔEpp) which is 

typically considered as an index of electron transfer rate [67], shows that the 

CNT/Al2O3(4) modified electrode greatly decreased the ΔEpp. For instance, as shown 
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in Figure 2-11, ΔEpp for HQ decreased from 274 mV at SPCE to about 60 mV at 

CNT/Al2O3(4) modified electrode. Thirdly, CNT/Al2O3(4) modified electrode was 

found to enhance the oxidation peak currents and thereby improved the sensitivity of 

the electrochemical determination of these isomers. 

Therefore, the presence of CNT/Al2O3(4) not only resolved the selectivity issue for 

electrochemical determination of DHB isomers at bare SPCE, but also, at the same 

time, enhanced the sensitivity of the sensor. We can ascribe this improvement in 

electrochemical performance of the sensor to the numerous adsorption sites provided 

by Al2O3 which can potentially modify the reaction pathway[68, 69]. Moreover, the 

presence of CNTs, which is known as a highly conductive material can facilitate the 

electron transfer between adsorbed isomers on Al2O3 sites and electrode, and thereby 

improve the electrochemical performance of the sensor [42]. 

To investigate the effect of Al2O3 on the electrochemical performance of the DHB 

sensors, CNT/Al2O3 composites with different thicknesses of the Al2O3 shell (ca. 1.2 ̶ 

15.4 nm) were used to modify the SPCE. In order to follow the variation in 

electrochemical characteristics more precisely, square wave voltammetry (SWV) 

technique was applied (Figure 2-12A).  

Figure 2-12. (A) Square-wave voltammograms for different electrodes (see legend A) in a 

solution containing 200 µM of HQ and CC in PBS pH 7.4. Graphs B (For hydroquinone) 

and C (for catechol) were extracted from figure A to clarify the variation of the observed 

anodic peak currents (Ipa) and anodic peak potentials (Epa) versus Al2O3 thickness. 

AA B 

C 

I 
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At both bare SPCE and CNT modified SPCE, the oxidation peaks of HQ and CC 

overlapped, though, the presence of CNT facilitates the oxidation of both isomers. This 

emerges in voltammograms, Figure 2-12A inset I, where the oxidation peak potentials 

at SPCE-CNT shifted negatively compared to unmodified SPCE. The presence of 

CNTs resulted in a relatively modest enhancement of the oxidation peak currents and, 

concurrently, leading to a markedly decrease in the oxidation peak potentials for both 

HQ and CC (Figure 2-12A) 

However, in spite of the enhancement in the electrochemical performance of the 

SPCE-CNT, with respect to the bare SPCE, the peak overlapping of HQ and CC 

oxidation remains unsolved even at SPCE-CNT. This is attributed to the presence of 

CNTs, which favors the electrooxidation of both HQ and CC almost to the same extent 

and hence cannot differentiate their oxidation peaks. Introducing aluminum oxide 

brought about two contradictory impacts on the electrochemical performance of this 

sensor. On the one hand, as shown in Figure 2-12B and C, the peak currents 

drastically grow, up to about one order of magnitude for the CNT/Al2O3(9) modified 

electrode, decreased gently for the CNT/Al2O3(19) and significantly decayed for the 

CNT/Al2O3(49) and CNT/Al2O3(100) modified electrodes. On the other hand, with 

increasing the number of ALD cycles, the oxidation peak potentials for both HQ and 

CC shifted positively as compared to the SPCE-CNT, which means a higher electron 

transfer barrier for these redox systems. Considering this, it is assumed that, compared 

to the unmodified SPCE, the presence of CNT/Al2O3 plays role through providing 

active adsorption sites for DHB isomers and thereby facilitating the electron transfer 

between electrode and analytes that leads to a lower ΔEpp. As we will discuss that in 

this electrochemical reaction, electron transfer is accompanied by proton transfer, 

therefore, facilitating of electron transfer can be likely ascribed to the presence of 

proton-acceptor functional oxide groups on the surface of the Al2O3 active sites that 

may allow this process to proceed easier. Further, these numerous adsorption sites drag 

more and more molecules of analyte towards the electrode to participate in the 

electrochemical reaction and thereby promote the peak current. However, it is not 

possible to assign a direct role to Al2O3 in electron transfer since Al2O3 is not 

conductive.  
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2.1.2.3.3 Sensing mechanism on modified electrodes  

Following the above characterization and electrochemical data, here we try to explain 

the electrochemical behavior of the CNT/Al2O3 nanostructures towards DHB isomers. 

Previously, Compton and coll., observed the enhanced electrochemical activity 

towards catechol for a glassy carbon electrode whose surface was covered by alumina 

oxide nanoparticles and suggested that the electrocatalytic reactions would be initiated 

at the triple boundary formed between the isolated alumina particles, the solution, and 

the electrode surface [69]. In our case, a similar situation can be supposed to occur for 

the lower thicknesses of Al2O3 coating, such as for CNT/Al2O3(4). Indeed, even 

though a conformal and homogenous Al2O3 coating can be seen in STEM images (cf. 

Figure 2-10a), we can’t rule out the presence of gaps/pin holes in the Al2O3 film at 

such a low-level of thickness (i.e., ≤1 nm) [64]. Anyway, this low number of ALD 

cycles seems to be less effective in providing enough Al2O3 active sites to maximize 

the oxidation peak currents of DHB isomers. With increasing the number of ALD 

cycles, the Al2O3 film became more continuous and effective in terms of the coverage 

of the CNTs surfaces, i.e., as for CNT/Al2O3(9) and CNT/Al2O3(19) nanostructures 

(cf. Figure 2-10b,c). With further increasing the number of ALD cycles, i.e., 

CNT/Al2O3(49) and CNT/Al2O3(100), the film became more dense and in parallel the 

highly resistive character (high-κ dielectric) of the Al2O3 film made it difficult to have 

charge transfer between adsorbed analytes onto the Al2O3 active sites and electrode 

through Al2O3 layer. Scheme 1 presents a general view of the electrode reactions for 

catechol, as an example, where Al2O3 participates in reaction through its functional 

oxygenated groups on the surface.  To have an immediate comparison, the trend of 

Epa (anodic peak potential) and Ipa (anodic peak current) for catechol vs the Al2O3 

shell thickness is also provided. At very low Al2O3 shell thickness, Epa is minimum 

since uncovered CNT parts are available and facilitate electron transfer. However, 

there are not enough Al2O3 active sites to promote Ipa. For the modified electrode, 

with optimal Al2O3 shell thickness, i. e. CNT/Al2O3 (9) and CNT/Al2O3(19) a great 

enhancement in Ipa is observed since numerous Al2O3 active sites are available for 

electrochemical reaction to proceed. On the other hand, Epa shifts positively as 

uncovered CNT is not available and electron transfer occurs through Al2O3 layer 

merely by electron tunneling [70]. Finally, for the modified electrode with larger Al2O3 
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shell thickness, i. e. CNT/Al2O3(49) and CNT/Al2O3(100), Epa is higher (more 

positive) since electron tunneling through such a thick Al2O3 coating becomes too 

difficult, if not impossible. Besides, for these thick Al2O3 layers, Ipa significantly 

decays since most of the adsorbed analyte species cannot participate in electrochemical 

reaction due to larger thickness and insulating character of Al2O3 shell. Therefore, the 

highest electrochemical performance for this electrochemical sensor was achieved for 

an Al2O3 layer that is enough thick to provide maximum active adsorption sites for 

analytes and yet, it is enough thin to allow electron transfer between adsorbed species 

and electrode through electron tunneling.  

 

Scheme 1. Proposed electrochemical reaction pathway for catechol at SPCE-CNT/Al2O3(X) 

with different atomic layer deposition cycles.  

In spite of higher oxidation peak potentials than SPCE-CNT, CNT/Al2O3(9) 

nanocomposite was selected as optimum sensing material for simultaneous 

determination of HQ and CC since it showed the highest peak currents and 

consequently the highest sensitivity for electrochemical measurement of HQ and CC. 
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2.1.2.3.4 Scan rate effect study 

Figure 2-13 shows the cyclic voltammograms of 100 µM HQ (fig. 2-13A) and CC 

(fig. 2-13B) in PBS pH 7.0 using SPCE-CNT/Al2O3 (9) over the range of scan rates 2 ̶ 

400 mV/s. The peak currents of both HQ and CC found to increase with increasing the 

potential sweep rates. 

Figure 2-13. Cyclic voltammograms of CNT/Al2O3(9) modified electrode in a solution 

containing 100 µM (a) HQ and (b) CC in PBS pH=7.0 at scan rates from 2 to 400 mV/s. 

Insets depict the variation of the baseline corrected anodic peak currents (Ipa) and cathodic 

peak currents (Ipc) versus the square rate of scan rate. 

As shown, both oxidation and reduction peak currents of HQ and CC are linearly 

correlated with the square root of the scan rate. This linearity implies that the 

bottleneck of the overall electrochemical processes at SPCE-9CNT/Al2O3 should be a 

diffusional step where likely the adsorption step(s) are enough effective to not limit 

the overall electrochemical process. Moreover, increasing the potential sweep rate 

results in the shift of the oxidation and reduction peak potentials toward more positive 

and negative potentials, respectively. This shift in peak potentials with varying the 

scan rate reveals the quasi-reversible nature of the electrode processes. 

2.1.2.3.5 Effect of the pH 

Since the role of protons in the electrochemical pathway of this reaction was assumed 

significant, the influence of the variation in pH on the electrode responses was 

assessed. Solutions with different pH containing 200 µM of HQ or CC were prepared 

and cyclic voltammetry was performed using the SPCE-CNT/Al2O3 (9).  Figure 2-14 

A B 
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shows the effect of pH on both peak potentials and peak currents implying that protons 

are involved in the electrochemical mechanism. Both HQ and CC showed a decrease 

in the oxidation peak currents and peak potentials upon increasing the pH.  

Figure 2-14. Cyclic voltammograms for a 200 μM solution of (A) HQ and (B) CC at pHs 

between 4 and 8.3 using SPCE-CNT/Al2O3 (9). Scan rate: 20 mV/s. Insets depict the 

variation of the oxidation peak potentials of HQ and CC with pH. 

Plotting the midpoint potential versus pH showed, for both HQ and CC, a linear shift 

toward negative potential with slopes of -60 mV/pH and -50 mV/pH, respectively. 

These slopes are in good agreement with the ideal Nernstian slope (59 mV/pH at 

25 °C) where the same number of electrons and protons participate in this proton-

coupled electron transfer reaction. Considering both peak current and potential, as well 

as the facility of preparing buffer solution with high buffering capacity, PBS pH 7.4 

was selected for further analyses. 

2.1.2.3.6 Electrochemical measurement of DHB isomers  

The next attention was turned towards the evaluation of the analytical figures of merit 

for the proposed sensor by applying square-wave voltammetry (SWV). Figure 2-15 

shows SWV curves for the successive additions of HQ, CC, and RS to a phosphate 

buffer solution, where SPCE-CNT/Al2O3 (9) was used for electrochemical 

measurements. When the DHB isomers concentration rose, the corresponding 

oxidation peak current scaled linearly, (R2 ≥ 0.99). The analysis of the linear fitting 

model (Table 2-2) shows that for HQ and CC two linear segments are observed in the 

corresponding calibration curves while plotting the oxidation peak currents of RS 

against its concentration resulted in one linear part over the measured concentrations. 
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Table 2-2. Electroanalytical performance of SPCE-CNT/Al2O3 (9) and related figures of 

merit for DHB isomers determination. 

Analyte Linear range(s) 

(µM) 

Least-squares fitted 

equation(s) 

Limit of detection 

(µM) 

HQ 
2-40 y* = 0.0323x** + 0.0887 

1.2 
50-1000 y = 0.0136x + 2.3758 

CC 
0.5-30 y = 0.0556x + 0.045 

0.3 
40-700 y = 0.0177x + 1.9981 

RS 3.5-500 y = 0.0108x + 0.4473 2.7 

* (y) Stands for anodic peak current (ipa (µA)); ** (x) Stands for analyte concentration 

(µM) 

Low “theoretical” limit of detections were calculated by 3Sb/m, where Sb stands for 

standard deviation of 12 replicate measurements of the blank solution (background) 

response and m refers to the slope of calibration curve (derived from the linear fitting 

equation at lower concentration).  

The ability of the sensor for simultaneous determination of DHB isomers was also 

evaluated by taking into account that the cross-interference effect of HQ and CC is the 

most challenging issue to be addressed. The electrochemical measurements showed 

that the calibration curves obtained for different concentrations of HQ in the presence 

of a constant concentration of CC (Figure 2-15D) and vice versa (Figure 2-15E) are 

in accordance with the standard calibration curves (Figure 2-15A, B).  



54 

 

 

Figure 2-15. SWV responses of (A) HQ, (B) CC and (C) RS standard solutions with 

increasing concentrations of analytes recorded in a 0.1 M PBS pH 7.4 using SPCE-

CNT/Al2O3 (9). Simultaneous measurement of HQ and CC in a solution containing (D) a 

fixed amount of CC and varying [HQ], (E) a fixed amount of HQ and varying [CC] and (F) 

a fixed amount of HQ and CC and varying [RS]. Inset graphs show the resulting calibration 

plots of the peak currents (baseline corrected) versus analytes concentrations. 

This implies the absence of cross-interference effect for simultaneous determination 

of HQ and CC. Finally, Figure 2-15F clearly proves the potential of the SPCE-

CNT/Al2O3 (9) for the simultaneous determination of all three isomers. The 

electroanalytical performance of the proposed sensor, SPCE-CNT/Al2O3 (9), for DHB 

isomers measurement was summarized and compared to other metal oxide based 

electrochemical sensors published recently, Table 2-3. 
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Table 2-3. Performance of the proposed sensor in comparison to previously reported metal 

oxide based electrochemical sensors for DHB isomers measurements. 

Sensing material 
Linear Range (µM) LOD (µM) 

Method 
Real 

sample 
Ref. 

HQ CC RS HQ CC RS 

Co3O4@carbon 

core/shell 

nanostructured 

0.8-

127.1 

0.6-

116.4 
- 0.03 0.03 - DPV 

River 

water 
[71] 

Mesoporous carbon 

/CeO2 composite 

0.5–

500 

0.4–

320 
- 0.24 0.13 - DPV 

Tap 

water 

and lake 

water 

[72] 

Fe3O4 functionalized 

graphene oxide-gold 

nanoparticle 

2-145 3-137 - 1.1 0.8 - Amperometry 
Tap 

water 
[73] 

AuNPs/RGO/WO3 

nanocomposite 
0.1-10 

0.1-

10 
- 0.036 0.020 - DPV 

River 

water 
[74] 

Carbon nanofibers–

Sm2O3 nanocomposite 
1-500 1-500 - 0.09 0.07 - DPV 

Tap 

water 

and lake 

water 

[75] 

CuO/carbon 

nanofragment 
3-80 6-150 - 1 2 - DPV 

River 

water 
[76] 

CuO/carbon 

nanofragment 

0.4-

276.0 

0.4-

159.0 

3.0–

657 
0.06 0.07 0.52 DPV 

River 

water 
[77] 

NiO/CNT 

nanocomposite 

10-

500 

10-

400 
- 2.5 2.5 - DPV 

Tap 

water 
[43] 

nitrogen-doped 

MWCNTs 

modified/nickel 

nanoparticles 

0.3-

300 

0.1-

300 
- 0.011 0.009 - DPV 

Pond, 

tap and 

river 

water 

samples 

[78] 

CNT/Al2O3 
2.0-

1000 

0.5-

700 

3.5-

500 
1.2 0.3 2.7 SWV 

Tap 

water 

and 

mineral 

water 

This 

work 

Even though other metal oxides have been extensively used, to the best of our 

knowledge, this work is the first report on the application of aluminium oxide for 

simultaneous determination of DHB isomers.  Comparison of the analytical figures of 

merit with other metal oxide-based sensor, presented in table 2-3, shows that 
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CNT/Al2O3(9) modified electrode offers comparable or even better properties for 

DHB isomers detection, especially with respect to linear measurement range. 

2.1.2.3.7 Applicability in real sample analysis and recovery tests 

The applicability of the proposed sensor was explored by spiking the DHB isomers 

into different media including tap water and mineral water, Nestle Vera, San Giorgo 

in Bosco, Padova, Italy.  Before analyzing, each real sample was diluted by adding 

PBS pH 7.4 with ratio 1:4. The square wave voltammograms were recorded in each 

spiked sample and average oxidation peak currents for five replicative measurements 

was used to calculate the concentration of the analytes using corresponding calibration 

curves, see Figure 2-15. Acceptable range of recoveries using SPCE-CNT/Al2O3 (9) 

(Table 2-4) imply a negligible matrix effect of the media and, thus, promise that this 

sensor can be recommended for the determination of DBH isomers in the 

aforementioned real samples. Noteworthy, in spite of tap water analysis, which was 

resulted in the recoveries between 93 to 108%, for mineral water all recoveries found 

to be less than 100%. Therefore, although the recoveries are still acceptable, i.e. more 

than 91%, there is likely a negative effect of matrix on oxidation signal of DHB 

isomers in mineral water medium. 

Table 2-4. Determination of DHB isomers in real samples, i.e. tap water and mineral water 

using SPE-SC CNT/Al2O3 (8). 

