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Abstract 

This thesis explores the applications of metal oxide nanomaterials in gas sensing and Li-ion 

batteries. It presents a detailed exploration of their state-of-the-art, definitions, and 

mechanisms. The focus is on tungsten trioxide (WO3), zinc oxide (ZnO), copper oxide (CuO), and 

vanadium pentoxide (V2O5), analyzing their crystalline structures, properties, and potential 

applications. The thesis covers the synthesis methods and the functional applications of these 

materials in gas sensing and battery technology. 

Traditional methods for synthesizing WO3 involve hazardous substances, raising environmental 

and health concerns. This study proposes an eco-friendly synthesis using water and vitamin C as 

a green surfactant. The research examines the growth mechanism, particularly the surfactant's 

role in nanoparticle formation. The monoclinic WO3 synthesized through this method shows 

high sensitivity and selectivity to acetone, with stable performance across various humidity 

levels. This contributes to green synthesis procedures for WO3 nanomaterials, enhancing their 

application in gas sensors. 

The thesis investigates the impact of crystalline phase junctions on the gas sensing performance 

of WO3. Two samples synthesized without and with PEG 200, were analyzed. XRD and Raman 

spectroscopy confirmed monoclinic and monoclinic-orthorhombic phases. ATR-FTIR 

spectroscopy provided insights into the materials' vibrational characteristics and chemical 

composition. Gas sensing experiments revealed that WO3 with PEG 200, exhibited superior 

acetone sensitivity at higher operating temperatures. The inhibition of hydrate formation and 

the presence of ortho/mono n-n homojunction improved hydrate adsorption, enhancing 

sensitivity. The gas sensing performance across different humidity levels (40 to 95%) indicates 

its potential for breath analysis. 

Another study addresses the critical need for effective nitrogen dioxide (NO2) detection for 

human health and environmental sustainability. The study focuses on the synthesis of a novel 

CuO-ZnO composite through a polyol and sol-gel technique. The controlled synthesis of 

hierarchical CuO and porous ZnO structures using the polyol technique, coupled with sol-gel 
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composite formation, proves effective in enhancing gas sensing performances, including 

sensitivity, selectivity, and low detection limits for NO2. The composite displays excellent 

selectivity towards NO2, contributing to advancements in gas sensor technology for sensitive 

and selective NO2 detection. 

Finally, the thesis explores the synthesis and electrochemical analysis of porous V2O5 

microsheets as anode materials in Li-ion batteries. Addressing challenges like poor conductivity 

and limited cycling stability, the study tailored the synthesis to achieve specific microstructures 

and high porosity. Two samples were prepared at two different reaction temperatures, 

showcasing porous microsheet structures with their crystallinity and morphologies. 

Electrochemical analysis indicated stable redox behavior, multiple-phase transitions, and 

superior specific capacities for V2O5 (which is synthesized at lower temperatures) at high current 

densities. This research highlights the potential of microstructures to improve Li-ion battery 

efficiency and stability. 

 

Abstract Italiano 

Questa tesi esplora le applicazioni dei nanomateriali di ossidi metallici nella rilevazione di gas e 

nelle batterie agli ioni di litio. Presenta un'esplorazione dettagliata dello stato dell'arte, delle 

definizioni e dei meccanismi. L'attenzione è rivolta al triossido di tungsteno (WO3), all'ossido di 

zinco (ZnO), all'ossido di rame (CuO) e al pentossido di vanadio (V2O5), analizzando le loro 

strutture cristalline, proprietà e potenziali utilizzi. La tesi copre i metodi di sintesi e le 

applicazioni funzionali di questi materiali nella rilevazione di gas e nella tecnologia delle 

batterie. 

I metodi tradizionali per la sintesi del WO3 coinvolgono sostanze pericolose, sollevando 

preoccupazioni ambientali e sanitarie. Questo studio propone una sintesi ecocompatibile 

utilizzando acqua e vitamina C come tensioattivo verde. La ricerca esamina il meccanismo di 

crescita, in particolare il ruolo del tensioattivo nella formazione delle nanoparticelle. Il WO3 



4 
 

monoclino sintetizzato con questo metodo mostra alta sensibilità e selettività all'acetone, con 

prestazioni stabili a diversi livelli di umidità. Questo contribuisce alle procedure di sintesi 

ecologica per i nanomateriali di WO3, migliorando la loro applicazione nei sensori di gas. 

La tesi indaga l'impatto delle giunzioni di fase cristallina sulle prestazioni di rilevazione dei gas 

del WO3. Sono stati analizzati due campioni sintetizzati senza e con PEG 200. La spettroscopia 

XRD e Raman ha confermato le fasi monoclina e monoclina-ortorombica, rispettivamente. La 

spettroscopia ATR-FTIR ha fornito informazioni sulle caratteristiche vibrazionali e sulla 

composizione chimica dei materiali. Gli esperimenti di rilevazione dei gas hanno rivelato che il 

WO3 con PEG 200 ha mostrato una sensibilità superiore all'acetone a temperature operative più 

elevate. L'inibizione della formazione di idrati e la presenza di omo-giunzioni n-n orto/mono 

hanno migliorato l'adsorbimento degli idrati, aumentando la sensibilità. Le prestazioni di 

rilevazione dei gas a diversi livelli di umidità (dal 40 al 95%) indicano il suo potenziale per 

l'analisi del respiro. 

Un altro studio affronta la necessità cruciale di una rilevazione efficace del diossido di azoto 

(NO2) per la salute umana e la sostenibilità ambientale. Lo studio si concentra sulla sintesi di un 

nuovo composito CuO-ZnO attraverso una tecnica di poliolo e sol-gel. La sintesi controllata di 

strutture gerarchiche di CuO e di ZnO poroso utilizzando la tecnica del poliolo, accoppiata con la 

formazione del composito sol-gel, si dimostra efficace nel migliorare le prestazioni di rilevazione 

dei gas, inclusi sensibilità, selettività e limiti di rilevazione bassi per il NO2. Il composito mostra 

un'eccellente selettività verso il NO2, contribuendo ai progressi nella tecnologia dei sensori di 

gas per una rilevazione sensibile e selettiva del NO2. 

Infine, la tesi esplora la sintesi e l'analisi elettrochimica di microfogli porosi di V2O5 come 

materiali anodici nelle batterie agli ioni di litio. Affrontando sfide come la scarsa conducibilità e 

la stabilità limitata del ciclo, lo studio ha adattato la sintesi per ottenere microstrutture 

specifiche e alta porosità. Sono stati preparati due campioni a due diverse temperature di 

reazione, mostrando strutture di microfogli porosi con la loro cristallinità e morfologie. L'analisi 

elettrochimica ha indicato un comportamento redox stabile, transizioni di fase multiple e 

capacità specifiche superiori per il V2O5 (sintetizzato a temperature più basse) a densità di 
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corrente elevate. Questa ricerca evidenzia il potenziale delle microstrutture per migliorare 

l'efficienza e la stabilità delle batterie agli ioni di litio. 
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Introduction and objectives 

In recent years, the rapid pace of industrialization and the widespread use of energy has 

resulted in severe air pollution, an issue with multifaceted implications, affecting not only the 

environment but also social, economic, and ecological systems. The consequences of air 

pollution extend beyond environmental hazards to include risks to human health and the 

economy. Recognizing these consequences, international organizations and governments have 

increasingly prioritized addressing air pollution through various initiatives and policies.  