Real sample Spiked (µM) Found (µM) Recovery (%) RSD (%) (n=5) 

Tap water     

HQ 
10 10.8 108.0 3.1 

200 187.2 93.6 4.6 

CC 
10 9.3 93.0 4.5 

200 205.2 102.6 4.1 

RS 
10 9.7 97.0 5.1 

200 210.6 105.3 5.8 

Mineral water     

HQ 
10 9.2 92.0 2.6 

200 183.0 91.5 3.1 

CC 
10 9.5 95.0 3.9 

200 191.0 95.5 5.6 

RS 
10 9.1 91.0 3.9 

200 189.5 94.8 4.6 
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2.1.2.3.8 Repeatability, reproducibility and long-term stability of modified electrodes 

Since reliability of the signal is a critical aspect for a sensor, the performance of the 

sensor was tested with respect to inter and intra-sensor repeatability as well as effective 

lifetime of the proposed sensor for electrochemical measurement of DHB isomers. The 

repeatability of the sensor was evaluated by recording the SW voltammograms of the 

SPCE-CNT/Al2O3 (9) in solutions containing 200 µM of each analyte, i.e. HQ, CC and 

RS. After recording each voltammogram, for the next measurement, SPCE-

CNT/Al2O3 (9) was just simply washed with distilled water. The relative standard 

variation for 10 replicative measurements was calculated to be 2.1%, 3.7% and 3.1% 

for HQ, CC and RS respectively. To study the reproducibility, six SPCE modified 

9CNT/Al2O3 sensors were fabricated and their peak currents (after baseline correction) 

were used to estimate the reproducibility. Relative standard deviations were found to 

be 6.1%, 9.5% and 7.3% for HQ, CC and RS receptively. Finally, the long-term 

stability of the sensor was estimated by recording the SW voltammograms of the same 

electrode in the solutions containing 200 µM of HQ or CC or RS for one month while 

the electrode was stored in open air during this period. The measurements were 

performed every other day and for each day, five measurements for each analyte, i.e. 

HQ, CC and RS, were carried out and the average peak current, after baseline 

correction, was recorded as the signal of that day. It was observed that after 11, 19 and 

30 days the sensor retained 95%, 90% and 81% of its initial signal. Noteworthy, this 

acceptable repeatability, reproducibility and durability of the sensor, especially up to 

ca. 20 days, was observed while very straightforward fabrication method was used and 

no common binder, e.g. Nafion or chitosan, was employed in the electrochemical 

sensor preparation. 

2.1.2.4 Conclusions 

CNT/Al2O3 core-shell nanostructures were prepared, the Al2O3 shell thickness was 

precisely controlled by varying the number of ALD cycles. Structural analyses 

demonstrated conformal deposition of Al2O3 onto the inner and outer carbon nanotube 

walls with thicknesses ranging from 1.2 to 15.4 nm. Theses core-shell nanostructures 

were used as electrochemical sensing elements for the determination of HQ, CC and 

RS. It is concluded that, firstly, the presence of Al2O3 brings about higher selectivity 
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by resolving the overlapped oxidation peaks of HQ and CC that can be related to the 

different adsorption properties of HQ and CC on aluminium oxide surface. Secondly, 

using the optimum thickness of the Al2O3 shell (ca. 2.2 nm) results in a remarkable 

enhancement in the peak currents for the oxidation of HQ and CC and therefore in the 

sensitivity of the sensor. Thirdly, the CNT core plays the important role to facilitate 

the electron transfer between adsorbed species on Al2O3 and the electrode. Therefore, 

in this case study, both too low and too high shell thickness resulted in a deteriorated 

sensitivity, almost to the same extent, due to the lack of enough active reaction sites in 

the former and too high electrical resistivity of a thick shell layer in the latter case. 

However, an optimal shell layer can provide enough active sites for electrochemical 

reaction to take place while electron transfer can still occur between adsorbed analytes 

and underlying core by electron tunnelling. In summary, insights gained from this 

study may turn the attention to the rather neglected role of the shell thickness in 

electrochemical sensing properties of core-shell nanostructures. 
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2.1.3 One-step microwave-assisted synthesis and characterization of novel CuO 

nanodisks for non-enzymatic glucose sensing 

 

Abstract 

In this study, a new approach for glucose sensing emphasizing on cost-effectivity and 

simplicity while sensitivity of sensor remains high enough is proposed. In this respect, 

we prepared CuO nanodisks having an ellipsoidal form without using any template or 

surfactants just by using microwave irradiation for 5 minutes and used it to modify 

disposable commercial screen printed carbon electrodes (SPCE) without using any 

kind of binders like nafion. The synthesized CuO nanostructure has been thoroughly 

characterized using various complementary techniques (SEM, TEM, FT-IR, XRD) 

while the performance of proposed electrochemical sensor was investigated as for 

glucose sensing. Different effective parameters on performance of the electrochemical 

sensor, including KOH concentration, applied potential, repeatability, stability and 

selectivity, were investigated and discussed. The linear dynamic range, from 0.2 µM 

to 2.54 µM, with detection limit of 0.202 µM (at signal to noise ratio of 3) and 

sensitivity of 653.3 µA mM-1 cm-2
, are comparable or better than many of more 

sophisticated glucose sensors. Therefore, this simple and sensitive sensor can offer a 

cost-effective and high-performance glucose sensor with respect to previously 

reported copper oxide based glucose sensors. 

 

2.1.3.1 Introduction  

Glucose sensing has been largely investigated through the last decades due to its 

remarkable importance in many applicative fields. First of all, glucose sensing allows 

to monitor health status of people having diabetes, a disease characterized by elevated 

level of glucose in the body [79]. Diabetes can cause renal, cardiac and nervous 

diseases as side effects and, according the most recently report of WHO, this number 

is increasing at an alarming rate. Measurement of glucose is not only crucial for 

treating diabetes but also it is very important in different industrial activities including 

food processing and bio-fermentation processes. 
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To respond to these necessity, a vast range of methods have been developed for the 

quantitative determination of glucose such as fluorescence spectroscopy [80, 81], 

infrared spectroscopy [82, 83], chemiluminescence [84], chromatography coupled 

with evaporative light scattering detector or tandem mass spectrometry [85, 86] and 

electrochemistry [87-89]. Among aforementioned methods, electrochemical ones have 

found highest applications due to their high sensitivity, selectivity, simplicity and 

speed. Electrochemical sensors for glucose determination can be divided into two 

broad categories namely enzymatic and enzyme-free (non-enzymatic) sensors. 

Although enzymatic methods usually show higher selectivity over enzyme-free ones, 

the sensitivity, simplicity and low cost of enzyme-free sensors hold great promise for 

glucose monitoring [90].  

Since common bare electrodes cannot show acceptable performance toward glucose 

measurements, nanostructure materials came forward to fulfil expectations. Among 

them, metal and metal oxides nanostructures have offered many desired properties for 

high performances sensors for glucose.  In this respect, noble metal nanostructures 

such as platinum [91, 92], gold [93, 94], palladium [95, 96] and nickel [97, 98] as well 

as transition metal oxides like nickel oxide [99], copper oxide [100], cobalt oxide 

[101], manganese oxide [102] and iron oxide [103] have been exploited extensively.  

As a p-type semiconductor with a narrow band gap of 1.2 eV, copper oxide has been 

widely exploited as a promising candidate for modification of electrode in 

electrochemical glucose sensors due to its high stability and electrocatalytic activity 

toward glucose oxidation at lower over-potentials. Regarding this, until now, many 

efforts have been devoted to produce different nanostructure of copper oxide such as 

nanowires [104], nanoparticles [105], nanorods [106], nanofibers [107], nanoneedles 

[108], nanospheres [109] and so on.  

Among the various synthesis techniques, we have chosen microwave-assisted wet 

chemical techniques for the present investigation due to its unique properties of rapid 

heating which increased reaction rates and shortened reaction time. Indeed, as 

microwave energy is selectively absorbed by areas of greater moisture, microwave-

assisted wet chemical technique can be used as a non-contact drying technology. This 
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results in more uniform temperature and moisture profiles, improved yields and 

enhanced product performance.  

In this paper, we present the synthesis and characterization of CuO nanodisks and its 

excellent ability in the enzyme-free glucose sensing. CuO nanodisks having an 

ellipsoidal form and constituted of a network of nanorods linked together, were 

synthesized by an eco-friendly, simple, template and surfactant-free one-step 

microwave-assisted wet chemical method. Subsequently, they wereused to modify 

screen printed carbon electrodes (SPCE). CuO modified SPCE (SPCE/CuO) 

electrodes exhibited excellent electro-oxidation toward glucose in alkaline media with 

significantly high sensitivity, which can be ascribed to peculiar CuO disk 

nanostructure. Results demonstrate that CuO nanodisks possess valuable 

electrocatalytic features and are quite attractive for thefabrication of non-enzymatic 

glucose sensors. 

2.1.3.2 Experimental 

Materials 

Copper acetate, ammonia solution, potassium hydroxide (KOH),glucose, mannose, 

sucrose, fructose, ascorbic acid (AA), dopamine (DA) and uric acid (UA) were 

purchased from Sigma Aldrich (www.sigmaaldrich.com) and were used without 

further treatment unless otherwise stated. Solutions were prepared, in double distilled 

water, daily before performing tests except KOH solution, which was stable and could 

be used for a longer period.  

Apparatus  

The morphology as well as particle distribution of samples was investigated using a 

scanning electron microscope (FESEM Zeiss, model 1540XB) and a transmission 

electron microscope (TEM, model-FEI Tecnai F20 G2). The microstructure of the 

sample was studied using X-ray Diffraction Technique (XRD, model XPERT-

PRO).The presence of functional groups on the sample surface was determined using 

Fourier Transform Infrared spectroscopy (FTIR-Perkin Elmer, model-spectrum 2). 

Electrochemical analyses (amperometric measurements and cyclic voltammetry) were 

performed using commercial SPCE (DropSens C110), equipped with a 4-mm diameter 
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carbon working electrode, a silver pseudo-reference electrode and a carbon auxiliary 

electrode. DropSens µStat 400 Potentiostat empowered by Dropview 8400 software 

was exploited for data acquisition. All experiments were performed at room 

temperature. 

Preparation of CuO nanostructure and modified electrodes 

Copper acetate (5 grams) was used as precursor material and dissolved in distilled 

water to prepare a solution 0.1 N. The solution was neutralized with ammonia solution 

usingdrop-by-dropaddition until pH of the solution reached to 9. The above solution 

was placed in microwave oven and microwave irradiated for 5 minutes. This 

irradiation time was previously optimized (data not shown) in order to obtain the 

desired morphological/microstructural CuO nanodisks characteristics. The radiation 

frequency was 2.45 GHz and its power up to 1 kW. Finally, the sample was collected 

and dried at 120C in muffle furnace.  

For the preparation of CuO nanodisks-modified electrodes, 1 mg of CuO nanodisk 

sample was dispersed in 1 mL of distilled water using ultrasonic bath. After obtaining 

homogeneous dispersion (2, 4, 6 and 8 µL were tested and 4 µL was selected as 

optimum volume, data not shown), the desired amount of CuO nanodisk dispersions 

was directly dropped onto the surface of carbon working electrode (SPCE/CuO) and 

left at room temperature to dry until further use. 

Electrochemical tests 

Electrochemical experiments were performed inside a 5 ml cell at room temperature. 

Potential and current were recorded by means of a DropsensµStat 400 potentiostat 

while using the same screen printed counter and reference electrodes of the 

commercial device. Cyclic voltammetry (CV) tests were performed at different scan 

rates in the potential range from 0 to 0.9 V. Tests were performed in 0.1 M KOH 

solution in the presence and absence of glucose. The pH effect of the analyte solution 

was also investigated. Amperometric measurements were carried out in stirred 0.1 M 

KOH solution, recording the anodic current at the optimal working potential, while 

drops of glucose were added sequentially. 
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2.1.3.3 Results and discussion 

2.1.3.3.1 Structural characterizations of CuO nanodisks 

The morphology, shape and size of as-prepared CuO sample was investigated by SEM 

and TEM analysis. SEM images reported in Fig. 2-16 (A-B), show clearly that the 

obtained particles were disk-shaped, with an ellipsoidal form. Measurements made on 

a large number of these particles allowed to drawn the particle size distribution. The 

histogram related to size distribution of the minor and mayor axis of these particles are 

reported in Fig. 2-16 (C-D). Average sizes are 308 nm and 534 nm for minor axis and 

major axis, respectively. Thickness of these nanodisks is estimated to be around 31 

nm.   

 

Figure 2-16. (A, B) SEM micrographs of as-prepared CuO nanostructures; (C, D) Size 

distribution of the minor and mayor axis of CuO elliptic particles. 

TEM micrographs at growing magnification are shown in Figure 2-17(A-C). Low 

magnification images clearly confirm the shape and size of CuO nanodisk. 

Dimensional analysis also confirm size obtained by SEM analysis. At higher 

magnification (see Figure 2-17C), we observe that nanodisks consist of small nanorods 
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(about 31 nm long and 5 nm thick), linked together to form a spherical/ellipsoidal 

porous nanostructure. SAED pattern (Figure 2-17D) presents bright spots, which 

indicates their highly crystalline nature.  

 

Figure 2-17. (A,B,C) TEM and (D) SAED micrographs of as-prepared CuO nanostructures. 

X-ray diffraction (XRD) analysis was performed for the powder sample as-synthesized 

CuO in order to identify the crystalline phase (see Figure 2-18). As-synthesized CuO 

powder has diffraction peaks at 2θ angles of 35.66, 38.81 and 48.95 which can be 

associated to the (−1 1 1), (2 0 0) and (−2 0 2) crystallographic planes of monoclinic 

CuO [105]. This confirms the formation of CuO crystalline phase without addition of 

any surfactant and post synthesis treatment in just 5 minutes of microwave irradiation.  
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Figure 2-18. XRD pattern of as-prepared CuO nanostructure. 

Fig. 2-19 reports the Fourier transform infrared spectroscopy (FTIR) spectrum of the 

as-prepared CuO nanostructures. The bands at around 602, and 496 cm-1 can be 

assigned to the vibrations of Cu(II)-O bonds [9, 12]. The broad absorption peak at 

around 3428 cm-1 is caused by the adsorbed water molecules [6].The existence of 

peaks at 1344 cm-1 and 1604 cm-1 is attributed to the ketone group, likely coming from 

a little quantity of unreacted copper acetate precursor. 

 

 

 

 

 

 

 

Figure 2-19. FTIR spectrum of as-prepared CuO nanostructure. 

2.1.3.3.2 Electrochemical characteristics of modified CuO/SPCE 

Electrochemical activity of glucose at bare SPCE and modified electrode was 

investigated using cyclic voltammetry (Figure 2-20a). Bare SPCE didn’t show any 

peak neither in 0.1 M KOH solution (Fig. 2-20, curve Ι) nor in 1 mM glucose solution 

(Fig. 2-20, curve ΙΙ) in the range 0 to 0.9 V at scan rate 50 mV s-1.  
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Figure 2-20. (a) Cyclic voltammograms of bare SPCE (Ι) and SPCE/CuO (ΙΙΙ) in 0.1 M 

KOH, and bare SPCE (ΙΙ) and SPCE/CuO (ΙV) in (1 mM glucose+0.1 M KOH) at scan rate: 

50 mV s−1. (b) Effect of KOH concentration on sensitivity of SPCE/CuO electrode.  Net 

current, defined as subtraction of peak current in the presence of 1mM glucose and absence 

of glucose, in different concentration of KOH, i.e. 0.001, 0.01, 0.1, 0.5 and 1 mol/L. 

Fig. 2-20, curve ΙΙΙ, shows a large oxidation tail observed over +0.75 V, which is 

considered as the onset of water splitting at the surface of SPCE/CuO. However, a 

reduction peak was observed (Fig. 2-20, curve ΙΙΙ) for SPCE modified with CuO 

nanodisks (SPCE/CuO) in 0.1 M KOH solution that can be attributed to the active 

redox couple of Cu(III)/Cu(II). The absence of oxidation peak of Cu(III)/Cu(II) in 

KOH solution is considered to be due to overlapping of this oxidation peak with 

oxidation of water, water splitting, at that high positive potential which can completely 

covers oxidation peak of Cu(III)/Cu(II) [110]. Moreover, for SPCE/CuO, after 

addition of 1 mM Glucose to KOH solution (Fig. 2-20, curve ΙV), a clear oxidation 

peak was appeared at about 550-600 mV which is corresponding to oxidation of 

glucose in the presence of CuO.  

Although the explicit electrocatalytic mechanism of glucose oxidation in the presence 

of CuO in alkaline media hasn’t been clarified, the most accepted mechanism suggests 

the production of high valence Cu (III) intermediate which can act as electron transfer 

medium and easily oxidizes glucose [111] according to the following paths: 

(1) CuO +OH− → CuOOH + e-      or    (2) CuO +2OH− +H2O → Cu(OH)4
− + e- 

(3) Cu(III) + glucose → Cu(II) + gluconic acid 
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Effect of KOH on electrooxidation of glucose 

As mentioned above in the proposed mechanism for electrooxidation of glucose, OHˉ 

ions participate in this process and investigation on their effect on performance of 

proposed sensor is necessary. Regarding this, different solution of KOH with 

concentration of 0.001, 0.01, 0.1, 0.500 and 1 mol/L were prepared and for each one 

cyclic voltammetry was recorded using SPCE/CuO. Afterwards, certain amount of 

glucose was added to each beaker to obtain 1mM of glucose and corresponding CV 

was acquired. In order to evaluate the effect of KOH on performance of sensor, net 

anodic peak currents were calculated by subtracting anodic peak current in the 

presence and absence of glucose (i(pa)Glu-i(pa)Blank).  

Figure 2-20b clearly shows from 0.001 to 0.1 M, net current increases but in higher 

concentrations of KOH a fast decrease in net current was observed. We proposed that, 

likely, in very low concentration of KOH, e.g. 0.001M, concentration of OHˉ ions are 

not enough to convert high amount CuO species into active form of CuO(OH), hence,  

peak current will be lower. On the other hand, in high concentrations of KOH 

performance of SPCE/CuO sensor was deteriorated since high concentrations of OHˉ 

ions can block adsorption of glucose and/or causes producing of undesirable 

intermediates during oxidation of glucose which, subsequently, block the surface of 

electrode [41] and decrease the peak current. Accordingly, 0.1 M KOH was selected 

as optimum concentration for glucose monitoring at SPCE/CuO for the next analyses. 

2.1.3.3.3 Effect of scan rate 

In order to explore the nature of mass transfer phenomenon at SPCE/CuO, cyclic 

voltammograms were recorded for 0.5 mM glucose at different potential scan rate 

ranging from 5 to 1500 mV s-1. As shown in Fig. 2-21, electrocatalytic current of 

oxidation peak is proportional to square root of scan rate according to equation ipa(µA) 

= 1.7037√v + 13.648 with R² = 0.9921, where ipa represents anodic peak current and 

√v is square root of scan rate. This observation reveals that rate-determining step is 

being controlled by slow diffusion of species to electrode or away from electrode 

surface and adsorption step is faster than diffusion. 
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Figure 2-21. CVs of glucose oxidation at SPCE/CuO at different scan rates, i.e. 5, 10, 25, 

50, 100, 300, 500, 800, 1200 and 1500 mV/s. (inset) Plots of peak current vs. square root of 

scan rate (a) and scan rate (b). 

2.1.3.3.4 Amperometric analyses  

In order to obtain the highest sensitivity for proposed sensor, amperometric technique 

was used for measurement of glucose. To achieve this purpose, first, effect of different 

applied potentials (Eapp) on glucose sensing was investigated since Eapp has great 

effect on sensitivity of this technique. The applied potentials of 0.5, 0.6 and 0.7 V were 

chosen, according to CV analyses to be studied. Fig. 2-22a demonstrates amperometric 

current time (i-t) response using SPCE/CuO after successive addition of 200 µM 

glucose while solution was being stirred. Results clearly show that amperometric 

responses enhance increasing applied potential form 0.5 to 0.6V. However, increasing 

Epp from 0.6 to 0.7V results in lower responses.  
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Figure 2-22. Study of SPCE/CuO sensor in 0.1 M KOH after successive addition of 200µM 

glucose (a) at different applied potential and (b) corresponding calibration curve for each 

potential (c). 

Fig. 2-22b depicts that at applied potential of 0.6V the highest sensitivity (defined as 

slope of corresponding calibration curve) is observed and higher Eapp deteriorates the 

sensitivity since at that high potential, other electroactive molecules and/or by-product 

intermediates can interfere with glucose oxidation. Therefore, applied potential of 

0.6 V was selected as the optimum Eapp for the subsequent experiments. Repeatability 

is another critical figure of merit for a sensor; hence, we investigated also this aspect 

of proposed sensor. Fig. 2-22c demonstrates clearly that for three different 

measurements using the same SPCE/CuO sensor we obtained very good repeatability. 

Noteworthy, the only procedure that was performed between different three 

measurements was removing the SPCE/CuO form the solution and washing it 

thoroughly with distilled water. After that, SPCE/CuO was ready to be used for next 

analysis. According to this, SPCE/CuO shows very good antifouling ability toward 

glucose monitoring in alkaline solution.  

The capability of the proposed sensor was more investigated by attempting to obtain 

the calibration curve for glucose measurement (see Fig. 2-23). 
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Figure 2-23. Calibration curve for proposed sensor at 0.6V and 0.1M KOH (insets show the 

magnification of lower concentration range and calibration curve for the glucose 

determination). 

At optimum potential, 0.6V, there is a linear relation between current responses and 

glucose concentration in the range of 2 μM to 2.54 mM with sensitivity of 78.43 µA 

mM-1 (627.3 µA mM-1cm-2).  Limit of detection for this sensor was calculated to be 

0.2 µM using calibration curve and considering formula 3σ/m, where σ is standard 

deviation of replicative measurements of blank solution (KOH 0.1 M) and m is the 

slope of calibration curve.  

We have also compared our results to other similar reported sensors, as listed in Table 

2-5. The performance of the proposed SPCE modified CuO which had been prepared 

in a very simple and cost-effective way was better than most of the recently reported 

CuO-based enzyme-free glucose sensors. 

Table 2-5. Comparison of the sensing the performance of proposed sensor to other reported 

CuO based sensor in the literatures. 

Modifier Potential (V) Linearity 
LOD 

(µM) 

Sensitivity 

(µA mM-1cm-2) 

Reference 

CuO nanosheets    0.5 500 μM to 10 mM 0.1 520 [112] 

CuO nanofibers 0.40 6 μM to 2.5 mM 0.8 431.3 [113] 

CuO nanowires 0.55 - 2 648.2 [114] 

https://www.sciencedirect.com/science/article/pii/S0925400518306956?via%3Dihub#tbl0005
https://www.sciencedirect.com/science/article/pii/S0925400518306956?via%3Dihub#tbl0005
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CuO nanospheres 0.60 Up to 2.55 mM 1 404.53 [115] 

CuO 

nanoparticles 
0.55 0.21 μM to 12 mM 0.21 700 [105] 

CuO 

nanoparticles 
0.60 20 μM to 20 mM 0.06 472 [116] 

CuO nanowires 0.55 

5.0 μM to 

0.555 mM and 

0.555 to 8.555 mM 

2.86 

850.7 

and 

446.7 

[117] 

CuO nanowires 0.33 0.4 μM to 2 mM 0.049 490 [118] 

CuO nanofibers 0.35 60 μM to 3 mM 8 183.3 [119] 

CuO nanodisks 0.60 2.0 μM to 2.5 mM 0.2 627.3 This study 

 

2.1.3.3.5 Selectivity, stability and real sample analyses 

Selectivity of sensor was evaluated because, most often, selectivity determines the 

applicability of the sensor in real media. The higher the selectivity sensor shows, the 

more reliable the results will be. Usually, some other species such as sucrose (Suc), 

mannose (Man), fructose (Fru), uric acid (UA), dopamine (DA) and ascorbic acid (AC) 

co-exist with glucose in many real samples. Although normal levels of 

abovementioned substances are much more lower than glucose, these species 

potentially can interfere with electrochemical glucose measurement. Fig 2-24a 

demonstrates that simple sugars (Suc, Man and Fru) slightly interferewith the 

measurement of glucose, while UA, DA and UA show negligible interference effect. 

These results reveal that this sensor has a good selectivity for glucose measurement in 

the presence of other normal interferences.  

Long-term stability of sensor was also studied. As Fig. 2-24b shows after successive 

measurement of glucose during 14 days, with 2-days intervals, only 9% of original 

signal was lost. Noteworthy, in these 14 days, the sensor was kept in open air and room 

temperature without any special condition. This study reveals an elegant feature of 



75 

 

SPCE/CuO which is high stability. This can be ascribed to high stability of copper 

oxide species even at ambient conditions. 

 

Figure 2-24. (a) Interference response of SPCE/CuO modified electrode in 0.1 M KOH at 0.6 

V. (b) long-term stability of proposed sensor (each point represents 3 repetitive 

measurements). 

To test the capability of proposed sensor for measuring glucose in urine sample, 25 µL 

of human urine sample was collected and diluted to 5 mL by adding 0.1 M KOH. 

Recoveries were calculated, after adding standard glucose solution to abovementioned 

urine sample at a time interval of 100 s. Results in table 2-6 imply that SPCE/CuO can 

be used not only in analysing glucose standard solutions but also to measure glucose 

in urine without suffering from matrix effect of urine sample. 

 

Table 2-6. Results for measurement of glucose in urine sample 

Added(µM) Found(µM) Recovery RSD% (n=3) 

200 216 108.2 7.1% 

600 631 105.1 3.3% 

1200 1230 102.5 5.8% 

 

2.1.3.4 Conclusion 

In conclusion, herein, a novel CuO nanostructure was synthesized using template and 

surfactant free microwave-assisted method. Different characterization techniques such 

as XDR, TEM, SAED and FTIR were used to reveal different structural properties of 

as-prepared CuO. XRD results confirmed the formation of CuO crystals with 

monoclinic structure and SEM analysis showed that CuO nanodisks consist of 
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nanorods linked together and thickness of the nanorod is ranging from 20 nm to 26 

nm. Furthermore, this novel CuO nanodisk structure was used for the development of 

a very simple, cost-effective and sensitive non-enzymatic glucose sensor. The sensor 

offered high sensitivity of 627.3 μAmM−1·cm−2, a wide linear glucose measurement 

range from 2.0 μM to 2.5 mM, good selectivity, reproducibility and stability. Proposed 

sensor was fabricated in an extra simple way and yet kept its high sensitivity, 

selectivity and stability compared to many other reported CuO based glucose sensors 

in literature. 
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2.2 Gas sensing analyses  

2.2.1 Evaluation of NiO-SCCNTs core-shell structure; new insight into shell 

thickness effect on gas sensing properties 

 

Abstract 

Hierarchical core-shell (C-S) heterostructures composed of a NiO shell deposited onto 

stacked-cup carbon nanotubes (SCCNTs) were synthesized using atomic layer 

deposition (ALD). A controlled film of NiO particles was uniformly deposited onto 

the inner and outer walls of the CNTs. The NiO thickness was precisely controlled 

between 0.80 and 21.8 nm, by varying the number of ALD cycles from 25 to 700. The 

as-synthesized NiO-SCCNTs C-S heterostructures were thoroughly characterized by 

high-resolution transmission electron microscopy (HRTEM), energy dispersive X-ray 

(EDX) elemental mapping and X-ray photoelectron spectroscopy (XPS). The 

electrical resistance of the samples was found to increase of many orders of magnitude 

with the increasing of the NiO thickness. The behavior of NiO-SCCNTs sensors with 

various thicknesses of the NiO shell layers was investigated for low concentrations of 

acetone and ethanol at 200 °C. The sensing mechanism is based on the modulation of 

hole-accumulation region in the NiO shell layer, during the interaction of the reducing 

gas molecules with the adsorbed oxygen species, which account for a marked change 

in the resistance. The electrical conduction mechanism was further studied by 

developing NiO-Al2O3-SCCNTs heterostructures with the incorporation of Al2O3 

dielectric layer in between the NiO and SCCNT interfaces. It suggested that the 

sensing mechanism is strictly related to the NiO shell layer. The remarkable 

performance of NiO-SCCNTs sensors towards acetone and ethanol benefits from the 

conformal coating by ALD, large surface area by SCCNTs and the optimized p-NiO 

shell layer thickness followed by the radial modulation of the space-charge region.  
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2.2.1.1 Introduction 

Metal oxide semiconductor (MOS) gas sensors have been successfully used for the 

purpose of environmental monitoring, public security, sensor networks, automotive 

applications, domestic safety, chemical quality control and breath analysis. The 

development of the new sensing strategies for high sensitivity, rapid response and 

superior selectivity are among the major scientific ongoing challenges [120-123]. 

Among p-type metal oxides, NiO is one of the most frequently used candidates as 

active sensing material due to its wide band-gap (3.6 eV to 4.0 eV, depending upon 

the method of preparation and crystallinity), significant change in the electrical 

properties during chemical reactions on its surface, non-toxicity, high catalytic activity 

and low cost [124-127]. However, the low electronic conductivity of NiO limits its 

broad applications in chemo-resistive gas sensors [127, 128]. Nonetheless, many 

approaches have been introduced in the last few years to enhance the gas sensing 

performance of the NiO-based sensors by i) modifying the size and morphology of the 

sensing layers [124, 126, 129-134], ii) synthesizing NiO-based nanocomposites (e.g. 

with SnO2, PdO, WO3 and ZnO) [128, 135-137] and iii) doping NiO with e.g. Au, Fe, 

Pt and Zn [125, 138-141]. However, these composites may suffer from some issues 

during the sensing measurements, like aggregation and grain growth at high working 

temperatures, which cause a reduction in their durability and stability of the electrical 

response (i.e. baseline shift). Moreover, despite of years of work on these MOx gas 

sensors, they are still facing shortcomings like high cost, low selectivity and high 

working temperature [142-145]. Hence, these materials are still in their infancy and 

state-of-the-art NiO sensors are still under active development [125, 129, 146, 147]. 

One of the options to overcome these problems is to employ heterostructures made of 

a CNTs core and a metal oxide semiconductor shell (C-S). Due to the high surface area 

and a lower charge recombination rate, the one-dimensional (1-D) nanostructures, 

such as nanowires, nanobelts and nanotubes have exhibited enhanced performances in 

catalysts and gas sensors as compared to other nano-sized composites [148, 149]. 

Carbon nanotubes (CNTs) are nanomaterials, which possess a large surface area to 

volume ratio; hence, they provide a direct benefit for gas sensing applications [150, 

151]. However, pristine CNTs are not highly  active toward gases and display slow 

responses and high recovery times [152]. These limitations can be appropriately 
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resolved by designing CNTs-MOx heterostructures, which provide the advantages of 

both classes of materials without the drawbacks. Indeed, the CNTs provide a suitable 

conductive platform with a large surface area for metal oxides and a low operating 

temperature for gas sensing measurements [150, 151, 153], while NiO would provide 

a high response to analytes. In the recent past, many studies reported improved 

responses of MOx gas sensors by preparing heterostructures between CNTs and n-type 

metal oxides, such as SnO2/CNTs [154-157], hex-WO3/MWCNTs [158], 

ZnO/MWCNTs [159], TiO2/CNTs [153], V2O4-CNTs [160-162]. On the other hand, 

there are very few reports for p-type metal oxides such as NiO/CNTs heterostructures 

for gas sensing [152, 163]. Even though, some reports demonstrated good sensing 

properties, the homogeneity, conformality and a proper control over the thickness and 

particle size of the MOx shell layer onto the CNT walls still remains challenging. 

In addition to the nature of the sensing material, porosity and morphology, the shell 

thickness is also one of the most critical parameters for the design of C-S 

heterostructures. In particular, when the shell layer thickness is close to the Debye 

length (λD), the conduction is significantly influenced by the modulation of the space 

charge layer near the interface, which, consequently,  leads to the enhanced gas sensing 

performances [127, 153, 164-167]. Unfortunately, there has not been enough reports 

on the design of heterostructures with optimised shell thicknesses for gas sensing 

applications. Generally, solution-based methods show a very limited control over the 

shell thickness, especially when the shell layer is in the order of few nanometers, 

hence, alternative methods for preparing the conformally coated nanostructures with 

high aspect ratio and a well-adjusted shell film thickness are needed. 

 Atomic layer deposition (ALD) has proven to be able to conformally coat high aspect 

ratio nanostructures with well-calibrated thin films. On the other hand, to the best of 

our knowledge, there is no report which study the role of the NiO shell thickness on 

gas sensing applications and try to build clear structure-property correlations. 

2.2.1.2 Experimental 

Chemicals and Reagents 

Stacked-cup carbon nanotubes, SCCNTs (pyrograf III, PR24-PS) were purchased from 

Applied Science, inc., nitric acid (67%) was purchased from VWR chemicals. 
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Bis(cyclopentadienyl)nickel (Nickelocene, Ni(Cp)2), was purchased from ABCR 

GmbH with a purity of 99.99%. Ozone was used as produced by using pure oxygen at 

a pressure of 1 bar in a BMT803N ozone delivery system. Trimethylaluminum 

((CH3)3Al, TMA, 98%) was purchased from STREM chemicals. Argon was purchased 

by Air Liquide, 99.99% purity. Other gases, i.e. acetone, ethanol, H2, NH3, NO2, CO2, 

CO and methane were coming from certified bottles purchased from SOL company 

(www.solgroup.com). All other chemicals and reagents were of analytical grades and 

used without further purification unless otherwise stated. 

Gas sensing tests 

Sensors were fabricated by depositing a film of the water dispersed NiO-SCCNTs-x 

samples onto the platinum interdigited area of alumina substrates (6x3 mm2) 

containing a Pt heater located on the backside. After that, sensors were introduced in 

a stainless-steel chamber for the sensing measurements. The experimental bench for 

the electrical characterization of the sensors allows to carry out measurements in 

controlled atmosphere. Gases coming from certified bottles were diluted in air at a 

given concentration by mass flow controllers. All the measurements were carried out 

at 200 °C, under a dry air total stream of 100 sccm. A multimeter data acquisition unit 

Agilent 34970A was used for this purpose, while a dual-channel power supplier 

instrument Agilent E3632A was employed to bias the built-in heater of the sensor to 

perform measurements at super-ambient temperature. The sensor response (S) is 

defined as S = Rg / Ra, where Rg and Ra are the electrical resistance values of the sensor 

in the presence and absence of target gases, respectively.  

2.2.1.3 Results and discussion 

2.2.1.3.1 Structural characterization  

The relative thickness of the NiO ALD film was initially measured by ellipsometry. 

Well-cleaned Si-wafers were also coated in the ALD chamber at the same time as the 

SCCNTs. Ellipsometry data confirmed the successful execution of the ALD process, 

by comparing the thickness of the coated silicon wafer to the non-coated wafer. The 

growth per cycle (GPC) was consistently determined in terms of thickness of the NiO 

deposited layer vs. the number of ALD cycles on Si/SiO2 wafers.  
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The structure and morphology of the NiO-SCCNTs samples were thoroughly analysed 

by transmission electron microscopy (TEM). Figure 25 shows TEM images for the 

samples coated by 100, 200, 400 and 700 NiO ALD cycles. Some more HRTEM 

images, to differentiate between the thickness of the NiO shell layer for the SCCNTs 

samples coated with 25, 50, 100, 200, 400 and 700 NiO ALD cycles can also be found 

in our recent report [62]. It can be seen that the SCCNTs are equally and conformally 

coated from the inner and the outer surfaces with NiO nanoparticles. It is observed that 

small NiO nanoparticles were deposited after 25 ALD cycles with a steady growth to 

a compact and dense NiO film after 700 ALD cycles. The thickness of the NiO coating 

increases with the number of ALD cycles. The GPC determined from the thickness of 

the NiO films grown on the SCCNTs for various number of ALD cycles is almost 

constant. The linear fitting (R2 = 0.993) of the NiO thickness vs. the number of ALD 

cycles passes by the origin with a slope of 0.32 Å cycles-1 corresponding to a growth 

per cycle (GPC) of 0.32 Å, as also reported recently by us [62]. The average thickness 

calculated for the NiO-SCCNTs samples from TEM images are similar to the values 

calculated from ellipsometry data (Table 2-7).  

Table 2-7 Summary of the ALD deposited NiO shell layer thickness and growth per cycles 

(GPC) as calculated by transmission electron microscopy (TEM) on SCCNTs and 

ellipsometery on silicon wafers. 