The global concerns about the consequences of air pollution have prompted significant 

international initiatives and resolutions. The journey began with the issuance of WHO air quality 

guidelines in 2010, followed by subsequent UNEA conferences in 2014, 2016, and 2017 that 

underscored the commitment to combat air pollution. Reports and evaluations, such as Action 

Air Quality and The Process of Air Pollution Control in Beijing, highlighted both global and 

localized perspectives on air quality measures. International conferences, including the Global 

Conference on Air Pollution and Health in 2018, aimed at achieving substantial reductions in air 

pollution-related deaths by 2030. The 2021 release of the Air Pollution Series by UNEA 

emphasized the global concern surrounding air pollution, prompting a comprehensive review of 

air quality legislation worldwide. This underscores the imperative to address air pollution as a 

critical global environmental and health challenge. 

Sensors could detect toxic gases to improve human safety and environmental protection. 

Therefore, it is urgent to develop gas sensors for the detection of NO2, CO, CO2, NH3, O3, Volatile 

Organic Compounds (VOCs), H2S, and H2, each characterized by different and specific threshold 

limit values of exposure. Metal oxides play an important role in sensing materials due to their 

low cost, small size, ease of fabrication, stability, reproducibility, and abundance. Consequently, 

metal oxide semiconductor materials have received extensive attention due to their application 

in various fields, including solar cells, Li-ion batteries, electrocatalysts/photocatalysts for water 

splitting and gas sensing applications.  
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There is a growing demand for green chemistry, which has been intensified to reduce the 

utilization and production of hazardous substances. Green synthesis methods, aligned with the 

twelve fundamental principles of green chemistry, have emerged as crucial pathways to achieve 

this goal. These methods prioritize the fabrication of nanostructured materials without 

hazardous organic solvents, corrosive acids (e.g., HNO3, HCl, or H2SO4), and non-toxic reagents, 

thereby minimizing reliance on harmful substances. Therefore, our studies are focused on 

developing different gas sensing materials, including metal oxides and their composites, using 

environmental friendly and cost-effective sol-gel and polyol methods to enhance gas sensing 

performance. 

The imperative to create new methods for generating and storing energy arises from the need 

to decarbonize our future energy supply. Given the massive threat of climate change, we need 

new ways to make and store energy. The global effort to reduce our dependency on finite fossil 

fuels and mitigate their environmental effects, such as carbon dioxide emissions, has led to a 

strong emphasis on scientific research. These studies are aimed at advancing renewable energy 

sources. It is crucial that we prioritize the development of energy storage solutions alongside 

the progress in technologies for harvesting renewable energies like solar and wind power. Thus, 

this development can effectively and securely store electrical energy over extended periods.  

Lithium-ion batteries have emerged as a key player in this transition. Lithium-ion batteries play a 

critical role in the global transition to cleaner and more sustainable energy systems. Their ability 

to store electrical energy ensures a steady supply of power from renewable sources, reduces 

carbon emissions and promotes a greener future for generations to come. 

In response to the demand for Li-ion batteries characterized by heightened energy and power 

densities, along with enhanced stability, the development of next-generation Li-ion batteries 

emerges as a critical pursuit. Within the key components of these batteries, the anode plays a 

pivotal role, and conventional materials like graphite encounter limitations in capacity, rate 

capability, and safety. Transition metal oxides (TMOs) have attracted attention for their 

substantial theoretical capacities and distinctive electrochemical properties. Among various VOx 

materials, V2O5 stands out due to its high theoretical capacity and volume stability, despite 

facing challenges in conductivity and cycling stability. While extensively studied as a cathode 
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material, V2O5's potential as an anode material remains relatively unexplored. This thesis aims 

to unlock the potential of V2O5 as an anode material for Li-ion batteries by designing specific 

porous microstructures. Through tailored microstructures, the objective is to optimize the 

charge transport mechanism, ultimately leading to improved capacities and steady cycling 

performance of V2O5 anodes. 

This thesis aims to develop high-performance chemical gas sensors and advanced Li-ion battery 

materials through the exploration of semiconductor metal oxide nanomaterials and their 

synthesis methods. Accordingly, the thesis is structured into eight chapters dedicated to specific 

facets of chemical gas sensors and lithium-ion battery materials, as outlined below. 

Chapter 1: 

Provides a comprehensive overview of chemical gas sensors, focusing on semiconductor-based 

sensors, highlighting their properties such as sensitivity, stability, selectivity, and miniaturization 

potential. Additionally, it discusses the historical perspective and key components of Li-ion 

batteries, emphasizing the importance of understanding materials and measurement 

techniques. 

Chapter 2: 

Explores the advantages of nanomaterials in gas sensors and battery technologies, detailing the 

crystalline structures, properties, and potential applications of tungsten trioxide, zinc oxide, 

copper oxide, and vanadium pentoxide. 

Chapter 3: 

Reports synthesis methods for metal oxide nanoparticles and instrumental setups for gas sensor 

fabrication and Li-ion batteries anode preparation, providing a foundation for exploring specific 

metal oxide structures and their applications in subsequent chapters. 

Chapter 4: 
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Focuses on the successful synthesis of WO3 nanoparticles using an environmentally friendly 

method and their high sensitivity towards acetone, indicating potential applications in gas 

sensors for medical diagnostics and environmental monitoring. 

Chapter 5: 

Examines the gas sensing performance and phase junction formation of WO3 nanoparticles with 

PEG 200 as a surfactant, elucidating their enhanced sensitivity to acetone and the role of 

crystalline modification in gas sensing. 

Chapter 6: 

Explores CuO-ZnO composites for gas sensing applications, detailing their characteristics and 

excellent selectivity to NO2, suggesting practical environmental monitoring applications. 

Chapter 7: 

Investigates V2O5 microsheets as an anode material for Li-ion batteries, demonstrating superior 

performance in terms of rate capability, cycling stability, and charge transfer kinetics, suggesting 

its potential for high-performance lithium-ion batteries. 