 

This further proves the ALD character and the self-terminating behavior of the process 

under the applied conditions, indicating that thickness of the NiO shell layer can be 

tailored by controlling the number of ALD cycles. Further, high-resolution 

Number 

of ALD 

cycles 

Transmission electron microscopy 

(TEM) 

Ellipsometry 

Thickness 

(nm) 

GPC 

(Å /cycle) 

Slope of the 

linear fit 

(GPC) 

Thickness 

(nm) 

GPC 

(Å /cycle) 

Slope of the 

linear fit 

(GPC) 

25 0.8 0.32 0.32 Å /cycle 0.74 0.29 0.37 Å /cycle 

50 1.7 0.34 1.89 0.37 

100 4.0 0.4 3.42 0.34 

200 6.5 0.32 7.08 0.35 

400 14.0 0.35 16.04 0.4 

700 21.8 0.31 24.43 0.34 
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transmission electron microscopy (HRTEM), high-angle annular dark-field scanning 

transmission electron microscopy (HAADF-STEM), bright-field (BF) and EDX 

mappings images are shown in Figure 25. The lattice spacing of 0.21 nm and 0.24 nm 

in magnified HRTEM can be assign to the interplaner distance of the (111) and (200) 

lattice planes for the NiO, whereas the spacing of 0.39 nm can be assigned to the (002) 

plane of hexagonal graphitic carbon, respectively. The multiple concentric rings in the 

selected area electron diffraction pattern (SAED) obtained for NiO-SCCNT-200 

confirm the polycrystalline characteristic of the sample (inset of Figure 25d). The main 

Debye-Scherrer rings correspond to the (200), (111) and (220) planes of the rock salt 

structure of NiO (ICDD 01-075-0197) and to the (002) plane for graphitized carbon 

(ICDD 01-075-1621). It can be seen in the HAADF-STEM and in the elemental 

mappings images that NiO is homogenously distributed throughout the inner and outer 

walls of the SCCNT forming a smooth and conformal layer with a measurable 

thickness (Figure 25 e-h).  The structure and phase composition of the synthesized 

sample were studied by X-ray diffraction (XRD). Pristine SCCNTs show the 

characteristic peaks of hexagonal structured graphitic carbon and ALD coated 

NiO-SCCNTs with 50, 100, 200 and 400 deposition cycles of NiO show the diffraction 

peaks corresponding to the reflections of face-centred cubic NiO. NiO-SCCNTs also 

show reflection coming from SCCNTs, which becomes less pronounced compared to 

the reflections originating from NiO, with higher number of ALD cycles. These results 

have been reported in our previous articles [42, 62]. 
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Figure 2-25. High-resolution transmission electron microscopy (HRTEM) images for (a) 

NiO-SCCNTs-100, (b) NiO-SCCNTs-200, (c) NiO-SCCNTs-400, (d) magnified HRTEM 

image for the NiO-SCCNTs-200 sample, (e) HAADF-STEM images for NiO-SCCNTs-700 

and (f-h) EDX elemental mapping for carbon, nickel and oxygen, respectively. 

The chemical state of the NiO film deposited on SCCNTs was examined by high-

resolution X-ray photoelectron spectroscopy (XPS) [135]. Figure 26a displays the Ni 

2p3/2 core level spectra for the NiO-SCCNTs samples with 100, 200 and 700 ALD 

cycles. The broad feature centred at 861.2 eV is mainly due to the complex multiplet 

splitting and to the number of possible final states due to the strong overlap of the Ni 

and O orbitals. More relevant is the low BE peak centred at 854.1 eV, which can be 

unambiguously ascribed to Ni2+ in the NiO6 octahedral coordination of the cubic rock-

salt NiO structure [168-172]. The remaining peak at 856.2 eV is known to be a surface 

component and can be attributed to surface hydroxylated NiO, similarly to Ni2+ in 

Ni(OH)2. 
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Figure 26b presents the O1s edges of NiO deposited onto SCCNTs with 100, 200 and 

700 ALD cycles. The lower binding energy peak at 529.5 eV is representative of the 

lattice oxygen, i.e., O2- in NiO. At high binding energy, the small peak at 533.2 eV 

corresponds to residual water at the film surface. The peak at 531.5 eV can be indexed 

to surface hydroxyl groups [173-176]. In the present study, all deposition were 

executed in a moisture free highly evacuated chamber using argon as a carrier and 

purging gas for the precursors, so, the hydroxylated surface should be due to the short 

exposure in air after deposition. On the other hand, the bulk of the film still remains 

rock salt NiO (cf. XRD [62], TEM and SAED results above) while the surface has 

been hydroxylated over the top few nanometres.  

It can also be further observed for both, Ni 2p and O 1s, regions that the NiO 

contribution became more prominent with the increasing of the number of ALD cycles. 

Since the thickness of NiO coating increases with the increasing of the number of ALD 

cycles, hence the bulk component (NiO) became more prominent than the 

hydroxylated surface region.  

 

Figure 2-26. High-resolution XPS spectra for NiO-SCCNTs samples with 100, 200 and 700 

ALD cycles, (a) Ni 2p and (b) O 1s scanned regions. 
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2.2.1.3.2 Electrical characteristics 

Electrical and sensing characteristics of NiO-SCCNTs C-S heterostructures were 

evaluated with the planar conductometric sensor device, described in our previous 

reports [177]. All the samples were annealed in dry air at a temperature of 200 oC to 

remove any absorbed water, etc. Annealing at 200 oC did not make any change in the 

crystalline structure or chemical states of the samples as the NiO deposition was also 

originally performed at 200 oC (ALD chamber temperature). The annealed NiO-

SCCNTs-X samples were deposited onto the Pt interdigited area of the alumina 

substrate. First, the baseline resistance (Ra) was measured in dry air at 200 °C for the 

oxidised SCCNTs and all the NiO-SCCNTs-x sensors (Figure 27 a and b). The 

SCCNTs sensor showed a very low value of Ra i.e., about 82 ohm, which is in 

accordance to the relatively high conductivity of the carbon nanotubes [155]. The 

baseline resistance (Ra) of NiO-SCCNTs-X sensors increased with the increasing of 

the NiO thickness (number of ALD cycles), which shows that the resistance of NiO-

SCCNTs sensors largely depends on the thickness of the NiO shell layer (Figure 28a). 

The NiO-SCCNTs-700 sensor showed a high resistance value, approximately up-to 

seven-order of magnitude as compared to the oxidised SCCNTs. Hence, the resistance 

of the NiO-SCCNTs-X sensors is dominated by the resistive shell layer rather than the 

semiconducting core substrate, due to the serial connection between the highly 

resistive NiO shell layers and the conducting carbon nanotubes substrate. 

 

Figure 2-27. (a) Baseline resistance (Ra) variation to a 10 ppm pulse of ethanol of the 

oxidised SCCNTs and XNiO-SCCNTs sensors, (b) enlarged view of the SCCNTs (black) and 

25NiO-SCCNTs (red) sensors. 
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2.2.1.3.3 Gas sensing tests 

The fundamental gas sensing properties of the SCCNTs and NiO-SCCNTs-X C-S 

heterostructures were investigated to evaluate their applicability towards acetone and 

ethanol gas detections. A temperature of 200 oC was chosen for this study, which is 

similar to the already optimized and reported temperatures for the NiO and CNTs 

composites [152, 163]. The gas sensing tests were performed for acetone and ethanol 

with the oxidized SCCNTs and a series of NiO-SCCNTs-X sensors in an especially 

design sensing chamber and the variations in the resistance (Rg) were registered. 

Figure 28 (b-e) represent the response of all the sensors to various concentrations of 

acetone and ethanol at 200 °C. When acetone and ethanol were introduced in the 

sensing chamber, the resistance of the SCCNTs decreases and shortly reached a 

minimum resistance value, which indicate an n-type response of the oxidized SCCNTs 

(Figure 28b). Generally, CNTs are reported as a p-type semiconductor, even though, 

it has been reported that depending on the procedure of synthesis and pre-treatment as 

well as the presence of even very small amount of impurity of metal/metal oxide, this 

semiconducting behavior may change. Especially, the electronic properties of the 

CNTs are very sensitive to the chemical environment and conditions. It was 

demonstrated that the electrical resistance and local density of states of the CNTs are 

influenced by its exposure to a certain environment and these can be tuned reversibly 

by even small concentrations of adsorbed gases. The electronic properties of the CNTs 

are not only related to the diameter and chirality, but also depend on the gas history as 

well [178-180]. 

The dynamic response of the NiO-SCCNTs-X sensors towards various concentrations 

of acetone and ethanol (from 1 ppm to 40 ppm) as target gases is shown in the Figure 

28 (c-f). It can be seen that coating of the NiO shell layer on the SCCNTs (NiO-

SCCNTs, C-S heterostructures) remarkably modified the semiconducting nature of the 

SCCNTs. In response to acetone and ethanol, the resistance of the NiO-SCCNTs-X 

sensors increases and then recover promptly to the baseline value as the gases are 

removed from the testing chamber. The responses of the NiO-SCCNTs materials show 

a typical p-type behavior and a significant enhancement as compared to the non-coated 

SCCNTS, which can be attributed to the synergic effect of both of the materials, i.e. 

the good conductivity of the SCCNTs support and the significant gas response and 
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catalytic activity of NiO. Such a significant increase in response was already observed 

and well demonstrated elsewhere for other metal oxides-CNTs heterostructures [155, 

163]. The gas sensing response of the NiO-SCCNTs-X sensors increased with the 

increasing of the concentration of the target gases (Figure 28 g and h). The linear 

dependence of the gas response (S) to the concentration of the target gases can be 

represented empirically by S = a[C]b+1 or Log (S-1) = blog (C ) + log(a) [181]. The 

inset of Figure 28 g and h indicate that all the NiO-SCCNTs-X sensors have excellent 

linearity (determination coefficient, R2 > 0.98) in logarithmic form and these NiO-

SCCNTs hierarchical C-S nanostructures can be used as promising sensing materials 

for acetone and ethanol detection. 
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Figure 2-28. (a) The linear plot of the baseline resistance vs the number of ALD cycles (NiO 

shell thickness) for NiO-SCCNTs-X and SCCNTs sensors. Dynamic response towards 

different concentrations of acetone and ethanol at 200 oC by the fabricated sensors with, (b) 

oxidized SCCNTs, (c) NiO-SCCNTs-50, (d) NiO-SCCNTs-200, (e)NiO-SCCNTs-400 and (f) 

NiO-SCCNTs-700. The Response variations of NiO-SCCNTs-X sensors for different 

concentrations of target gases, (g) acetone and (h) ethanol. The insets in (g) and (h) show 

the linear fit for the logarithmic expression of the NiO-SCCNTs-X sensors response as a 

function of the target gas concentrations. All the tests were performed at 200 oC. 
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It is remarkable that there is a correlation between the NiO shell thickness (e.g. number 

of ALD cycles) of the NiO-SCCNTs-X C-S nanostructures and their gas sensing 

response. The response (S) initially increased as the NiO thickness increased from 0 

to about 5-6.5 nm (200 ALD cycles) and then decreases progressively for the thicker 

films grown with 400 and 700 ALD cycles (14 and 22 nm shell thickness) (Figure 

29a). As a resistive-type sensor, the gas sensing mechanism of these NiO-SCCNTs-X 

sensors could be explained by a change in the resistance/conductance caused by the 

exposure to the target gas environment. When a material is exposed to air, the oxygen 

molecules adsorbed on the material surface capture electrons forming negatively 

charged (O2
 −, O− and O2−) surface species. In case of a p-type material, the resistance 

of the surface decreases due to the increase of the carrier density (hole accumulation 

layer, HAL) and the whole layer acts as a conducting medium. On exposure to a 

reducing gas like acetone and ethanol, the gas molecules react with the adsorbed 

oxygen (oxidise to e.g.  CO2 and H2O) leading to the release of electrons back to the 

surface. These electrons combine with the holes in the p-type material causing a 

reduction in the carrier concentration and therefore to an increase in resistance [182]. 

Hence, the sensing properties of the nanostructures can be enhanced by the increase of 

the resistance variation. 

The variation of the sensing response of the NiO-SCCNTs sensors, as a function of the 

NiO shell thickness, presents a volcano-shaped curve (Figure 29a). It implies that the 

sensing property of NiO-SCCNTs nanostructures is intimately linked to the width of 

the depletion layer. The high sensing response of the NiO-SCCNTs-200 sensor is due 

to the fact that the thickness of the NiO coating is similar to the thickness of the 

depletion layer, i.e. the Debye length (λD) [183, 184]. At this point, the entire film is in 

the space-charge-region and the charge conduction in the NiO film is dominantly 

perturbed by the oxygen vacancies and/or acetone/ethanol chemisorbed species at the 

surface. It was demonstrated that for an un-doped NiO hole transport layer on ITO 

with thickness comparable to the Debye Length (λD), the performance improvement 

recorded was attributed to the better conductivity of thin NiO films, the higher work 

function and the higher hole concentration. The reported Debye length (λD) for a NiO 

film is in the range of 2-13 nm, depending upon the temperature and preparation 

method of the material [170, 184]. Other investigations have also observed a 



93 

 

correlation between the resistance variations (responsivity) and the variations in the 

film thicknesses of the active materials, especially for thin films. Marichy et al.,[153] 

Fang et al.,[127] Park et al.,[185] Katoch et al.,[183] and Qu et al.,[182] reported an 

optimized gas sensing performance for TiO2-CNTs, NiO-SnO2, In2O3-ZnO, SnO2-ZnO 

and Fe3O4-Co3O4 heterostructures at a thickness of 5.5 nm for TiO2 (λD≈ 11 nm), 5 nm 

for NiO (λD≈ 2-13 nm), 44 nm for ZnO (λD≈ 21.7 nm), 20 nm for ZnO (λD≈ 0.7-22 nm) 

and 50 nm for Co3O4 (λD≈ 40 nm), respectively. These reports of optimized gas 

sensing responses using different heterostructures demonstrated that the best 

performance is expected in the range of the Debye length. This observation also 

suggests that in our NiO-SCCNTs nanostructures, the electrical properties are 

dominated by Schottky barrier junctions across n(core)-p(shell) interfaces. Based on 

these results the best performing NiO-SCCNTs-200 sensor was selected for further 

investigations. 

The dynamic response of the NiO-SCCNTs-200 sensor was measured to 10 ppm of 

acetone and ethanol at 200 oC (Figure 29b). It shows a good reproducibility and 

recovery of the signals after successive exposure to the acetone/ethanol and air. The 

stability of the NiO-SCCNTs-200 sensor was measured for the various concentrations 

of acetone and ethanol at 200 oC. Two sensors were prepared from the same samples 

(NiO-SCCNTs-200) and tested under similar conditions. The baseline (no drift) and 

good reproducibility of the signals evidenced a good stability of the fabricated sensors 

(Figure 29c). The selectivity of the NiO-SCCNTs-200 sensor was tested against 

acetone, ethanol and some interfering gases like CO2, NO2, NH3, CO, methane and 

hydrogen. It is clear that NiO-SCCNTs-200 sensor shows a significant and clear 

response towards acetone and ethanol, whereas it shows lower effective signals for 

other gases at concentrations relevant to typical gas sensing applications (Figure 29d). 

Hence, the NiO-SCCNTs-200 fabricated sensor shows a good selectivity for acetone 

and ethanol detection at 200 oC. 
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Figure 2-29. (a) NiO shell layer thickness of NiO-SCCNTs-X sensors as a function of the 

sensing response towards acetone and ethanol at 200 oC.  (b) Successive response of NiO-

SCCNTs-200 fabricated sensor to 10 ppm of ethanol and acetone at 200 oC.  (c) response of 

two different sensors fabricated by NiO-SCCNTs-200 towards acetone at 200 oC. (d) 

response of NiO-SCCNTs-200 sensor to acetone, ethanol and other gases at 200 oC, which 

demonstrate a good selectivity towards ethanol and acetone. 

2.2.1.4 Conclusion 

NiO-SCCNTs core-shell (C-S) hierarchical heterostructures with a range of ultra-thin 

layers of NiO (from 0.80 to 21.8 nm in thickness) by ALD is reported for gas sensing 

applications. The SCCNTs sensor capabilities are greatly enhanced by the 

homogenous and conformal coating with a NiO shell layer. Both the electrical 

properties and the sensor response of NiO-SCCNTs C-S hierarchical heterostructures 

for acetone and ethanol are strongly dependent on the thickness of the NiO shell layer, 

proving that the sensor performances are closely related to the thickness of the electron 

depletion layer. NiO-SCCNTs-200 (6.5 nm NiO shell layer) sensors show the best 

performance among others due to the matching of the Debye length (λD) with the coating 

thickness. The NiO-SCCNTs-200 sensors also showed excellent performance in terms of 
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stability, reproducibility and selectivity towards acetone and ethanol. The noteworthy 

performance of NiO-SCCNTs-200 sensors can be attributed to the good conductivity 

and high surface-area of the SCCNT substrate, the conformal and homogenous NiO 

coating achievable by ALD and the optimized NiO thickness. All in all, we are 

convinced that our optimized heterostructures endow a great potential for gas sensing 

applications. 
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2.2.2 Modulation of gas selectivity towards acetone and NO2 using Cu-MOF based 

gas sensor 

  

Abstract  

Acetone and NO2 are gaseous species harmful to the human body even at very low 

concentrations. Thus, highly sensitive and selective sensors for both gases are required 

from biomedical and environmental sectors. Here, we report on the use of metal-

organic frameworks (Cu-MOF)-based conductometric sensors for the simple sensing 

of these gases. Copper linked benzene-1,2,4,5-tetracarboxylate metal-organic 

frameworks (Cu-MOF) was synthesized by a hydrothermal method and its detailed 

morphological and structural properties have been investigated by XRD, TG-DTA, 

FE-SEM, HR-TEM and EDS studies. Gas sensing devices were fabricated by printing 

thick film of Cu-MOF powder on conductometric ceramic platform provided with Pt 

interdigitated electrode and integrated heater. On the basis of physical characterization 

and in-situ electrical studies, two sensors have been fabricated using Cu-MOFs heat 

treated at 250°C and 400°C in air, and named as Cu-MOF250 and Cu-MOF400, 

respectively. The Cu-MOF400 based electrodes exhibit promising sensing ability 

towards the detection of acetone at operating temperature of 250℃, whereas Cu-

MOF250 has the better sensing ability towards NO2 gas at 40℃. It has been 

successfully demonstrated that the Cu-MOF250 sensor has dual sensing capability, 

able to detect selectively acetone at the operating temperature of 200°C, and NO2 at 

near ambient temperature (40°C).  

Graphical Abstract 
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1. Introduction 

 

During the past few years, research in the filed of metal organic frameworks (MOFs) 

has attracted vast attention due to its potential for designable architectures interlinking 

organic and inorganic chemistry [1] for various applications such as catalysis, sensors, 

separation, purification, drug storage and delivery, gas storage, and energy [2-3]. 

MOFs, as porous crystalline materials, feature characteristics of high surface area, high 

compatibility with both organic and aqueous mediums, highly designable structures, 

controllable porosity due to metal organic art and can be considered as low-cost 

materials depending on the metal source employed for their preparation.  

Involving and utilizing MOFs in the field of chemical sensors is increasing gradually 

due to the interlinking and interaction of gases and biomolecules with the functional 

groups in the organic ligand of MOFs through hydrogen bonding, hydrophobic (π 

stacking) interactions, electron donor/acceptor interactions, or the formation of a 

dative covalent bonding [4-6]. MOFs show good selectivity which arises from the 

interaction of the gas with the organic linker or the structural metal [7]. On the hother 

hand, heating of MOFs in air atmosphere gives rise to porous metal oxides/composites 

with varied shape and porosity, and large surface area. These MOFs-derived porous 

transition metal oxides have properties comparable or even better properties than the 

corresponding metal oxides synthesized by other traditional practices such as 

hydrothermal, chemical precipitation, and solid state reaction method [8-9]. Thus, 

MOF-based or MOF-derived sensors are acquiring growing interest for the sensing of 

a variety of vapour and gases. Here, we focused our attention on acetone and NO2, 

which are gaseous species harmful to the human body at very low concentration. Thus, 

highly sensitive and selective sensors for both gases are required from biomedical and 

environmental sectors. 

Acetone, the simplest ketone, is one of the widely used organic solvents in industries, 

hospitals, and research laboratories.  High level of acetone inhalation for short period 

of time may cause nose, throat, lung and eye irritation and continued exposure leads 

to severe headache and narcosis. It is also a prominent volatile organic compound 

(VOC) found in the exhaled human breath, and therefore, used as a biomarker for 
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diabetes; indeed, the exhaled breath concentration of acetone in excess of 1.8 ppm is 

generally found among diabetic patients [10]. The modern health care industry is 

focussing on diabetic patient monitoring through glucose measurement by non-

invasive method both during hospitalisation and in-house care. In this endeavour, 

exhaled human breath analysis using high performing acetone gas sensor is 

undoubtedly more comfortable and most sought after diagnostic device.   

NO2 gas is very harmful to the environment as it is main source of nitric acid aerosol 

leading to the smog and acid rains and it has negative effect on human health [11]. 

Respiratory patients’ inhaled breath of NO2 should be below 53 ppb at ambient air, 

according to U.S Environmental Protection Agency’s quality standard for NO2
 [12]. 

Therefore, there is a great need to develop highly sensitive, selective, cost effective, 

rapid and reliable non-invasive techniques for monitoring acetone and NO2 [13-14]. 

In the present work, we have synthesised copper linked benzene-1,2,4,5-

tetracarboxylate metal-organic frameworks (Cu-MOF) and investigated the influence 

of thermal treatment on the conductometric sensing ability of the thermally 

functionalized Cu-MOF for the detection of acetone and NO2 gases with high accuracy 

and selectivity. 

 

2.2.2.1 Experimental 

Materials synthesis 

Pyromellitic acid (1,2,4,5-Benzene tetracarboxylic acid (C10H6O8)) and copper acetate 

monohydrate [Cu(CO2CH3)2.H2O] were purchased from Alfa Aesar. N,N-

dimethylformamide     [(CH3)2NC(O)H]  was  purchased from Spectrochem. Private 

Ltd. Mumbai and ethanol was purchased from Changsheng Fine Chem. Co. Ltd.   

Synthesis of Cu-MOF was carried out by the modified hydrothermal method [15]. In 

this process, one equivalent of copper acetate monohydrate and two equivalent of 

benzene-1,2,4,5-tetracarboxylic acid were initially  dissolved in  90 mL of ethanol-

water mixture (1:1) and solution was stirred for 1 hr.  

After obtaining homogenious condition, the reaction mixture was poured and placed 

into teflon coated autoclave (100 ml) reaction vessel with fully sealed condition. The 

https://en.wikipedia.org/wiki/Methyl
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reaction mixture was continousely oven-heated for 24 hrs at 120°C in ambient 

atmosphere. Afterwards, the reaction mixture was gradually  cooled  and  filtered 

through filter paper. Then, as-prepared material was gently washed with de-ionished 

water until all unreacted materials are  removed from the product. The filtered material 

was  dried at 120°C for 10 hrs and it was activated at 200°C for 2 hrs [16]. 

Characterization studies 

 Crystalline structure and morphology of the samples were characterized by using X-

ray powder diffraction (Bruker D8 Advance Diffractometer; CuKα1 = 1.5405 Å) and 

field emission scanning electron microscopy (Quanta FEG-250) and high-resolution 

transmission electron microscopy (JEOL-2100), and selected area electron diffraction 

(SAED) with an energy dispersive X-ray detection (EDS). Thermal stability of the 

sample was analysed by using a thermo gravimetric and differential scanning 

calorimeter analyser (TG-DSC Netzsch-Model STA 409PC). The individual chemical 

environment of the sample was analysed by X-ray photo electron spectroscopy (PHI-

VERSAPROBE III). 

Gas sensing studies 

Electrodes for gas sensing studies were made by printing thick films (~ 20 μm) of Cu-

MOF powder dispersed in demineralised water in order to form a slurry, on alumina 

substrates (6 ×3 mm2) provided with Pt interdigitated electrodes and a Pt heater placed 

on the backside. Before sensing tests, the devices have been subjected to a low (250 

ºC) and high (400ºC) temperature thermal treatment, in order to obtain two different 

sensors.  

Sensing experiments were carried out by inserting the sensors in a stainless-steel gas 

chamber, where the atmosphere can be controlled, in the temperature ranging from 

room temperature (RT) to 400ºC, under a dry synthetic air (20% O2, 80% N2) which 

constantly flowed through the test chamber. Duly certified gases in cylinders could 

further be diluted to required concentration level by using mass flow controllers. A 

multimeter data acquisition unit Agilent 34970A was used for acquiring the sensor 

signal, while a power supplier Agilent E3632A was employed to bias the built-in 

heater of the sensor to perform measurements at high temperatures. The sensor 

response, S, was defined as S = R/R0 where R0 is the baseline resistance in air and R 



105 

 

is the electrical resistance of the sensor in the presence of gases tested. The response 

time is defined as the time required to reach 90% of the saturation value after a test gas 

is introduced, and the recovery time is the time necessary for the sensor to return to 

10% above the origin value in air after releasing the test gas. 

2.2.2.2 Results and discussion 

2.2.2.2.1 TG-DTA analysis 

In order to verify the thermal stability and to identify possible phase transition(s) of 

Cu-MOF, TG-DTA analyses was carried out for as-prepared sample from room 

temperature up to 600℃ in air atmosphere. A typical thermogravimetric (TG)  result 

(red curve) shown in Fig. 30 indicates a gradual weight loss from room temperature 

till 300°C due to the removal of water and other organic molecules. A major and sharp 

weight loss is observed between 300 to 340℃, which could be ascribed to the breakage 

of metal organic frameworks due to the decomposition of organic linker (pyromellitic 

acid) from the MOF. When temperature rises from 340 to 600℃, there is no significant 

change of weight loss which suggests the formation of stable inorganic phase(s). The 

weight loss corresponds well with the differential thermogravimetric analysis (DTA) 

by the appearance of an exothermic peak (blue curve) at around 330℃ which confirms 

the stability of the Cu-MOF till 300℃ [17-18]. 

 

 

 

 

 

 

 

Figure 2-30. Thermogravimetric (TG) and differential thermal analyses (DTA) of as-

prepared Cu-MOF carried out under air. 
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2.2.2.2.2 SEM and TEM studies 

To have an indication about the morphological changes induced by thermal treatment 

on Cu-MOF, the as synthesized sample was treated at different temperatures.  FE-SEM 

images of as prepared Cu-MOF and Cu-MOF250 are first shown in Fig. 31a,b 

respectively. In both the cases, Cu-MOF crystallized in the form of fish trunk-like 

shapes with sharp-edged surfaces. This observation indicates then there was no 

significant change in the morphology due to calcination at 250℃. Surface of the 

crystallites appears to be relatively clean due to the removal of water and other volatile 

organic compounds. 

Figure 2-31. FE-SEM images of Cu-MOF (a) as prepared, calcined at  (b) 250°C,  (c) 400℃ 

and (d) a typical electron diffraction X-ray spectrum (Elemental composition represented in 

%) 

On the other hand, FE-SEM image (Fig. 31c) of Cu-MOF400 indicates the 

disintegration of large fish-trunk like structure into small near spherical particles [15]. 

Fig. 31d   represents a typical EDS spectrum demonstrating the presence of Cu, along 

with C and O. Compared to EDS data on the as synthesized and Cu-MOF250 samples 
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(not shown), EDS data on Cu-MOF400 indicate a lower C content (26.4 at. % vs. 36.3 

at. %) and a higher oxygen content (34. at.7% vs. 45.0 at.%). These findings confirm 

that the MOF got disintegrated leading to the formation Cu or its oxide phases 

(CuO/Cu2O).   

 

Figure 2-32. HR-TEM images (a-c)  and (d) SAED pattern of Cu-MOF400. 

High resolution TEM studies on Cu-MOF400 sample confirm the formation of 

hexagonal structures, characteristic of CuO/Cu2O, having sizes in the range of 150 to 

180 nm (Fig. 32a, b). TEM picture shown in Fig. 32c highlights the lattice fringes 

corresponding to Cu, Cu2O and CuO phase. The observed interlayer distances of 2.10 

Ǻ, 2.45 Ǻ and 2.51 Ǻ corresponds to (111) plane of Cu and CuO and (002) plane of 

Cu2O respectively [19]. SAED pattern in Fig. 32d confirms the crystalline nature of 

this sample. 

2.2.2.2.3 Powder XRD analysis 

Powder XRD analysis was performed to investigate the phase formation and crystal 

structure. Fig. 33 shows the XRD pattern of the pristine Cu-MOF, which is identical 

with the reported XRD pattern (JCPDS card No.006-2674) [15]. The sample calcined 
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at 250°C did not show any significant change in the XRD pattern which, in agreement 

with the TGA results,  confirm that the Cu-MOF  is stable and intact up to 250°C.  

 

Figure 2-33. Powder XRD patterns of Cu-MOF; (a) as-prepared, and calcined at (b) 250°C, 

(c) 300°C and (d) 400°C. 

The XRD pattern of Cu-MOF calcined at 300°C confirms that there is a phase 

transition leading to the formation of mainly CuO and the secondary phases being 

Cu2O and Cu as indicated in the Fig. 33c. The observed diffraction peaks at 2 theta 

values of 32.43, 35.44, 38.62, 46.20, 48.71, 53.44, 58.27, 61.45, 66.18, 68.99, 72.40 

and 75.12° correspond to CuO phase in agreement with the JCPDS data (card No.045-

0937). The minor peaks observed at  29.52, 36.37, 42.26, 61.45 and 74.10°  could be 

assigned to  Cu2O phase (JCPDS card No. 005-0667) and  additional minor diffraction 

peaks  at 43.25,  and 50.40°  correspond well with the Cu phase (JCPDS card No. 004-

0836) respectively.  Similarly, XRD pattern of sample calcined at 400°C indicate the 

presence of major CuO phase. On the other hand, the intensities of Cu peaks got 
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reduced indicating the possible conversion of Cu into CuO at higher temperature  

[20,21]. 

2.2.2.2.4 XPS analysis 

The Cu-MOF400 was further investigated by XPS to examine the chemical state of Cu 

atom after thermal treatment. Survey spectrum (Fig. 34a) indicates the main elements 

(Cu, O, C) present in the end product. Fig. 34b shows O1s spectra in CuO exhibiting 

peaks at 534.4 eV and a broad peak at 529.82 eV, which was assigned to the O1s of 

Cu2O. Another three peaks at 528.03, 531.13 and 533.13 eV are attributed to the other 

oxygen components such as –OH, H2O and the species of carbonate on the surface 

[20,21]. Fig. 34c shows peaks corresponding to binding energies of Cu 2p3/2 and Cu 

2p1/2 peaks at 932.2 and 952.0 eV respectively. 

 

Figure 2-34. XPS spectra of Cu-MOF400: survey (a), Cu 2P3/2 (b), C1s (c), O1s (d). 

Fig. 34d shows XPS scan in the carbon region, which shows that the carbon exists in 

different chemical state in the material. The deconvoluted C1s spectrum exhibit peaks 

at 283.17, 284.57, 286.11 and 288.03 eV which can be attributed to the graphite carbon 
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(sp2), diamond-like carbon(sp3), C-O and C=O carbon present in the CuO-Cu2O-

Cu/400℃  [22,23]. 

2.2.2.2.5 Electrical tests 

A detailed electrical characterization of the Cu-MOF sample was performed by 

measuring the resistance of the Cu-MOF based sensor in air from room temperature to 

400°C (Fig. 35a). Initially, the resistance is very high and remains out of measurement 

range of our instrument until 200°C. At this temperature, we noted a sharp decrease of 

the resistance by many orders of magnitude. By comparing this behaviour with TGA 

and DTA analyses, it appears that the strong decrease of electrical resistance observed 

is related to decomposition of Cu-MOF into volatile organic impurities and Cu-CuO-

Cu2O composite. It is noteworthy that the electrical resistance variation occurs at lower 

temperature compared to weight change in the thermogram, and this is expected 

because the variation of the electrical properties are due to 

modifications/reconstruction processes occurring at the surface during the initial 

stages of oxidation.  

 

Figure 2-35. (a) Electrical resistance of Cu-MOF sensor from room temperature to 400°C. 

(c) Cu-MOF 250 sensor, (d) Cu-MOF 400 sensor 

The above results indicate that the structure of the Cu-MOF sensing film can be easily 

modulated by a proper thermal treatment. This peculiarity is very interesting and has 

been exploited here for preparing two different sensors derived from Cu-MOF, by heat 

treating in situ the sensing film of as-prepared Cu-MOF at the temperatures of 250°C 

and 400°C, respectively (see Fig. 35c,d).  
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Regarding Cu-MOF250 sensing film, thermo-gravimetric studies and its characteristic 

light blue colour indicate that the bulk structure of Cu-MOF is retained even after 

heating at 250°C. The electrical resistance assume a low value due to large drop related 

to the surface reorganization even if this bulk structure is not still modified at all. On 

the other hand, Cu-MOF400 sensor, show a colour change from the characteristic blue 

for Cu-MOF to black of CuO. On the basis of TGA and DTA results, it can be 

concluded that the total destruction of Cu-MOF structure occurs at this higher 

temperature leading to the formation of a new CuO-based structure [24]. 

2.2.2.2.6 Acetone sensing tests 

The sensing properties of Cu-MOF250 and Cu-MOF400 sensors towards acetone were 

first investigated. To find the best operating conditions, the sensors were preliminarily 

exposed to 20 ppm of acetone at different temperatures. As an example, the variation 

of resistance at the introduction of acetone for the Cu-MOF400 sensor at the 

temperature of 400, 350 and 300ºC, is reported in Fig. 36a. 

Figure 2-36. a) Variation of resistance at the introduction of acetone for the Cu-MOF400 

sensor at the working temperature of 400, 350 and 300ºC. b) Response of Cu-MOF400 

sensor to acetone as a function of temperature. 

At high temperature, the response of the fabricated sensor increases quickly upon the 

injection of acetone, and then decreases rapidly and returns to its initial value after 

acetone is released from the chamber, indicating the rapid and reversible response and 

recovery behaviour of the sensor. The sensor shows an increasing response to acetone 

with the decreasing of the temperature (Fig. 36b). However, with decreasing 

temperature, it has been noted that both response and recovery times become longer. 

At temperatures lower than 150°C, the recovery takes too longer and hence the sensor 
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is not suitable for practical applications. Thus, the optimal temperature, with the right 

balance between higher response and faster dynamics, is set at 250 °C.  Fig.37a shows 

the transient response of Cu-MOF400 sensor to different concentrations of acetone at 

this optimal temperature of 250°C. The same tests have been performed with the sensor 

Cu-MOF250 (Fig. 37b). It can be clearly observed that the sensor Cu-MOF400 is more 

sensitive to acetone when compared to Cu-MOF250 (Fig. 37c). 

 

Figure 2-37 a) Transient response of Cu-MOF400 sensor to different concentrations of 

acetone at the optimal temperature of 250°C; b) Transient response of Cu-MOF 250 sensor 

to different concentrations of acetone at the optimal temperature of 250°C; c) Calibration 

curves; d) Calibration curve in log-scale for Cu-MOF 400 sensor. 

The response of both sensors increases with the increase of acetone gas concentration 

which could be attributed to the fact that more acetone molecules participate in the 

surface sensing reaction, leading to the enhancement of the sensing signal. The 

detection limit, evaluated at S/N = 3, as extrapolated by Fig. 37d, is around 200 ppb, 

which indicates that it can be used as promising material for monitoring sub ppm 

concentrations of acetone. 
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In order to investigate the stability of sensor, the sensing response of the Cu-MOF400 

sensor was measured in the presence of 5 ppm acetone gas at the working temperature 

of 200°C (Fig. 38a). The results clearly indicate that the response remains almost 

constant with slight fluctuations during the test, indicating a good stability of the Cu-

MOF based sensors and excellent reproducibility. The response time is about 180 s 

and the recovery time is 250 s for 20 ppm acetone gas at 200°C. 

In order to further validate the performance of the Cu-MOF sensor, the selectivity 

towards different gases was investigated at the operating temperature of 250ºC. 

Fig.38b shows the sensor responses to test gases at various concentrations. It is clear 

that the sensor response to acetone is much higher than that to NO2, H2, CO, CO2, CH4 

and NH3 implying that it displays good selectivity to acetone.  