Chapter 8: 

Concludes the findings of the previous seven chapters, integrating their contributions to the 

fields of gas sensing and energy storage. 
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Chapter 1: Chemical Gas Sensor and Lithium-ion 

Batteries: State of the art and their mechanisms 
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Introduction 

This chapter explores the state-of-the-art in metal oxide gas sensors and Li-ion batteries, 

encompassing their definition and mechanisms. It delves into the components and performance 

characteristics of semiconductor sensors, highlighting the advantages of semiconductor metal 

oxide sensors over alternative technologies. The discussion extends to conductometric sensors, 

explaining gas sensing mechanisms. Furthermore, the chapter outlines how parameters such as 

temperature, humidity, additives, and composite materials impact the gas sensors performance, 

emphasizing the necessity for precise control to achieve accurate measurements. 

The chapter further investigates the key components of Li-ion cells, emphasizing the roles of 

anodes, cathodes, electrolytes, and separators. It also discusses significant aspects, including 

the formation of the solid-electrolyte interphase and various electrochemical measurement 

techniques essential for evaluating battery performance. 

 

1.1 Chemical Gas sensor 

1.1.1 State of the art on Chemical sensor  

In 1952, Brattain and Bardeen published alterations in the conductivity of germanium-based 

semiconductors due to changes in the oxygen partial pressure within the environment [1]. A 

decade later, Seiyama reported the gas sensing capabilities of metal oxides [2]. Subsequently, 

Taguchi introduced metal oxide semiconductor gas sensors to the market, utilizing an alumina 

ceramic tube equipped with the metal oxide, electrodes, and a heating coil running through it. 

In 1969 he established Figaro Engineering Inc., the leading global semiconductor gas sensor 

producer [3]. 
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1.1.1.1 Definition  

A chemical sensor is a specialized device designed to detect and quantify the presence of 

specific chemical substances in the environment. It operates by converting the chemical 

information of the target analyte into a measurable signal, typically an electrical or optical 

output, which can then be interpreted to determine the concentration or identity of the 

substance of analytes [4]. Typically, a chemical sensor consists of three fundamental 

components call as receptor, transduce and packaging module.  

1. Receptor  

The receptor is the component which is responsible for interacting with the target analyte. It is 

designed to have a specific affinity for the chemical information, which allows it to adsorb the 

analyte molecules. Receptors can be organic or inorganic materials, such as enzymes, 

antibodies, polymers, or metal oxide, tailored to react with particular chemicals or chemical 

groups [5]. 

2. Transducer 

The transducer is the central component responsible for converting the chemical signal 

generated by the receptor into a quantifiable output signal. This conversion is typically achieved 

using physical or chemical changes induced by the receptor and analyte interaction. Transducer 

types vary widely and can include electrochemical, optical, piezoelectric, or conductive 

elements, depending on the sensor's design and intended application [6, 7]. 

3. Packaging Module 

The packaging module, also known as the housing or encapsulation, provides protection and 

stability to the sensor's internal components. It shields the receptor and transducer from 

external factors such as humidity, temperature, and mechanical stress, which can affect the 

sensor's performance.  
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1.1.1.2 Semiconductor performance characteristics 

The performance characteristics of semiconductor sensors, including response, response and 

recovery times, selectivity, stability, and repeatability determine their suitability for various 

applications. Semiconductor-based sensors are widely used for a variety of applications, and 

their performance characteristics are crucial for determining their effectiveness in specific tasks. 

Five key performance characteristics of semiconductor sensors are defined below [8-10]: 

1. Response 

Response is a fundamental performance characteristic of semiconductor sensors, 

representing how effectively the sensor reacts with the target analyte (gas or chemical). 

The sensing response of the n-type materials toward reducing and oxidizing gases is 

calculated according to Equations 1 and 2, respectively: 

         
(𝐺𝑓− 𝐺0)

𝐺0
=

∆𝐺

𝐺0
                                                                                         (1) 

         
(G0− Gf)

𝐺𝑓
=

∆G

Gf
                                                                                                                                        (2) 

Here, G0 is the baseline conductance of the semiconductor metal oxide sensor in air and Gf 

the steady-state conductance value of the sensor in the presence of the analyte. 

2. Response and Recovery Times 

  The response time of a sensor corresponds to its reaction time when exposed to an analyte. 

It is specifically defined as the duration required for the sensor to achieve a stable value in 

the presence of the analyte. We will define it at the time required to reach 90% change in its 

final conductance while the gas is present. Conversely, the recovery time is related to the 

time necessary for the sensor to recover its initial value in air after the analyte is removed. 

We will define it as the time required for the sensor to reach 70% of the initial conductance 

variation during the recovery. The response and recovery times are essential parameters for 

assessing how quickly a semiconductor sensor can adapt to changes in analyte 

concentration and return to its initial state.  

3. Selectivity 

Selectivity refers to a sensor's ability to distinguish between the target analyte and other 

interfering substances present in the environment. A highly selective semiconductor sensor 
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will respond primarily to the intended analyte, even in the presence of potential 

interferences. Achieving good selectivity often involves using specific receptor materials that 

interact selectively with the target analyte, minimizing false readings caused by cross-

reactivity with other compounds. 

4. Stability 

Stability is a critical performance characteristic that reflects the sensor's ability to maintain 

its sensing characteristics over time without significant degradation. Stable semiconductor 

sensors deliver reliable measurements throughout their operational lifetime. Factors that 

can affect stability include temperature, humidity, exposure to contaminants, and the 

materials used in the sensor's fabrication.  

5. Repeatability 

Repeatability assesses the consistency of a semiconductor sensing parameters when exposed 

to the same analyte concentration under the same conditions. Repeatability is a key factor 

for ensuring the reliability of sensor data and minimizing measurement errors.   

 

1.1.1.3 Advantage of semiconductor metal oxide sensors compared to other technologies 

 

Semiconductor metal oxide sensors offer a range of advantages when compared to various 

other sensing technologies, including GC-mass spectroscopy, electrochemical sensors, catalytic 

combustion, thermal conductive sensors, and infrared absorption sensors. The advantages of 

semiconductor metal oxide sensors are [7, 11]: 

− Sensitivity: Semiconductor metal oxide sensors are highly sensitive to a wide range of 

gases and volatile compounds, making them suitable for detecting low concentrations of 

analytes. 

− Stability: They exhibit good long-term stability, maintaining their sensitivity and 

performance over extended periods, which is critical for continuous monitoring of 

analytes. 
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− Selectivity: While not as selective as some other technologies like GC-mass spectroscopy, 

semiconductor sensors can be tailored for selectivity through specific material, allowing 

them to distinguish between certain gaseous compounds. 

− Response time: Semiconductor metal oxide sensors offer rapid response times, often in 

seconds, making them suitable for real-time monitoring. 

− Accuracy: They provide acceptable accuracy for many applications. 

− Durability: These sensors are robust and can withstand a range of environmental 

conditions, making them suitable for harsh or remote monitoring. 

− Maintenance: Semiconductor metal oxide sensors require minimal maintenance and 

calibration, contributing to their cost-effectiveness in long-term use. 

− Cost: They are generally more cost-effective compared to other analytical techniques like 

GC-mass spectroscopy, making them accessible for a wider range of applications. 

− Miniaturization: Semiconductor sensors can be easily miniaturized, allowing the 

development of portable and wearable devices for environmental monitoring and 

medical diagnostics. 

Therefore, semiconductor metal oxide sensors strike a balance between sensitivity, selectivity, 

cost-effectiveness, and ease of use, making them suitable for a wide range of applications, 

especially where real-time monitoring, durability, and low maintenance are essential. However, 

the choice of sensor technology should depend on the specific requirements and constraints of 

the given application. 

 

1.1.2 Conductometric Sensor 

A conductometric sensor is a type of chemical sensor that measures changes in the electrical 

conductivity of a sensitive material when exposed to gases (as explained in the definition of 

chemical gas sensor). These sensors consist of several key components such as sensing material, 

electrodes, heaters each playing a crucial role in their measurement [12]. Accordingly, it’s 

important to include a brief description of the role of each component in this section.   
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1. Sensing Material 

Common sensing materials include metal oxides (such as tin dioxide, and tungsten oxide), 

polymers, and even enzymes or antibodies in some biosensors. The choice of sensing 

material depends on the specific application and the type of analyte to be detected. Metal 

oxides are a class of materials that have attracted significant attention for their use as 

sensing materials in various types of gas sensors.  

2. Electrodes 

Electrodes play a crucial role in measuring electrical properties during the interaction 

process. Interdigital electrodes, commonly composed of materials like gold (Au) and 

platinum (Pt), exhibit a comb-like arrangement with closely spaced finger-like structures. 

These gaps facilitate analyte interaction, providing a substantial electrical contact area. The 

preference for Au and Pt in interdigital electrodes is attributed to their chemical stability, 

corrosion resistance, and low electrical resistance. These properties make them suitable for 

various sensing applications, especially in microfabricated devices where small feature sizes 

and low power consumption are essential. Au and Pt can be efficiently deposited onto 

substrates such as silicon wafers, alumina, and glass using common microfabrication 

techniques like sputtering [13]. While these materials offer advantages, it's essential to 

acknowledge their limitations, such as higher material costs compared to other metals. The 

choice of the metal for interdigital electrodes depends on specific application requirements, 

including desired electrode properties (such as stability, conductivity, biocompatibility) and 

budget considerations [14]. 

3. Insulating substrate 

The insulating substrate serves as the physical support for the electrodes and sensing 

material. It ensures that the electrical current flows through the desired path and prevents 

unintended electrical connections. Common insulating substrates include ceramic materials, 

glass, or polymers. The substrate also provides mechanical stability to the sensor and may 

be designed to withstand harsh environmental conditions [10]. 
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4. Heater 

Some conductometric sensors, especially those for gas detection, include a heater to 

regulate the operating temperature of the sensing material. Metal oxide gas sensors often 

require operating temperatures between 200 and 500 °C for optimal performance, 

depending on design and target gases. The heater ensures a consistent and elevated 

temperature, crucial for reliable chemical reactions between target gases and the sensing 

material. Maintaining a constant temperature helps minimize the impact of environmental 

factors, such as temperature fluctuations and humidity changes, ensuring the sensor 

provides stable and repeatable readings over time [15, 16]. 

 

1.1.2.1 Gas sensing mechanisms 

The gas sensing mechanism of metal oxide sensors relies on two distinct phenomena called 

chemisorption and physisorption. These processes play a fundamental role in the sensor's 

ability to detect specific gases in its environment [17, 18]. 

1. Chemisorption 

Chemisorption is a chemical interaction between gas molecules and the surface of the 

metal oxide sensing material. In this process, gas molecules form strong chemical bonds 

with the atoms or sites on the surface of the metal oxide. These bonds often involve the 

transfer of electrons, resulting in the formation of charged species on the sensor's 

surface. This interaction causes changes in the electrical properties of the metal oxide, 

such as its conductivity or resistance. Chemisorption typically requires a certain amount 

of energy to overcome activation barriers, enabling gas molecules to bond with the 

metal oxide surface. This energy can be provided by increasing operating temperatures 

in metal oxide gas sensors. Also, chemisorption is highly specific to the types of gas 

molecules and the nature of the metal oxide surface. Different metal oxides exhibit 

various affinities for specific gases, allowing for tailored selectivity in gas sensors. 

Chemisorption-based reactions are often reversible. When the gas is removed from the 
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sensor's environment, the chemical bonds break, and the conductivity of sensor returns 

to its initial state. This reversibility is essential for continuous monitoring applications. 

2. Physisorption 

Physisorption, in contrast to chemisorption, involves weaker physical interactions 

between gas molecules and the metal oxide surface. In physisorption, gas molecules are 

adsorbed onto the sensor's surface through van der Waals forces interactions. These 

interactions do not result in significant electron transfer or chemical bonding. 

Physisorption requires less energy compared to chemisorption, and it can occur at lower 

temperatures. Some metal oxide sensors may employ this phenomenon for specific gas 

detection purposes. Physisorption is generally non-specific, meaning that it can occur 

with a wide range of gas molecules. This can make sensors relying on physisorption less 

selective, but it can be advantageous in some applications requiring broad-range gas 

detection. Physisorption-based interactions are also typically reversible, allowing the 

sensor to return to its original state when the gas concentration decreases. 

By incorporating both chemisorption and physisorption mechanisms, metal oxide gas sensors 

can achieve a balance between sensitivity and selectivity. The sensor's response to different 

gases is influenced by the interplay between these two mechanisms, making metal oxide 

sensors versatile and applicable in various gas sensing scenarios. 

1.1.2.2 Oxygen adsorption on the surface of semiconductors 

Oxygen adsorption on the surface of semiconductors is a critical process that plays a significant 

role in various technological applications, especially in the development of gas sensors and 

semiconductor devices. Understanding how oxygen interacts with semiconductor surfaces is 

essential for optimizing the performance of these materials. The interaction between oxygen 

present in the atmosphere and the surface of the sensing material, in accordance with 

Equations 3−8, plays a fundamental role in the process of semiconducting metal oxide gas 

sensors [19]. When a n-type semiconducting metal oxide such as SnO2 is exposed to the 

surrounding air, oxygen is adsorbed on its surface in molecular, atomic, or ionic form by 
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accepting electrons from the semiconductor (Equations 3−8). This process leads to a reduction 

in conductivity or an increase in the electrical resistance of the n-type semiconductors. 