 

Figure 2-38. a) Response of the Cu-MOF400 sensor in the presence of 5 ppm acetone gas at 

the working temperature of 200 °C; b) Response of the Cu-MOF400 sensor against a 

number of gases at various concentrations. Tests were carried out at the operating 

temperature 250 ℃. 

In view of these results, it can be concluded that the Cu-MOF400 has promising 

characteristics and compare very well with previously developed CuO [25] and 

Fe2O3/NiFe2O4 bimetallic oxides [26] derived from metal–organic frameworks based 

sensors for acetone monitoring.  

2.2.2.2.7 NO2 sensing tests 

The Cu-MOF250 and Cu-MOF400 sensors were subsequently investigated toward 

nitrogen dioxide sensing, exposing them to 2 ppm of NO2 at different temperatures. 

Initially, measurements have been carried out at operating temperatures above 200°C 

and the response of both sensors were found to be very small, then NO2 sensing tests 
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were carried in a lower temperature range, from 200 to 40°C. In this operating 

temperature range, the performances for NO2 sensing of the two sensors are very 

similar. The variation of resistance at the introduction of NO2 for the Cu-MOF250 

sensor, is reported in Fig. 39. 

 

 

 

 

 

 

 

 

 

Figure 2-39. Effect of operating temperature on the sensing characteristics of Cu-MOF250 

toward 20 ppm of NO2 in the temperature range 200° to 40°C. 

Interestingly, with the decreasing temperature, the recovery time remain faster. So, for 

NO2 sensing, the optimal balance between higher response and faster dynamics can be 

set at near room temperature, i. e. 40°C.  The transient response to different 

concentrations of NO2 target gas at this temperature is reported in Fig. 40a.  Calibration 

curve demonstrated the ability to detect very low concentration of NO2 (Fig. 40b). The 

stability and selectivity of Cu-MOF250 sensor was also evaluated in the presence of 2 

ppm NO2 at the working temperature of 40°C and other interferent gases (Fig. 40c and 

11d). Both characteristics are also satisfied for this sensor which can be proposed as 

high performance sensor for NO2 gas at room temperature [27].   
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Figure 2-40. a) Transient response of Cu-MOF 250 sensor to different concentrations of 

NO2 at the optimal temperature of 40°C; b) Calibration curve in log-scale for Cu-MOF 250 

sensor; c) Reproducibility response to NO2; d) Response of the Cu-MOF 250 sensor against 

a number of gases at various concentrations. Tests were carried out at the operating 

temperature of 40 ˚C. 

Humidity is an important factor to take into account for the practical use of 

conductometric sensors because it could give place at strong interferences with the 

target gas, modifying the sensing behavior. Therefore, the performances of Cu-MOF 

250 sensor towards 2 ppm NO2 were also investigated at 50% of relative humidity 

(RH). It can be observed that the baseline resistance change very little when the 

surrounding  atmosphere  was  changed  from  dry  to  humid  gas (Fig. 41a). 

Interestingly, this behavior is very different from that observed by Koo and 

collaborators on the Cu3(HHTP)2 MOF system [28]. These authors noted that the 

baseline resistance of their MOF sensor continuously increased in humid atmospheres, 

likely due high adsorption of water molecules on the open Cu sites. Cu3(HHTP)2 

system has a 2 nm channel opening whereas for Cu-MOF is only 0.9 nm and this could 

explain the different behavior. The Cu-MOF 250  sensor  showed  also stable  NO2 

signal  in  the wet  carrier  gas. The increase of the baseline resistance of the sensor in 

humid air and the decrease during NO2 pulses, indicate that the majority current 
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carriers are holes. It appears also that there was no noticeable degradation of 

performances on successive pulses of NO2. 
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Figure 2-41. a) Response of Cu-MOF250 sensor to NO2 pulses at 40 °C at 40% of RH.  b) 

Comparison between the transient response of Cu-MOF 250 sensor to 2 ppm of NO2 at the 

temperature of 40°C in dry air and under humid conditions 

 The comparison between the response in dry and humid conditions shows clearly 

almost no difference, whereas the response and recovery times are longer in humid 

atmosphere (Fig. 41b). Thus, in humid conditions, the resistance baseline is not 

reached within the probed time frame. This behavior could explained assuming that 

water hindered the approach of nitrogen dioxide to the surface occuping part of it (for 

example forming surface –OH species) and, at the same time, reduce the NO2 

desorption due to stronger bonding formed between these surface species. 
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2.2.2.2.8 Temperature-dependent dual selectivity for detecting acetone and NO2 

The results above reported demonstrated that the Cu-MOF400 sensor can effectively 

detect acetone at 250°C and Cu-MOF250 sensor detects NO2 at lower operating 

temperature of 40°C. However, an important challenge is the detection of more 

gaseous species with the same sensor. This is due to demand for continuous 

miniaturization and power consumption reduction, which drive the research towards 

the reduction of the number of sensors, increasing performance, reducing package size 

and cost for practical applications. For example, reducing the number of sensors in an 

array is of utmost importance for developing portable analyzers. The temperature 

modulation technique, i.e. to give a cyclic temperature profile to sensor in order to 

operate at different temperatures, is a very effective method for obtaining dual 

selective sensors.  

On the basis of these considerations, we tried to detect both the target gases here using 

the Cu-MOF250 sensor. As shown in Fig. 42a, response of the sensor for NO2 and 

acetone at fixed temperatures has been measured. It was noted that the device is very 

sensitive to acetone at the operating temperature of 250°C when compared to NO2, 

while the opposite occurs at lower temperature.   

Figure 2-42. a) Response of Cu-MOF250 sensor to acetone and NO2 as a function of 

temperature. b) Selectivity factor for the Cu-MOF 250 sensor. 

Then, the selectivity factor (determined as Sacetone/SNO2) was evaluated (Fig. 42b). Data 

confirm the ability of Cu-MOF250 sensor to detect selectively acetone at the operating 

temperature of 200°C, whereas NO2 can be detected at near room temperature.   
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2.2.2.3 Conclusions 

In summary, in this study, the synthesis and characterization of Cu-MOF is 

reported. Results obtained from characterization studies revealed that the 

morphological and structural characteristics of Cu-MOF do not vary significantly with 

thermal treatment in air up to 300°C. Above this temperature, Cu-MOF has been 

converted to mainly CuO phase with traces of Cu and Cu2O. These studies, in 

combination with in-situ and real time measurement of electrical resistance during 

controlled thermal treatments, permitted to select two temperatures, 250 and 400°C, 

for obtaining Cu-MOF based sensors with the designed microstructural and electrical 

characteristics. The obtained results demonstrate that these sensors could find 

promising use for acetone and NO2 sensing. In addition, the dual selectivity of Cu-

MOF250 sensor towards acetone and NO2 at two different temperatures was 

demonstrated. 
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2.2.3 H2 detection mechanism in chemoresistive sensor based on low-cost 

synthesized WO3 nanorods 

Nanostructured WO3 represents a promising material for fast and reliable molecular 

hydrogen detection through chemo-resistive effect. Here, an extended experimental 

investigation of WO3-H2 interaction is presented and modeled. A powder of WO3 

nanorods (400 nm long, 50 nm large) is produced by hydrothermal technique and drop 

casted on Pt interdigitated electrode. H2 sensing tests at different concentrations 

(2000–50,000 ppm) and temperatures (250–400 °C) are reported. Scanning Electron 

Microscopy (SEM), X-ray Diffraction analysis (XRD), and electrical measurements 

were performed. The response and recovery kinetics of H2 sensing are carefully 

described by using a two-isotherms Langmuir model, and kinetics barriers for WO3-

H2 interaction are evaluated. Two microscopic processes lead to gas detection. A fast 

process (shorter than 4 s) is attributed to H2 interaction with adsorbed oxygen at WO3 

nanorods surface. A slow process (20–1000 s), with activation energy of 0.46 eV, is 

attributed to oxygen vacancy generation in WO3. H intercalation in WO3 is ruled out. 

The recovery of WO3 after H2 exposure is also modeled. The chemo-resistive effect 

leading to H2 sensing by WO3 is explained through the above processes, whose kinetic 

barriers have been quantified. These data open the route for the development of fast, 

sensitive, and low-temperature operating H2 sensors based on WO3. 
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2.2.3.1 Introduction 

In recent years the scientific community is devoting a large interest to hydrogen as a source of 

energy, since it is an excellent candidate to replace fossil fuels for many applications, such as 

chemical industry, power generation, medical treatment, and many others [1], [2], [3]. 

Soon, hydrogen production, transportation, and storage will become key issues for sustainable 

development. However, H2 is a colorless, tasteless, and odorless gas which becomes 

inflammable and explosive when the concentration exceeds 4%. Therefore, fast and very 

sensitive sensors are necessary where H2 is produced, stored, and transported to promptly find 

any leakage. Typically, fast H2 sensors work at high temperatures (250–400 °C), increasing 

the explosion danger [4], [5]. The progress in H2 application cannot proceed without a parallel 

development of safe, fast, and reliable H2 sensors. To this aim, a proper investigation is needed 

to unveil the interaction between H2 and the sensing material leading to reliable detection. 

One of the most promising materials for H2 sensing is WO3, an n-type metal oxide 

semiconductor with an indirect bandgap ranging between 2.6 and 3.2 eV [6]. It has been 

widely studied for its reversible chromogenic ability under external stimuli such as electrical 

bias (electrochromism) or reducing ambient (gaschromism) [7], for its ability to detect many 

gases such H2S, NH3, NO2, and H2 [8], [9], [10], [11] and for its properties in electrochemical 

storage application [12], [13]. Nanostructured WO3 shows better performances thanks to a 

larger surface-to-volume ratio, higher specific surface area, and crystal faceting with marked 

surface reactivity [14], [15], [16]. Further, improvement of performances is obtained by 

surface decoration with noble monometallic, or bimetallic nanoparticles, such as Pt [17], 

Pd [18], Au [19] or proper combination of these [20], [21] leading to synergistic effects [22]. 

The affinity of WO3 for reducing gases makes it an excellent candidate for optical and 

chemoresistive H2 sensor realization since low concentrations can be detected also below 

250 °C. Zhang et al. [11] synthesized urchin-like hexagonal WO3 and tested them at 250 °C 

for H2 sensing at concentrations ranging between 10 and 80 ppm. Wu et al. [18] synthesized 

Pd loaded mesoporous WO3 for H2 sensing test. They compared bare WO3, mesoporous WO3, 

and Pd-loaded mesoporous WO3, showing that the latter is the best one in terms of response 

efficiency at room temperature at 5000 ppm of H2. Chang et al. [23] studied the gas sensing 

performances of Pt-loaded WO3 thin-film at 200 °C under different concentrations of 

H2 (between 1 and 10,000 ppm). Mattoni et al. [17] synthesized a single-crystal Pt-decorated 

WO3 thin film and tested it at room temperature under sub-ppm concentration of hydrogen. In 

2017, using a density functional theory approach, Tian et al. [24] proposed a model for the 

interaction between H2 and hexagonal WO3, according to which the H2 sensing mechanism 
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proceeds through H2O molecules formation after interaction of H2 with oxygen ions adsorbed 

onto noble metal nanoparticles, if any. Experimental works by Wu and Chang claimed Tian’s 

model. On the other hand, Mattoni et al. proposed a different model based on adsorption of 

H2 on Pt nanoparticles, H2 dissociation and intercalation of H+ ions inside the lattice of WO3. 

A comprehensive understanding of WO3-H2 interaction is still missing, univocal experimental 

evidence of chemical reactions or energy barriers do not result from literature and a detailed 

description of temperature-activated kinetics is however required. A basic comprehension of 

actual processes underlying the WO3-H2 interaction could promote a step forward in 

H2 sensing by WO3. 

In this paper, we synthesized by hydrothermal technique hexagonal WO3 nanorods, and we 

studied the interaction with H2 molecules at different temperatures and concentrations. The 

experimental kinetic curves of the material response and recovery were satisfactorily modeled 

by using two thermally activated processes leading to chemo-resistive effect. A comprehensive 

description of the WO3-H2 interaction is discussed. 

2.2.3.2 Material and methods 

Synthesis 

Hydrothermal synthesis of hexagonal WO3 nanorods is employed by using  (Na2WO4), 

sodium chloride (NaCl), and HCl [25]. The experimental procedure is detailed here: 0.825 g 

of Na2WO4 is added to 19 ml of deionized water. After stirring for 10 min, a certain quantity 

of HCl is added to solution to get a 2.4 pH. The solution is then put in a stainless-steel 

autoclave (25 ml). Before closing, 0.5 g of NaCl is added as a capping agent which leads to 

hexagonal nanorods morphology [26]. The sealed autoclave is put in an oven at 180 °C for 

3 h. The autoclave is cooled down naturally, the obtained powder is separated (by 

centrifugation at 6000 rpm for 10 min) and washed with water and ethanol several times, 

finally dried on a hot plate for 1 h. 

For the electrode realization, WO3 nanorods powder is dissolved in 5 ml of deionized water 

and sonicated for 20 min. Several drops are then dipped on an interdigitated Pt electrode until 

all the fingers are fully coated. 

Characterization 

The morphological analyses were carried out by a scanning electron microscope (SEM) 

Gemini Field Emission SEM Carl Zeiss SUPRATM 25 (FEG-SEM, Carl Zeiss Microscopy 

GmbH, Jena, Germany). X-ray diffraction (XRD) patterns were acquired through a Bruker-

AXSD5005θ-θdiffractometer, using a Göbel mirror to parallel the Cu Kα radiation operating 
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at 40 kV and 30 mA. The transmittance spectra were obtained by using a UV–VIS–NIR 

spectrophotometer Varian Cary 500. Gas sensing measurements were performed in a stainless-

steel test chamber which allowed measurements in a controlled atmosphere. Gases coming 

from certified bottles were used and diluted in synthetic dry air at a given concentration by 

using mass flow controllers. The sensor was heated from room temperature (∼20 °C) up to 

400 °C under a dry air (RH < 3%) total stream of 100 sccm by using a dual-channel power 

supplier instrument Agilent E3632A to bias the built-in heater. The response to different gases 

was evaluated by recording the resistance at an applied voltage of 1.0 V through a Keithley 

6487 picometer with a time sensitivity of about 2.5 s. A detailed description of the sensor 

platform and the setup for H2 sensing tests are reported in a previous paper [27]. 

2.2.3.3 Results and discussion 

2.2.3.3.1 Structural and electrical properties of WO3 nanorods 

Fig. 43a shows low and high (inset) magnification SEM images of obtained powder 

on interdigitated electrode, confirming the nanorods morphology. An aspect ratio of 

about 8 is determined by SEM images (nanorods average length and diameter of 400 

and 50 nm, respectively). All interdigitated fingers were covered to maximize the 

response during gas sensing measurements. Some drops of WO3 nanorods solution 

(powder well dissolved in deionized water) were drop casted on a corner glass 

and XRD analyses were performed to identify the crystal structure of 

our nanostructures. From the powder diffraction pattern shown in Fig. 43b, the typical 

peaks of hexagonal WO3 (PDF card 00 075 2187) can be observed, with the 

corresponding Miller Indexes reported. This result confirms the hexagonal structure of 

WO3 nanorods. We investigated the electrical resistance R in dry air at different 

temperatures T (Fig. 43c). By increasing the temperature from 250° to 400 °C, 

the electrical conductance G (=1/R) of WO3 nanorods increases by almost three orders 

of magnitude, following an exponential behavior with an activation energy Eb of 

0.53 eV. In an n-type semiconductor, as the WO3, the conductivity depends 

on electron concentration in conduction band and on electron mobility. Disregarding 

the thermal dependence of electron mobility, the measured activation energy for 

conductance could account for the energy position (0.53 eV) below the conduction 

band of the intrinsic donor-like defects of undoped WO3, in agreement with Kalanur 

et al. [28]. 
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Figure 2-43. (a) low and (inset) high magnification SEM image of WO3 nanorods deposited 

on the interdigitated substrate, (b) XRD pattern, and (c) Arrhenius plot of inverse of 

measured resistance (R); inset in (c): schematic of interdigitated substrate drop coated. 

2.2.3.3.2 H2 sensing results 

Experimental H2 sensing curves are obtained by measuring resistance variations as a 

function of time while a mixture of H2 and dry air (response phase) or dry air only 

(recovery phase) are fluxed in the chamber. To investigate the WO3-H2 interaction, we 

tested different concentrations (2000–50,000 ppm) and different temperatures (250–

400 °C). Fig. 44 shows resistance variations (black curve) at 350 °C under different 

H2 concentrations (red curve), confirming a strong dependence of resistance on 

H2 concentration. Resistance decreases when H2 is fluxed in the test chamber (gas in 

arrow), while increases when H2 flux is stopped (gas out arrow). 
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Figure 2-44. Dynamic resistance variation of WO3-based sensor (black curve) at 350 °C 

under different H2 concentrations (red curve). Arrows indicate when H2 is fluxed in the 

chamber (named “gas in”) or it is stopped (named “gas out”) 

From experimental curves of resistance variation, a sensor response S (%) can be 

defined. Since WO3 is an n-type semiconductor and H2 is a reducing gas, S (%) is 

determined as follows:(3.2.1)S%=(Ra−Rg)/Ra*100in which Rg and Ra are the 

measured resistances in presence and absence of H2 gas, respectively. To understand 

WO3–H2 interaction, S (%) is defined for each tested temperature and 

concentration. Fig. 45 shows sensor response curves obtained at each temperature 

(250–400 °C) as a function of elapsed time during the “response” (pink background in 

panel b) and “recovery” (yellow background in the panel b) phase, respectively. 

https://www.sciencedirect.com/science/article/pii/S0925400521012727#fig0015
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Figure 2-45. Dynamic responses of WO3-based sensor (squared symbols) and fit (red lines) 

obtained at (a) 250 °C, (b) 300 °C, (d) 350 °C, and (d) 400 °C under 10,000 ppm of H2 as a 

function of elapsed time starting when H2 is fluxed in chamber 

In each case of Fig. 45, the response curve increases rapidly when H2 is fluxed into the 

chamber, while it tends to saturate after about 20 s. When H2 flux is stopped, the 

recovery mechanism starts, and the curves decrease in a temperature dependent way. 