𝑂2(𝑔𝑎𝑠) ↔ 𝑂2(𝑎𝑑𝑠)                                                                                                                        (3) 

𝑂2(𝑎𝑑𝑠) + 𝑒− ↔ 𝑂2
−(𝑎𝑑𝑠)                                                                                                                      (4)                

𝑂2(𝑎𝑑𝑠) + 𝑒− ↔ 𝑂2
2−(𝑎𝑑𝑠)                                                                                                                    (5)               

𝑂2
−(𝑎𝑑𝑠) + 𝑒− ↔ 2𝑂−(𝑎𝑑𝑠)                                                                                                                  (6)              

𝑂−(𝑎𝑑𝑠) + 𝑒− ↔ 𝑂2−(𝑎𝑑𝑠)                                                                                                                   (7)                

𝑂2−(𝑎𝑑𝑠) ↔ 𝑂2−(𝑙𝑎𝑡)                                                                                                                             (8)                 

Depending on the operating temperature of the sensor, different oxygen species can be stable 

on the surface of SnO2 (Figure 1.1). The most stable species ion is O- at temperatures higher 

than 150 °C. At temperatures below 150 °C, O2
− is more stable [20, 21]. 
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Figure 1.1 Schematic of oxygen species detected at different temperatures at SnO2 surfaces 

with IR (infrared analysis), TPD (temperature programmed desorption), EPR (electron 

paramagnetic resonance) [19]. 

 

1.1.2.2.1 Effect of oxygen adsorption on semiconductor surfaces 

1. Effects on electronic properties 

• Charge transfer: Oxygen adsorption can introduce additional charge carriers (electrons 

or holes) into the semiconductor material. For n-type semiconductors, where electrons 

are the predominant carriers, their interaction with oxygen molecules from the 

surrounding air induces a modification in electrical conductance. This change occurs due 

to the formation of an electron-depletion layer (EDL) on the semiconductor's surface. 

This depletion layer arises because electrons move from the conductance band to the 

adsorbed oxygen molecules, driven by the oxygen's high electron affinity. This results in 

the formation of an electronic core-shell configuration (as depicted in Figure 1.2a). 

Specifically, it leads to the formation of an n-type semiconductor region within the core 

of the particles, while the shells of the particles exhibit resistive behavior (EDL). In 

contrast, p-type semiconductors primarily contain holes as their majority carriers. When 

oxygen is adsorbed onto the surface of p-type semiconductors, it leads to an increase in 

the concentration of holes in the valence band. This phenomenon occurs as electron 

trapping by oxygen ion adsorption. Thus, an accumulation layer of holes forms, known 

as the holes accumulation layer (HAL). This accumulation of holes serves to enhance the 

semiconductor's electrical conductance when exposed to air, resulting in higher overall 

electrical conductivity. Once again, this establishes the electronic core-shell 

configuration, where the central regions of the particles act as insulators, while the 

surface of the particles contains semiconducting HALs (Figure 1.2b) [22]. 
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Figure 1.2 Formation of electronic core–shell structures in (a) n-type and (b) p-type oxide 

semiconductors [20]. 

• Band structure modification: Oxygen adsorption can modify the band structure of the 

semiconductor, affecting its electronic properties. For example, it can shift the energy 

levels of the semiconductor's conduction and valence bands, influencing its conductivity 

and optical properties [23]. 

2. Surface reactivity 

Oxygen adsorption can also influence the reactivity of the semiconductor surface. For example, 

the presence of oxygen atoms on the surface can enhance the surface's catalytic activity, 

making semiconductors valuable materials for catalysis and photocatalysis applications [24]. 
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3. Passivation 

Oxygen can also act as a passivating agent on semiconductor surfaces. By adsorbing oxygen, 

semiconductor surfaces can be protected from contamination and the formation of defects. This 

passivation is particularly important for maintaining the long-term stability and reliability of 

semiconductor devices [25]. 

Oxygen adsorption on semiconductor surfaces is a complex process that can have a profound 

impact on the electronic, optical, and chemical properties of the material. Understanding the 

mechanisms and consequences of oxygen adsorption is essential for designing and optimizing 

semiconductor devices, including gas sensors and photocatalysts. 

 

1.1.2.3 The effect of different parameters on gas sensing performance 

The performance of gas sensors is influenced by various parameters and conditions, including 

temperature, humidity, the addition of dopants, and the preparation of composite materials. 

These factors play a critical role in determining the sensor's performance like sensitivity, and 

selectivity. Here is an overview of how each parameter affects gas sensing performance. 

1. Temperature 

Temperature significantly impacts gas sensor performance. Most gas sensors, especially metal 

oxide sensors, operate at elevated temperatures (typically 200−500 °C). Increasing the operating 

temperature can enhance the sensitivity and response time of the sensor by promoting gas-

surface interactions [26]. Higher temperatures may increase sensitivity but can also lead to 

accelerated sensor aging or unwanted side reactions. Operation at lower temperatures saves 

energy, prolongs operating lifetime, and ensures consistent reproducibility by avoiding sintering-

induced grain growth. Optimization of the operating temperature is crucial for achieving the 

desired balance between sensitivity and sensor longevity [27]. Temperature affects the physical 

properties of semiconductors (thermal energy excites electrons from the valence band to the 

conduction band, increasing electrical conductivity). It also influences surface reactions on 

semiconductors. As previously mentioned, according to Equations 3−8 and Figure 1.1, the 
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adsorption of oxygen species and their surface reactions are temperature-dependent. 

Therefore, processes like adsorption and desorption, surface coverage by molecular and ionic 

species, chemical decomposition, and gas oxidation on the semiconductor surface are highly 

dependent on the operating temperature of the sensor. Sensor performance, typically assessed 

in terms of sensitivity and dynamic response (response time and recovery time), is directly 

related to the mechanisms and kinetics of surface reactions [26, 28]. Therefore, the sensor's 

performance is a function of its operating temperature. 

2. Humidity 

Humidity levels in the sensor's environment can influence its performance, especially for 

humidity-sensitive sensors. High humidity can interfere with the sensor's response to target 

gases, usually leading to reduced sensitivity. In general, several reasons contribute to this 

reduction in sensitivity: Firstly, the baseline resistance of the gas sensor decreases due to the 

reaction between surface oxygen and water molecules. Secondly, the adsorption of water 

molecules on the sensor's surface hinders the chemisorption of oxygen ions, resulting in a 

reduction in the active surface area of the sensing layer, consequently affecting the gas sensor's 

performance. Additionally, the presence of water molecules on the sensor's surface creates a 

barrier that makes it challenging for gas molecules to adsorb on the sensor's surface, leading to 

decreased sensitivity and longer response/recovery times. Furthermore, prolonged exposure to 

humidity leads to the formation of a stable chemisorbed OH− layer on the sensor's surface, 

further deteriorating its sensing performance [29]. However, these surface OH− groups can 

desorb when the sensor is heated to temperatures exceeding 400 °C, and complete removal 

occurs at temperatures higher than 400 °C.  It is worth mentioning that the interaction of water 

molecules and other gaseous compounds with the surface of materials is a complex process and 

can be influenced by various factors, including operating conditions. Also, water may act as a 

catalyzer for the interaction between the analyte and the surface of the material [30]. 

An increase in humidity leads to the formation of different surface species, each with its own 

impact. One of these species contributes to a charge transfer with the conduction band, 

resulting in a reduction in band bending. Simultaneously, another species forms local dipoles, 
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causing an increase in electron affinity. It is worth noting that these measurements alone do not 

provide direct insights into the specific types of surface species present. To address this, various 

researchers have devised models to elucidate the interaction between water and metal oxide 

surfaces [31].  

3. Additives 

 The addition of dopants to the sensing material can improve a sensor's response, sensitivity, 

and selectivity to specific gases. Dopants can create defects or alter the electronic properties of 

the material, affecting its gas sensing behavior. The selection and concentration of dopants are 

critical [32]. Dopants can be used to enhance the sensor's affinity for particular gases or 

improve its performance under specific conditions [33]. Also, combining different materials to 

form composites can improve gas sensor performance including sensitivity, selectivity, and 

stability compared to single-component sensors. They may also enable the detection of a 

broader range of gases. The preparation of composite materials involves choosing compatible 

components and optimizing their proportions. Composite sensors can be engineered to exhibit 

synergistic effects, resulting in superior gas sensing properties. The enhancements in the gas 

sensing performance of composite materials can be ascribed to several factors. These factors 

include electronic influences, such as band bending caused by Fermi level alignment, separation 

of charge carriers, manipulation of depletion layers, and the increase in potential barrier energy 

at interfaces; chemical effects, such as a reduction in activation energy, catalytic activity, and 

surface reactions; geometrical aspects, such as increased surface area, and improving gas 

accessibility [34]. 

Understanding how temperature, humidity, dopants, and composite materials affect gas sensing 

performance allows the development of sensors tailored to specific applications, ranging from 

environmental monitoring to industrial safety and medical diagnosis. Proper control of these 

parameters is critical to ensure accurate and reliable gas measurements. 
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1.2 Li-ion batteries 

1.2.1 State of the art on Li-ion battery 

The initial lithium-metal battery, comprising lithium metal and manganese dioxide as 

electrodes, was developed back in 1962 and later introduced to the commercial battery market 

by Sanyo in 1972 [35]. Utilizing a metallic lithium electrode offers certain advantages, such as 

lithium being the lightest metal, boasting a high theoretical capacity of 3860 Ah/g, and having 

an extremely low electrode potential (-3.04 V vs. the standard hydrogen electrode, SHE). 

However, there are significant challenges associated with the use of metallic lithium due to its 

substantial volume changes and high reactivity during the electrochemical process, which can 

lead to the growth of dendrites. These dendrites can cause short-circuits, thermal runaway, and 

even pose a fire hazard. Given the inherent instability of metallic lithium, research efforts 

shifted towards exploring alternative electrode materials. Initially, the focus was on replacing 

displacement-type cathodes [36]. A pivotal breakthrough in transitioning from lithium-metal 

batteries to lithium-ion batteries occurred when John B. Goodenough introduced the 

intercalation/insertion type electrode using TiS2 at Exxon in 1976 [37]. However, these early 

lithium-ion batteries had a drawback in their low cut-off voltage, measuring just 2.5 V vs. Li/Li+, 

which limited their ability to achieve high energy density. 

1.2.1.1 Definition  

A lithium-ion battery, often abbreviated as Li-ion battery, is a rechargeable energy storage 

device that is employed in modern electronics and electric vehicles due to its high energy 

density and relatively low self-discharge rate. It provides a portable and efficient means of 

storing electrical energy for various applications. When a lithium-ion battery is charged, lithium 

ions are released from the anode and move through the electrolyte to the cathode. This process 

is reversed during discharge when the battery provides electrical power. The movement of 

lithium ions back and forth between the anode and cathode is what enables the battery to store 

and release electrical energy. A Li-ion cell comprises four primary components: the negative 

electrode (anode), electrolyte, separator, and positive electrode (cathode). These terms are 
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specifically defined in the context of the discharge process, during which the anode undergoes 

an oxidation reaction, while the reduction reaction takes place on the cathode side [35, 38]. 

Externally, the electrodes are linked to form an electron circuit that performs tasks within the 

connected load. A widely used commercial battery configuration involves a cathode made of 

LiCoO2 and an anode constructed from graphite. Normally, the electrolyte consists of organic 

liquids like alkyl carbonates, combined with lithium salts such as LiPF6 in an ionically dissociated 

state [39]. This combination facilitates the transfer of lithium ions between the electrodes. The 

operating voltage of the cell is determined by both the cathode and anode. Lithium ions move 

through the electrolyte to incorporate themselves into the cathode, while electrons generate a 

current through the external circuit, as shown in Figure 1.3. The cathode typically contains a 

transition metal, which undergoes reduction during discharge, allowing the incorporation of one 

lithium ion into the structure for each electron accepted by the transition metal ion. In 

summary, during battery discharge, the anode undergoes oxidation, and the cathode 

experiences reduction. Reversible chemical reactions occur at both the anode and cathode as 

lithium is removed/added and electrons are gained/lost, resulting in structural changes. 

Rechargeable batteries are recharged by applying a controlled over-potential from an external 

power source [40]. This causes electrons and lithium ions to flow back from the cathode to the 

anode, where they combine to form lithium metal that intercalates into the porous anode 

structure (Figure 1.3). 
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Figure 1.3 Principle of Li-ion batteries [38]. 

Both the anode and cathode must exhibit excellent electronic conductivity, allowing electrons to 

move freely throughout the electrodes via external current collectors. The electrolyte should 

function as an electronic insulator; otherwise, the cell could short-circuit. Furthermore, the 

cathode, anode, and electrolyte should facilitate the easy diffusion of lithium ions within the 

materials, with minimal volume and structural changes occurring during lithium 

(de)intercalation. As the electrolyte contacts the surfaces of both electrodes, it must remain 

stable to minimize adverse side reactions with the electrodes [41]. 

1. Anode: The negative electrode, or anode, is typically made of a material that can intercalate 

or absorb lithium ions when the battery is charging. Common anode materials include graphite 

and various forms of carbon. During discharge, lithium ions move from the anode to the 

cathode through the electrolyte. Vanadium oxides (VOx) have attracted significant attention and 

found widespread applications in catalysis and energy storage due to their distinctive layered 

structure, multiple oxidation states (III-V), earth abundance, and low cost. Among the various 

VOx materials, Vanadium pentoxide (V2O5) has emerged as a promising candidate anode for 

energy storage [42]. V2O5 is a promising material for application in lithium-ion batteries due to 

its high oxidation state of vanadium, enabling the storage of a greater number of electrons per 

formula unit, despite facing challenges related to poor conductivity and limited cycling stability 

[43]. Thus, V2O5 can be employed as an anode. 

2. Electrolyte: The electrolyte is a crucial component of a Li-ion battery as it facilitates the 

movement of lithium ions between the anode and cathode during charge and discharge cycles. 

It is an ion-conductive material, typically a lithium salt dissolved in a solvent. The ideal lithium 

salt for use in Li-ion battery electrolytes should meet several crucial criteria [44]. 