H2 concentration tests are carried out at 350 °C and Fig. 46 shows response and 

recovery curves obtained under (a) 2000 ppm, (b) 5000 ppm, (c) 10,000 ppm, (d) 

20,000 ppm, (e) 30,000 ppm, and (f) 50,000 ppm fluxes of H2. 
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Figure 2-46. Dynamic responses of WO3-based sensor (squared symbols) and fit (red lines) 

obtained at 350 °C under (a) 2000 ppm, (b) 5000 ppm, (c) 10,000 ppm, (d) 20,000 ppm, (e) 

30,000 ppm and (f) 50,000 ppm fluxes of H2 as a function of elapsed time 

Response curves increase rapidly when H2 gas is fluxed in chamber. After about 20 s 

the curves tend to saturation and when H2 flux is stopped the recovery mechanism 

starts, with the curves decreasing rapidly at first but then slowly tending to the initial 

value. 

2.2.3.3.3 H2 sensing kinetics 

In order to determine H2 sensing kinetics, all experimental curves were fitted by 

considering the Langmuir absorption theory with two isotherms in such a way that two 

processes are assumed to play an independent role. According to Langmuir, resistance 

variation during response phase, S, and during recovery phase, S*, can be fitted as 

follows: 

𝑆 = 𝑆0 {𝑤 [1 − 𝑒
−𝑡

𝜏1⁄ ] + (1 − 𝑤) [1 − 𝑒
−𝑡

𝜏2⁄ ]}          (3.3.1)                                                                       

𝑆∗ = 𝑆0[𝑤∗𝑒
−𝑡

𝜏1
∗⁄

+ (1 − 𝑤∗)𝑒
−𝑡

𝜏2
∗⁄
]                           (3.3.2)                                                                            
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in which S0 is the maximum value of resistance change (the same value was fixed for 

response and recovery phases), 𝜏𝑛 and 𝜏𝑛
∗  (n stands for 1 or 2) are lifetimes associated 

to the two isotherms during response and recovery phases, respectively; w and w* are 

weights attributed to process 1 during response and recovery phases, respectively. 

The fitting curves (red lines) shown in Figure 44 are in excellent agreement with 

experimental data (black squares), supporting the hypothesis of a fast (P1) and a slow 

(P2) process, independent and concomitant. Fitting parameters are listed in Table 2-8. 

The maximum response value (S0) changes with temperature: it is maximum (70%) at 

250°C, as expected given the very high resistance at this temperature. P1 is 

characterized by times of few seconds (roughly the time resolution of experimental 

set-up), both in response and in recovery phases and regardless of temperature, while 

P2 is characterized by long times (10-200 s) in response and (20-1100 s) in recovery 

phases. In both cases, 𝜏2 and 𝜏2
∗ are clearly dependant on temperature, since they 

decrease when temperature increases. Concerning the weight w: P1 is predominant (w 

around 60-84%) during response phase while it is minority during recovery phase. 

Such a result could suggest different mechanisms occurring during response and 

recovery phases.  

Table 2-8. Results of the fitting procedure to response and recovery transients at various 

temperatures and at fixed concentration of H2 ( 10,000 ppm) based on (3.3.1), (3.3.2). 

Temperature (°C) S0 (%) τ1 (s) τ2 (s) w (%) τ*1 (s) τ*2 (s) w* (%) 

250 70 4 200 78 14 1137 15 

300 63 4 61 83 8 483 29 

350 49 4 54 76 5 71 32 

400 36 4 16 60 3 23 25 

The maximum response value (S0) changes with temperature: it is maximum (70 %) at 

250 °C, as expected given the very high resistance at this temperature. P1 is 

characterized by times of few seconds (roughly the time resolution of experimental 

set-up), both in response and in recovery phases and regardless of temperature, while 

P2 is characterized by long times (10–200 s) in response and (20–1100 s) in recovery 

phases. In both cases, τ2 and τ2* are clearly dependent on temperature, since they 

decrease when temperature increases. Concerning the weight, w, P1 is predominant 

(w around 60–84%) during the response phase while it is minority during the recovery 

https://www.sciencedirect.com/science/article/pii/S0925400521012727#eqn0010
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131 

 

phase. Such a result could suggest different mechanisms occurring during response 

and recovery phases. 

We performed an analogous analysis when tests were carried out at fixed temperature 

by varying H2 concentration. For all these cases shown in Fig. 46, except at 

2000 ppm, (3.3.1), (3.3.2) can be used to fit experimental curves by obtaining good 

agreement. In the case of the lowest concentration (Fig. 46(a)) only one process (P1) 

is identified both during the response and the recovery phase, and so, w is 

maximum. Table 2-9 reports all parameters obtained from fitted curves. The maximum 

response values depend on concentration since the highest value (77%) is obtained at 

a higher concentration ( 50,000 ppm). 

Table 2-9.Results of the fitting procedure to response and recovery transients at various 

concentrations of H2 at a temperature of 350 °C, based on (3.3.1), (3.3.2). 

Concentration 103 (ppm) S0 (%) τ1 (s) τ2 (s) w (%) τ*1 (s) τ*2 (s) w* (%) 

2 17 3 – 100 11 – 100 

5 39 4 63 80 6 71 42 

10 53 5 65 84 8 102 40 

20 63 4 70 87 10 132 34 

30 69 3 111 91 12 174 36 

50 77 3 126 94 29 359 50 

Both in response and recovery phases, P1 is characterized by short lifetimes, regardless 

of concentration, while P2 has increasing lifetimes with increasing concentration. P1 

is predominant in the response phase since w is around 80–95%, but not during the 

recovery phase. Also, in this case, this can be due to different mechanisms occurring 

during response and recovery phases. It should be noted that, within the Langmuir 

theory, the surface coverage θm by the adsorbed gas molecules [30] is expected to 

increase similarly. This evidence suggests that process P1 is related to a surface 

coverage by H2. 

The Langmuir adsorption model with two isotherms very well describes our 

experimental data, pointing out that the WO3-H2 interaction proceeds through at least 

two ways. Indeed, the thermal dependence of τ is highly significant as it will unveil 

the energy barrier for concurring processes. Fig. 47 reports the inverse of lifetimes for 

the two processes, both in response (a) and in recovery (b) phases in an Arrhenius plot, 

by clearly showing linear behaviors for the four cases. It should be noted that in the 
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response phase the fast process is too close to the time resolution which hinders us to 

resolve high frequency (orange box in Fig. 47) so that the linear trend can be 

meaningfulness only for this process. The inverse of a lifetime gives the probability 

rate, which is thermally activated, as follows: 

1

𝜏
= 𝑒𝑥𝑝 (−

𝐸𝑎

𝑘𝐵𝑇
) 

where kB is Boltzmann constant, T is temperature and Ea is activation energy (Ea′ for 

response phase and Ea′′ for recovery phase). The physical meaning of these activation 

energies is depicted in Fig. 47c, as kinetic energy barriers in the interaction potential 

V between the WO3 surface and the approaching H2 molecule. By analyzing the 

meaningful Arrhenius plots reported in Fig. 47 for P1 (black spheres) and P2 (red 

spheres) involved during (a) response phase and (b) recovery phase, we can 

extract Ea values for each involved process (dotted lines). The result of such an 

exercise gives Ea of 461 meV in the response phase for P2; 295 meV and 821 meV in 

the recovery phase for P1 and P2, respectively. The experimental determination of 

these activation energies is a key point to reach a solid description of the WO3-

H2 interaction leading to H2 sensing. 

 

Figure 2-47. Arrhenius plot of inverse of lifetime τ of P1 (black sphere) and P2 (red sphere) 

during (a) response and (b) recovery phase. Dotted lines are linear fit to each set of data. 

The evidenced region indicates the time resolution of experimental set-up. (c) schematic 

representation of energy barriers for the sensing processes. 
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2.2.3.3.4 Modelling of WO3-H2 interaction 

It is well assessed that H intercalation occurs in hexagonal WO3, especially during the 

electrochromic process [31]. H2 intercalation causes internal changes of WO3 structure 

also reflected by a significant change of optical transmittance. Mattoni et al., proposed 

that WO3-H2 interaction leads to H2 intercalation in WO3 crystals [17], while for other 

models such a process is not required. It is essential now to prove if H2 intercalation 

occurs or not in our samples. To this aim, several drops of WO3 nanorods solution 

were dropped on corning glass substrates, realizing a very thin film. Two WO3 coated 

glasses were annealed at 350 °C for 30 min in forming gas (FG, gas mixture of 

N2:H2 =95:5) or in N2. Annealing in FG simulates the exposure of WO3 nanorods to 

H2 gas during the sensing test at 350 °C. Transmittance spectra acquired just after 

annealing of WO3 coated glasses are shown in Fig. 48. The annealing in inert ambient 

does not significantly modify the transmittance curve of the sample. FG annealing 

induces a barely appreciable reduction of transmittance, far away from the expected 

chromism induced by intercalating H2. Moreover, the H2 intercalation typically 

produces an enhancement in measured resistance according to Mirzaei et al. [32] as 

following reaction consequence: xH+ + xe- + WO3 → HxWO3 

 

Figure 2-48. transmittance spectra of AsDep (black line + squares), N2 (red line + 

triangles), and FG (green line + circles) samples. 

On the contrary, after H2 exposure, our samples reveal a marked decreased resistance 

at any temperature and any H2 concentration. Such evidence, together with 

transmittance spectra, tell us that during H2 exposure H intercalation in WO3 nanorods, 

if any, is not a key process and can be ruled out in modeling the WO3-H2 interaction. 
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To model the WO3-H2 interaction, we now need to discuss the P1 and P2 occurring in 

response and recovery phase. Firstly, it must be specified that during the response 

phase the interaction will involve H2, while during the recovery phase, only residual 

H2, if any, can be considered. Experimental results give us much information about 

active processes. The evidence can be summarized as follows: (i) P1 is faster than P2, 

both in response and in recovery phases. τ1 is around 4 s, regardless of temperature 

and concentration, while τ1* slightly depends on temperature and concentration; (ii) 

P1 is more probable than P2, both in response and recovery phases, and at any 

temperature and any concentration; (iii) the H2 concentration dependence 

of w suggests a surface process for P1; (iv) Arrhenius plots hint that P1 is a very fast 

process in response phase, while it is thermally activated (E″a=295 meV) at recovery 

phase when the temperature is ranging between 250 °C and 400 °C. P2 needs high 

activation energy both in response (461 meV) and recovery phases (821 meV) in the 

same temperature range; (v) at very low H2 concentration (below 5000 ppm), only one 

process is active. 

2.2.3.4 Conclusion 

We investigated WO3-H2 interaction by testing WO3 nanorods exposed to H2 (2000–

50,000 ppm) fluxes at different temperatures (250–400 °C). The Langmuir 

adsorption theory was successfully used to model experimental data of sensing 

kinetics, evidencing that two processes occur both in response and in recovery phases, 

regardless of the temperature, for concentrations larger than 5000 ppm. The fast 

process (lifetimes of few seconds) is attributed to H2 interaction with adsorbed O at 

WO3 surface, in the response phase, and to O adsorption (barrier of 0.29 eV), in the 

recovery phase. Since a high concentration of H2 consumes all adsorbed oxygen 

leaving WO3 uncovered, the slow process (lifetimes of hundreds of seconds) is 

attributed to generation (barrier of 0.46 eV) and recombination (barrier of 0.82 eV) 

of oxygen vacancies in WO3 nanorods. No H intercalation in WO3 bulk is observed. 

At low H2 concentrations, only fast processes are evidenced, which are linked to 

surface processes. Our data and modeling show that WO3 nanorods are a promising 

material for H2 sensing and, to improve the sensitivity at low hydrogen concentrations, 

increasing the exposed surface of WO3 nanorods is beneficial for fast detection. 

https://www.sciencedirect.com/topics/chemistry/nanorod
https://www.sciencedirect.com/topics/engineering/langmuir-adsorption
https://www.sciencedirect.com/topics/engineering/langmuir-adsorption
https://www.sciencedirect.com/topics/engineering/oxygen-vacancy
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2.2.4 Carbon-dots conductometric sensor for high performance gas sensing 

 

Abstract 

In this paper the first example of using C-dots (CDs) as sensing nanomaterial for 

monitoring low concentrations of NO2 in ambient air is reported. In the logic to support 

a green circular economy, CDs were prepared from a natural low cost precursor 

consisting in olive solid waste (OSW) by a simple pyrolysis process combined with 

chemical oxidation. Characterization data showed the formation of spherical CDs with 

dimensions in the narrow size range from 0.5 to 5 nm and charged with functional 

groups (COO- (carboxylate), C-O-C (epoxide) and C-OH (hydroxyl) imprinting 

excellent water colloidal dispersion. The nanomaterial was used to fabricate and test a 

conductometric gas sensor (CDs-sensor) that was found to exhibit excellent 

performances in terms of high and selective response to sub-ppm concentration of NO2 

at low temperature (150 °C), low limit of detection (LOD) of 50 ppb, good 

reproducibility and stability over use and aging. To the best of our knowledge, this is 

the first example reported in the literature of CDs high performances gas sensing 

material. Results here presented pave the way for a new class of a carbon nanomaterial 

for gas sensing to be applied in the field of environmental monitoring. 

 

Graphical abstract 
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2.2.4.1 Introduction 

Carbon dots (CDs) represent one of the most promising nanomaterial for many 

advanced applications due to their multifunctional properties deriving from their 

unique quantum confinement and edge effects [1,2]. They also exhibit high chemical 

stability and good conductivity which, coupled with the very high surface area, can 

address effectively the use of CDs for sensing applications. In a recent review paper, 

the use of CDs for sensing towards several class of both organic and inorganic analytes 

has been extensively described [3]. However, most of the studies address sensing 

applications focusing on both CDs fluorescence and electrochemical properties as 

transduction detection method. Target analytes were mostly metal ions (Fe+3, Cu2+, 

Hg2+, etc.) and electroactive (bio)molecules (H2O2, dopamine, glucose, etc.) [3].  

Surprisingly, no particular attention has been given to CDs as material for gas sensing 

that is one of the most important applicative sector for environmental sustainability. 

Limited study appeared only very recently. In one paper, a CDs-based quartz crystal 

microbalance sensor was used for the detection of gaseous formaldehyde  [4]. In 

another work, Shauloff et al. fabricated an artificial nose based on CDs as the principle 

capacitance sensing determinant [5]. However, conductometric (resistive) sensors, 

which represents the most suitable, practical and cheaper gas sensing technology for 

monitoring a wide variety of gases [6], based on CDs are not reported so far.  

In the environmental pollution, one of the most dangerous gas is nitrogen dioxide 

(NO2) representing a relevant source of atmospheric pollution being a product of 

burning fossil fuel in industry, power plants, houses heating, and car engines. It 

relevantly contributes to particulate matter, photochemical smog and acid rain and it 

is very toxic for human health even at very low concentrations [7-10]. Therefore, 

sensitive, selective and easy to use sensors for NO2 monitoring in both industrial and 

urban areas are strongly required and today no satisfactory solutions are present [11]. 

In this respect, only one study has been reported for optical detection (fluorescence) 

of NO2 gas using a hybrid carbon nanodot functionalized aerogel (CDs/SiO2,) tested 

in a pure nitrogen atmosphere [12]. Also for the electrical detection, a single example 

describing a conductometric sensors uses a hybrid reduced graphene oxide-carbon dots 

(rGO–CD) sensing material has been described so far [13, 14]. However, both above 
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mentioned studies have practical limitations. Actually, CDs/SiO2 fluorescence 

material has been demonstrated to work only in N2 atmosphere, displaying a detection 

of limit of 250 ppb, which rule out its use for the low concentrations of NO2 to be 

monitored in ambient air. In this respect, the Environmental Protection Agency (EPA) 

has settled one-hour exposure to NO2 at the level of 100 ppb. Further, these work are 

based on sensing layer obtained by complex and multi-step synthetic procedures for 

the preparation.   

In this work we present the first example of pure CDs sensing nanomaterial exhibiting 

excellent performances towards NO2 monitoring in conductometric sensor architecture 

with selective and sensitive response up to sub-ppm concentrations of NO2 in air.  

The CDs here used were obtained from olive solid wastes (OSWs) raw material, an 

agricultural waste from the olive oil industry, highly appealing from an economical 

point of view due to its abundance and low cost [15]. Actually, OSWs are produced in 

massive quantities during olive oil production and represent a waste with high 

pollution potential. Therefore, providing to its re-use is within the logic of the circular 

economy. The transformation of OSWs in CDs here described leads to carbon 

nanoparticles having very small particle size, which implies an extremely large 

surface-to-volume ratio and hence an elevated proportion of highly reactive sites. 

These features make these materials very appealing candidates for gas sensors material 

with high performance. Further, the easy processability of CDs enables the use of a 

facile integration on a variety of sensing platforms made in plastics, ceramics, or 

silicon, so offering different possibility for various practical applications. Finally, due 

the lack of investigation on CDs for gas sensing, this study can also represent a 

stimulus for further investigations on these nanomaterials in the environmental sensor 

field. 

2.2.4.2 Experimental Section 

Synthesis of carbon dots (CDs): The CDs were prepared according to the method 

reported in [15]. Briefly, olive solid w. astes OSWs (collected from Puglia – Italy) 

were purified from impurities by means of Soxhlet extractor using water as a solvent. 

The purified OSWs then were pyrolyzed for 1 hour at 600 °C to obtain a carbon-based 

material named as pyrolyzed olive solid wastes (POSWs). 0.1 g of POSWs was 
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dispersed in 10 ml of 0.45 wt% H2O2 aqueous solution and sonicated for 10 min. The 

mixture was then refluxed for 90 min. When cooled down to room temperature, the 

brownish supernatant obtained after centrifugation (9900 rcf for 20 min) was filtered 

through 0.2μm microfilter and then dialyzed against MilliQ-water through a dialysis 

membrane (500-1000 Da cutoff). 