(i) The lithium salt should readily dissolve in the chosen solvent to facilitate high mobility of 

Li+ ions. 

(ii) The anion of the lithium salt should be resistant to oxidative decomposition at the 

positive electrode while remaining inert to the electrolyte. 
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(iii) It should exhibit inertness with respect to all other components within the cell, including 

the separator, current collectors, and packaging materials. 

(iv) While being stable at elevated temperatures when combined with the electrolyte, it 

should also be non-toxic and cost-effective. 

Among the available lithium salts for Li-ion batteries, LiBF4, LiPF6, LiAsF6, and LiClO4 are the most 

employed. However, their ionic conductivity (σ) in the propylene carbonate (PC) solvent is lower 

when compared to ethylene carbonate/dimethyl carbonate (EC/DMC) mixtures (Table 1.1). 

Although LiAsF6 exhibits higher conductivity than LiPF6 in EC/DMC, it is not a preferred option 

due to its toxicity. Another high-conductivity alternative in EC/DMC is LiClO4, which offers high 

anodic stability, reaching up to 5.1 V vs. Li/Li+. However, it reacts with organic components from 

the solvent at elevated temperatures and high current densities, leading to safety concerns [45, 

46]. While LiBF4 is less toxic than LiAsF6 and offers better safety characteristics than LiClO4, it has 

the drawback of lower ionic conductivity in EC/DMC. LiPF6 is known for its chemical and thermal 

instability, but it has been commercialized with the use of stabilizer additives [47]. Even at room 

temperature, LiPF6 generates solid LiF and PF5 gas, which react with organic solvents, 

compromising the stability of solid-electrolyte interphase (SEI) components, such as Li2O, LiF, 

Li2CO3, polyolefins, and semi carbonates, on the graphite anode surface [48]. Various stabilizer 

additives have been employed, including small amounts of LiF, tris(2,2,2-

trifluoroethyl)phosphite (TTFP), fluorinated carbamates, and hexamethyl-phosphoramide [49]. 

Thus, LiPF6 can be preferred electrolyte among other lithium salt for Li ion battery. 

Table 1.1 Lithium salts as electrolyte solutes [44]. 

Salt Tm (°C) Tdecomposition (°C) in 

solution 

σ (mS/cm) 

(1 M, 25 °C) 

   in PC in EC/DMC 

LiPF6 200 80 (EC/DMC) 5.8 10.7 

LiBF4 29F >100 3.4 4.9 

LiClO4 263 >100 5.6 8.4 

LiAsF6 340 >100 5.7 11.1 
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3. Separator: The separator is a thin, porous membrane that physically separates the anode 

from the cathode inside the battery cell. Its primary role is to prevent direct contact between 

the two electrodes, which could cause a short circuit. The separator allows the passage of 

lithium ions while blocking the flow of electrons [35, 50]. 

4. Cathode: The positive electrode, or cathode, is made of a different material that can also 

intercalate lithium ions during discharge. During the discharge process, lithium ions migrate 

from the cathode to the anode through the electrolyte. The field of intercalation chemistry 

materials has been studied for almost 180 years. Various types of layered materials, including 

few-layer metal disulfides (MS2), have been explored for the intercalation of cations such as Li+, 

Na+, and H+. The initial development of rechargeable Li-ion batteries featured TiS2 as the 

cathode material, in a setup demonstrated by Whittingham at Exxon Corporation, utilizing a 

lithium metal anode and LiClO4 salt dissolved in an organic solvent. This battery exhibited a 

discharge cell voltage below 2.5 V and demonstrated good reversibility with one lithium 

insertion per mole of TiS2. Nevertheless, this battery faced two significant challenges: the low 

cell voltage resulting in limited energy density, and the vulnerability of the lithium anode to 

performance degradation due to dendrite formation during charging. Hence, some research 

focused on alternative intercalation chemistry to replace TiS2 [51, 52]. 

5. Solid electrolyte interphase: During the operation of Li-ion batteries, a solid-electrolyte 

interphase (SEI) layer is formed on the surfaces of the electrodes. This effect is more 

pronounced at the anode, where lithium ions undergo reduction. The liquid electrolyte's 

components are reduced at the anode's surface during charging, resulting in the formation of 

deposits containing lithium salts. These reduced products combine to create a passivating layer 

known as the interphase. This interphase is between the electrolyte and the electrode surfaces. 

It allows the diffusion of lithium ions while insulating electrons, simultaneously safeguarding the 

electrodes from further oxidative damage caused by the electrolyte. This protective layer 

contributes to extending the battery's lifespan during subsequent charge-discharge cycles [53]. 
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This is especially crucial when considering graphite-based anodes, as their reduction potential 

lies below the stability threshold of the electrolyte. The SEI layer is composed of two parts: an 

inner SEI layer in direct contact with the electrode surface, which is typically very thin and 

compact, primarily consisting of inorganic lithium salts; and an outer SEI layer in direct contact 

with the electrolyte, which is considerably thicker and mostly comprises organic lithium salts 

[54]. The formation of these SEI layers leads to the irreversible consumption of lithium ions and 

a reduction in capacity compared to the initial charge cycle [55]. This effect accumulates over 

the battery's lifespan, resulting in a gradual loss of capacity [56]. 

Additionally, the thermal decomposition of the SEI, particularly at a graphitic anode, can occur 

at temperatures exceeding 120 °C and significantly contribute to the initiation of thermal 

runaway [57]. To address this issue, certain electrolyte additives are designed to enhance the 

thermal stability of the lithiated graphite anode and the SEI layer [58]. 

At the cathode component, there is a potential for the electrolyte to undergo oxidation and 

create a solid-electrolyte interphase (SEI) on the cathode surfaces. This occurrence is 

particularly notable in high-voltage Li-ion batteries where charging beyond approximately 4.5 V 

surpasses the stability limits of traditional non-aqueous liquid electrolytes [59]. To effectively 

analyze the species involved during battery cycling, it is essential to take into account the 

surface chemistry of the insertion electrodes compared to the overall processes within the 

battery. 

Safety concerns are evident with all Li-ion batteries, especially those featuring lithium metal 

oxide cathodes. These concerns arise due to the possibility of gas emission during operation at 

elevated temperatures, overcharging, or over-discharging. There is also a risk of internal short 

circuits. For instance, metal oxide cathodes can release oxygen gas during overcharging, the SEI 

layer may thermally decompose, releasing gases, and the liquid electrolyte can produce gas at 

the anode during reduction processes [60]. These exothermic reactions can lead to a 

phenomenon known as thermal runaway, wherein heat and gases accumulate inside the cells. 

This accumulation can eventually result in cell rupture and explosion, involving the consumption 

of the flammable liquid electrolyte. Many safety mechanisms are implemented to prevent such 
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failures, but they are not always foolproof, making them an impractical option for electric 

vehicles and larger batteries [61]. 