Cyclic Voltammetry: Cyclic voltammetry (CV) was carried to estimate the HOMO 

and LUMO energy levels of the CDs and the band gap. The electrochemical 

measurement was performed by the electrochemical workstation Autolab MSTAT204 

Potentiostat/Galvanostat using a three-electrode electrochemical cell with a glassy 

carbon (3 mm Dia.) working electrode, a Ag/AgCl reference electrode, and a platinum 

counter electrode (Pt wire) in a 20 mL acetonitrile solution containing 0.1 M 

tetrabutylammonium hexafluorophosphate (TBAPF6) as the supporting electrolyte 

and 1 mL of 1 mg/ml CDs solution. Cyclic voltammetry of the sample was run at a 

scan rate of 50 mV/s at room temperature. 

Sensing tests: Devices for the sensing tests were fabricated by printing thick films of 

the C-dots powders dispersed in water on alumina substrates (6 mm × 3 mm) and 

provided by Pt interdigitated electrodes and a Pt heater located on the backside [8]. 

For the sensing tests, the sensors were introduced in a stainless-steel test chamber and 

after an initial time of stabilization at the fixed working temperature in flowing 

synthetic dry air (20% O2 in nitrogen), exposed to pulses of gas mixtures of selected 

composition.  

Electrical measurements were collected through a data acquisition unit Agilent 

34970A, while a dual channel power supplier instrument Agilent E3632A was 

employed to bias the built-in heater of the sensor. The concentration of NO2 was varied 

from 140 ppb to 2.8 ppm. The gas response, S, is defined as S = R/R0 for NO2, where 

R is the electrical resistance of the sensor at different NO2 concentrations and R0 is the 

baseline resistance in dry synthetic air. Dynamic characteristics, such as response time, 

τres, defined as the time required for the sensor resistance to reach 90% of the 

equilibrium value after the target gas is injected and recovery time, τrec, taken as the 

time necessary for the sensor resistance to reach 90% of the baseline value in air, were 

also evaluated. 
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2.2.4.3 Results and discussion 

2.2.4.3.1 Structural characterization 

CDs was produced by using OSWs as starting material (see Scheme 1). First, the 

pyrolysis of OSWs at 600°C for one hour has been carried to produce carbonized olive 

solid wastes (COSWs). The chemical oxidation of this intermediate material was 

employed to obtain CDs using H2O2 as an oxidizing agent. Optimization of H2O2 

concentration (0.45 wt%) led to CDs of low diameter with a production yield of 10%.  

H2O2 is beneficial for breaking down the carbonaceous particles and extracting CDs 

with surfaces rich of oxygenated groups [15] 

 

 

 

Scheme 1: Schematization of the synthesis process of CDs. 

The morphology of the CNDs obtained from OSWs has been investigated by TEM 

and AFM. The TEM micrographs show well dispersed nanoparticles with good 

contrast and narrow size dispersion ranging from 1 to 4.5 nm as shown by the size 
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distribution histogram drawn from TEM images and an average size of 2.8±0.6 nm 

(Figure 49a and b).  

Similar dimensions have been obtained by AFM for the height of the CNDs with a 

range of 0.5 to 5 nm having an average of 2.8±0.9 nm, demonstrating that the particles 

have quasi-spherical morphology (Figure 49c-d) 

 

  

 

Figure 2-49. Morphological characterization of CDs: a) TEM micrograph, b) TEM size 

distribution histogram, c) AFM height micrograph, d) AFM height profile and e) AFM 

height distribution histogram  

The functional surface groups were investigated using FTIR spectroscopy (Figure 50). 

The peaks shown at 3424, 3236, 2923/2850, 1656, 1412, 1320 and 1116 and 1096 cm-

1 are assigned to –OH, N-H, C-H, C=O (carbonyl), COO- (carboxylate),  C-OH 

(hydroxyl) and C-O-C (epoxide) [16,17] groups respectively. The presence of such 

functional groups implies that the synthesized CNDs have excellent water-soluble 

colloidal dispersion [18]. It was also found that these dots are negatively charged with 

ξ-potentials = -32 mV in 10 mM PBS, the negative charge could be ascribed to the 

existence of oxygenated functional groups [19-21]. 
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Figure 2-50.  FT-IR spectrum of synthesized CDs 

In terms of conduction properties, the synthesized CDs evidence a semiconductor 

behavior with a band gap of 1.55 eV, estimated from the difference between LUMO 

(-4.24 eV) and HOMO (-5.79 eV) energy levels [22]. The HOMO – LUMO levels 

were calculated from oxidation and reduction onset resulted from the cyclic 

voltammogram (see Figure 51a) using the equations (1) and (2):  

 

 

 

where Eonset,ox and Eonset,red are the onset of the oxidation and reduction potentials 

respectively [23-24].  

The semiconductor behavior has been confirmed by analyzing the electrical resistance 

of thick films (around 10 μm) at different temperatures. The electrical measurements 

have been performed on the same platform used for the conductometric sensing tests 

(Figure 51b), with the aim to acquire also direct information on the behavior of CDs 

as a sensing layer in the practical device. In the inset of this Figure 51b is noted CDs 

deposited as thick films by printing on the conductometric transduction device having 

a pair of interdigitated Pt electrodes on the ceramic substrate. 

𝑯𝑶𝑴𝑶 = −[𝑬𝒐𝒏𝒔𝒆𝒕,𝒐𝒙 + 𝟒. 𝟔𝟔 𝒆𝑽]                  (1)       

𝑳𝑼𝑴𝑶 = −[𝑬𝒐𝒏𝒔𝒆𝒕,𝒓𝒆𝒅 + 𝟒. 𝟔𝟔 𝒆𝑽]                  (2)        
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Figure 2-51. a) Cyclic voltammogram versus Ag/AgCl reference electrode of synthesized CDs; 

b) picture of the conductometric sensor probe; in the inset is shown the sensor head; c) 

Baseline resistance vs. operating temperature trend.  

2.2.4.3.2 Electrical and gas sensing properties 

The range of temperature investigated was between 50 °C and 200 °C due to both the 

restrictions imposed by the very high resistance registered below 50 °C and the 

unstable and large baseline drift observed at temperatures higher than 200 °C. The 

trend of baseline resistance in this temperature range is reported in Figure 51c. At near 

room temperature, the resistance is out of the range of measurement with our 

instrumentation. Increasing the temperature, the resistance decreases, as expected by 

a semiconductor material. This behavior can be explained as follows: at low 

temperature, free electrons are trapped by O2 molecules as ionized species (O− or O−2), 

generating a depletion layer (Schottky potential barrier); further, the grain boundaries 

at the contact between the very small CDs might create additional potential barriers, 

increasing the electrical resistance. Increasing the operating temperature, thermally 

generated electrons give the main contribution to the resistance decrease. However, as 

an additional process due to the adsorbed O2 molecules desorption from the CDTs 
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surface upon increasing of the temperature, releases the trapped electrons and 

decreases the resistance. 

On the basis of above described electrical characteristics that make CDs to be full 

compatibles for their use in conductometric platform for gas sensing, we have tested 

its performances in the monitoring of low NO2 concentration in air. First, we evaluated 

the effect of operating temperature on the sensor response. Figure 52a reports the 

variation of resistance for the CDs sensor subjected to pulses of NO2 at the 

concentration of 2 ppm in dry air.  

 

Figure 2-52. a) Resistance variation at different temperatures of CDs sensor subjected to 

pulses NO2 at the concentration of 2 ppm. Inset shows the trend of sensor response with 

temperature; b) Response/recovery time at different temperatures of the CDs sensor. 

From the above reported data, it clearly appears that the CDs-based sensor is very 

sensitive to NO2 gas exposure exhibiting a tendency to a response enhancement with 

the temperature decrease. However, by reducing the temperature, the recovery time 

becomes longer (see Figure 52b) and this limits the practical application of the sensor. 

Therefore, the best balance between high response and faster dynamics can be settled 

at 150 °C. Figure 53a reports the resistance variation for the CDs sensor, at the optimal 

temperature of 150 °C, subjected to pulses of NO2 at different concentration (from 140 

ppb to 2 ppm) in dry air. The interaction among NO2 molecules and CDs leads to a 

linear variation of the resistance with the nitrogen dioxide in the investigated 

concentration range, as highlighted in the calibration curve graph reported in Figure 

53b. It is noteworthy the good reproducibility of the two reported calibration curves, 

registered by two diverse sensors fabricated by using the same CDs. The resistance 

variations observed are well reversible; the response and recovery times are in the 

order of about 150 sec. and 315 sec., respectively. 
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The interaction between the NO2 molecule and CDs leads to a decrease of the 

resistance at all temperatures and NO2 concentrations investigated, indicating that the 

CDs sensor has a p-type behaviour. This finding can be attributed to presence of 

electron withdrawing oxygen functional groups on the surface of CDs, as also 

suggested by some authors for other colloidal quantum dots [25]. 

The sensing mechanism can be described into the framework of general theory of p-

type semiconducting gas sensors functioning [26]. However, the true sensing 

mechanism of NO2 on carbon materials is still not fully understood and only 

hypotheses could be formulated taking into account examples coming from CNTs and 

graphene as previous carbon nanostructures-based sensing material for NO2 [27-29]. 

Here, we can suppose that the resistance of sensing layer decreases after adsorption of 

NO2 gas molecule due to the direct adsorption/chemisorption of NO2 on the CDs 

surface, which is covered of adsorbed O- oxygen ions, the main surface oxygen species 

present at the operating temperature of 150 °C. NO2 interacts with the chemisorbed 

oxygen ions on the surface and extracts electrons. Indeed, NO2 as an electron acceptor 

consume electrons, resulting in the increase of hole concentration. The depletion layer 

becomes thinner (low electrical resistance, see Figure 53c) and therefore, electrical 

resistance decreases, as experimentally observed.  

 

Figure 2-53. a) Transient response towards different NO2 concentrations for the CDs sensor; 

b) calibration curve towards NO2, whereas the inset shows the response to different gases; c) 

schematization of the NO2 proposed sensing mechanism on CDs-based conductometric 

sensor. 
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Above explanation is in according with data reported for other carbon nanostuctures, 

such as CNTs, were Schottky barrier modulation is the main detection mechanism 

postulated for gas sensing [30]. However, other sensing mechanisms cannot be 

excluded and can be concurrently present, depending on many factors linked mainly 

to size of carbon nanostructures. Indeed, carrier transport through the electrode-carbon 

particles is influenced by the particle size and the width of the depletion region. In air, 

oxygen is adsorbed at the active carbon sites, accepting electrons from the conduction 

band and causing, depending on the size, a partial to fully depleted region devoided of 

mobile charge carriers. The conduction mechanism is then governed by Schottky 

barriers at the grain boundaries, and grain control mechanism, respectively.  

For our CDs-based conductometric sensor, the sensing mechanism can be supposed to 

be related to limited charge transport across Schottky barriers. The conduction across 

Schottky barriers is regulated by thermoionic emission carrier transport, or less 

usually, by tunneling. Relevant to gas sensing is however that the activation energy for 

conductance is a function of the barrier height, which is  directly affected by the charge 

and fractional coverage of the surface species and, hence, a function of the composition 

of the gas surrounding the sensor.  

Selectivity to target gas, response reproducibility and stability are also important 

parameters of a sensor for the practical use. From inset reported in Figure. 53b is noted 

a very low response toward reducing gases (CO, NH3, CO2, CH4), which implies that 

the sensor is also highly selective towards NO2. Experimental results have also 

demonstrated a good signal reproducibility. Figure 54a shows the reproducibility test 

when the sensor was exposed to pulses of 2 ppm of NO2 at 175 °C. A fairly stable 

response was observed for a period of approximatively three months (see Fig. 54b).  
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Figure 2-54. a) Response of the sensor to consecutive pulses of 2 ppm of NO2; b) Sensor 

response evaluated for a period of approximatively 3 months. 

The good sensing properties (sensitivity, selectivity, stability) of the sensor towards 

NO2 can be then explained with the characteristics of CDs synthesized. First, the large 

specific surface area of the very small CDs provides many unsaturated sites with high 

reactivity, maximizing the interaction with the target gas. As regarding the excellent 

selectivity towards NO2, it is associated to the surface state of CDs. Indeed, other than 

addressing the semiconducting behaviour, the chemical structure of the surface has the 

noticeable function to interact with the gases surrounding the sensor. In this way, 

depending on the chemical nature on the CDs surface and gaseous specie, the 

interaction will have a different strength and charge transfer. It seems then that the 

presence of the various organic groups on the CDs surface as indicated by FT-IR and 

XPS investigation can be relevant for NO2 gas. In this perspective, it is interesting to 

note that it is possible to modulate the surface chemistry of the C-dots by introducing 

new ligands. These modifications can change the interaction of CDs with the gas 
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molecules, modulating then the selectivity of the sensor versus different gases. At last, 

the long term stability of the sensor can be related to mild temperature (150 °C) chosen 

for sensing tests. This aspect is fundamental in order to avoid thermal stress to sensing 

layer in general, and in particular in the case of CDs sensing layer, this mild 

temperature avoids to modify/degradate the labile surface groups on the surface of 

CDs.  

Finally, the sensing performances of the developed CDS-based sensor were also 

compared with previously reported conductometric sensors based on other carbon 

nanomaterials (see Table 2-10).  

Table 2-10. Comparison of the NO2 sensing performances of carbon conductometric sensors. 

Sensing 

material 

Limit of 

Detection 

[ppb] 

Response1/concen

tration  

Operating 

temperatur

e 

Measure

ment  

range 

[ppm] 

UV 

light 

Ref. 

SWCNTs2 86  100/0.1 ppm 50 °C 0.1-10 no [30] 

Graphene 

oxide 

0.21 10/1 ppm 150 °C 1-9 no [31] 

Aligned 

SWCNTs  

- 7/0.5 ppm RT3 0.5-10 yes [32] 

S-doped 

graphene 

- 0.2/500 ppt RT 0.5-100 no [33] 

3D rGO4 186  0.1/1 ppm 22 °C 1-8 no [34] 

rGO - 37/5 ppm RT 5-100 no [35] 

CVD 

Graphene 

4  3/1 ppm RT 1-20 yes [36] 

C-dots 50  140/0.7 ppm 150 °C 0.14-2 no This 

work 

1 Response (R) is defined as R= 100*|Rg-Ra|/Ra, where Ra and Rg are, respectively, the recorded 

signal in the absence and presence of NO2 at the indicated concentration. 2 Single-wall carbon 

nanotube; 3 Room temperature.4 Reduced Graphene Oxide. 

From this comparison, it is worthy to mention the outstanding sensitivity (3rd column 

in Table 2-10) of our nanomaterials. Further, this remarkable sensitivity and full and 

fast response/recovery of the signal is reached without the use of UV light. Once again, 

these comparative data confirm that the suitable carbon nanostructure obtained 

improve the performance of conductometric device for monitoring NO2 at part-per-
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billion levels. However, we plan to further improve the performances of our materials 

by investigating in future studies both the effect of possible surface functionalization 

of C-dots and also the optimization of film structure and morphology.    

2.2.4.4 Conclusion 

In summary, CDs here reported were produced by a simple pyrolysis process 

combined with chemical oxidation from olive solid wastes, a cheap and readily 

available natural precursor. Morphological and microstructural characterization 

indicated that these nanometer CDs have a spherical shape with dimension ranging 

from 0.5 to 5 nm. Further, the presence of charged functional groups (COO- 

(carboxylate), C-O-C (epoxide) and C-OH (hydroxyl), which imprint excellent water 

colloidal dispersion properties, has been also highlighted. NO2 sensing properties of 

CDs has been investigated showing excellent performances in terms of sensitivity, 

selectivity, full recovery after exposure and stability. Noteworthy, this study represents 

the first evidence of using CDs sensing material for conductometric gas sensor. 

Therefore, we expect that this study will pay the way for a large family of CDs 

produced by different natural sources to be employed as highly sensitive sensors.  
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3 Final remarks and outlooks 

Detection and monitoring various substances in both gas and aqueous phase have been 

an ever-growing subject in different fields ranging from healthcare purposes to 

industrial requirements. In order to address the need to design and develop more 

reliable sensors, it is necessary to deepen the knowledge we possess concerning the 

sensing materials and the reaction mechanisms that govern their behavior. This Ph.D. 

thesis, therefore, is a devoted attempt to illustrate a series of results that are in line with 

the aforementioned aims. The results obtained here, for both gas sensing and 

electrochemical sensing studies, were remarkable as compared with similar reports not 

only due to the introduction of new sensing materials but also because of presenting 

mechanistic data concerning the sensing procedures. As examples, in the research 

activities presented in sections 2.1.1, 2.1.2, 2.2.1, 2.2.2, and 2.2.3, the quantitative 

results regarding the performance of these sensors are interpreted and discussed in 

detail from a mechanistic point of view as well. This approach was of great importance, 

as getting a deeper knowledge of sensing mechanisms will consequently pave the way 

for further improvement of sensing strategies in the future. To briefly highlight the 

most important issues and opportunities presented in this thesis, following points are 

worthy of note; 

1. In some studies, the sensing materials were chosen to be suitable for 

mechanistic studies, for example, a base CNT covered by different thicknesses 

of the shell layers (NiO or Al2O3) was used to follow the effect of shell 

thickness/type on the sensing performance. 

2. In some other studies, where the main goal was solely improving the sensing 

performance, low-cost and straight forward synthesised sensing materials 

were utilized, e.g. CuO (section 2.1.3), WO3 (section 2.2.3) and carbon dots 

(2.2.4).  

3. In this thesis, whenever our knowledge/data allowed us, quantitative results 

were supported and interpreted in a qualitative (from mechanistic point of 

view) manner as well. 
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4. In some cases, e.g. section 2.2.1 and 2.1.2, the novel sensing mechanisms 

proposed in this thesis are clearly in contrast with many former reports found 

in the literature.  

Looking backward, although an acceptable attempt has been made in this thesis to 

present and discuss new sensing materials and sensing mechanisms, in order to have 

more reliable sensors, further advances are still needed. Looking forward, I hope 

scientific attempts that I have made in this thesis, together with other research activities 

by researchers all over the world lead us to a better understanding of the function of 

proposed sensors and finally improve their performance in the upcoming years. 
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