 

1.2.2 Measurement technique characteristics 

Understanding how a battery works and how to analyze the performance of electrochemical 

sources is associated with the thermodynamics of electrochemical processes. In a galvanic cell, 

electrical energy is generated through an electrochemical reaction. This redox reaction involves 

the transfer of electrons between different species at the interface between the electrodes and 

electrolyte. The redox reaction is divided into two half-cell reactions: the oxidation reaction (as 

described in Equation 9), where electrons are released at the anode, and the reduction 

reaction, where electrons are received by the cathode (as depicted in Equation 10). In these 

equations, n represents the number of electrons involved in the process [44]. 

𝑎𝐴 → 𝑐𝐶 + 𝑛𝑒−                                                                                                                                          (9) 

𝑏𝐵 + 𝑛𝑒− → 𝑑𝐷                                                                                                                                       (10) 

The overall reaction is defined as follows: 

𝑎𝐴 + 𝑏𝐵 → 𝑐𝐶 + 𝑑𝐷                                                                                                                               (11) 

In the state of equilibrium, you can determine the specific standard electrode potential by using 

the thermodynamic information of the reaction (Equation 12). 

𝐸0 =
−∆𝐺0

𝑛𝐹
                           [𝑉]                                                                                                                 (12) 

Here, ∆G0 represents the standard Gibbs free energy, n stands for the number of electrons 

involved, and F denotes the Faraday constant, which signifies the charge quantity per mole of 

electrons, as outlined in Equation 13 [44]. 

𝐹 = 𝑒 𝑁𝐴                               
96485.3𝐶

𝑚𝑜𝑙
𝑜𝑟

26.802𝐴ℎ

𝑚𝑜𝑙
                                                                                    (13) 
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Under non-standard conditions, you can determine the potential of the full cell reaction using 

the Nernst Equation (Equation 14). In this equation, Ecell represents the cell potential at the 

given temperature, E0
cell stands for the standard cell potential under equilibrium conditions, R 

denotes the universal gas constant, T is the absolute temperature, and Qr represents the 

reaction quotient [42]. 

𝐸𝑐𝑒𝑙𝑙 = 𝐸𝑐𝑒𝑙𝑙
0 −

𝑅𝑇

𝑛𝐹
ln 𝑄𝑟      [𝑉]                                                                                                                (14) 

 

1.2.3 Electrochemical measurement definitions 

Different electrochemical measurement are defined below [44, 62]: 

1. Open circuit voltage (OCV): This refers to the voltage of a cell when it is not actively 

discharging or charging, essentially the voltage state of a cell when it is not connected to 

an external circuit and electrode potentials are at equilibrium. 

2. Theoretical capacity: It is denoted as the overall amount of electricity involved in the 

electrochemical process and is described in coulombs or ampere-hours. The ampere-

hour capacity of a battery is linked to the amount of electricity derived from the active 

materials.  

3. Theoretical energy: The cell's capacity can also be viewed from an energy perspective, 

taking into account both voltage and the amount of electricity involved. This theoretical 

energy measure represents the maximum energy output achievable by a particular 

electrochemical system, which can be calculated as:  

            Watthour (Wh) = voltage (V) × ampere-hour (Ah)                                                                 (15) 

4. Current rate (C-rate): This indicates the time required for either a complete charge or 

discharge, where C represents the theoretical or nominal charge capacity, as defined in 

Equation 16. For instance, 1 C is the complete transfer of all stored energy within one 

hour, meaning the entire battery will be discharged in 1 hour. Another example, C/10 
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(0.1 C), indicates that the full transfer of all stored energy takes place over a period of 10 

hours. 

            C =
𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒 𝑐𝑢𝑟𝑟𝑒𝑛𝑡

𝑛𝑜𝑚𝑖𝑛𝑎𝑙 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦
                                                                                                                   (16) 

5. Cycle: A single sequence involving a complete process of discharging and then charging. 

It's crucial for battery evaluation that each parameter is linked to a fundamental 

understanding of the thermodynamics and kinetics specific to a given system or 

materials of interest. For instance, the electrode potential (Equation 12) varies 

depending on the electrochemical potential of a material. At the cell level, the potential 

difference between the anode and cathode offers insight into the energy capacity of the 

battery. Conversely, kinetic energy is a parameter reflecting the speed of charging and 

discharging, exemplified by the simple parameter of power. Another vital factor is cyclic 

stability, where ideally a battery should maintain a long cycle life with minimal 

performance deterioration. 

Various electrochemical techniques can be employed to assess the electrochemical 

performance of a battery. Nonetheless, the primary techniques for evaluating battery 

performance consist of cyclic voltammetry (CV) and Galvanostatic charging/discharging tests 

[63, 64]. 

1. Cyclic Voltammetry (CV): Cyclic voltammetry is a method based on the fundamental 

concept of linear sweep voltammetry, which involves measuring current as the potential 

varies linearly over time. CV enables the assessment of electrochemical variables that 

influence reaction voltage and reversibility. Additionally, it facilitates quantitative 

analysis of factors like Li+ diffusivity, intercalation, capacitive reactions, and anionic redox 

reactions. 

2. Galvanostatic charging/discharging (GCD): Galvanostatic Charge/Discharge (GCD) tests, 

sometimes referred to as Constant Current Charging/Discharging, are commonly 

employed for evaluating energy storage systems and materials. GCD entails applying a 

consistent flow of positive and negative currents to charge and discharge a material or 
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system while maintaining a specific potential limit. This procedure is often repeated over 

multiple cycles. 

Conclusion 

In this chapter, the comprehensive overview of chemical gas sensors, primarily focusing on 

semiconductor-based sensors, was presented. It defined chemical sensors, emphasizing the 

roles of the receptor, transducer, and packaging module in detecting specific chemical 

compound. The chapter focused on a detailed discussion of semiconductor sensor performance 

characteristics. Semiconductor metal oxide sensors were favorably compared to other sensing 

technologies, underlining their attributes such as sensitivity, stability, selectivity, response time, 

accuracy, durability, low maintenance requirements, cost-effectiveness, and miniaturization 

potential. The mechanisms of gas sensing, involving chemisorption and physisorption were 

explored with a focus on the crucial role of oxygen adsorption on semiconductor surfaces. The 

chapter also considered various parameters like temperature, humidity, additives, and 

composite materials and how they influence gas sensing performance, emphasizing the 

importance of controlling and optimizing these parameters for tailoring sensors to specific 

applications. 

Additionally, the chapter provided a comprehensive historical perspective on Li-ion batteries. It 

underlined the complex nature of Li-ion batteries, emphasizing the roles of key components, 

such as the anode, cathode, electrolyte, separator, and solid electrolyte interphase layer, in 

facilitating the movement of lithium ions and electrons for energy storage. The choice of 

materials for these components was discussed considering factors like conductivity, stability, 

and safety. The chapter also introduced various measurement techniques and key parameters 

for battery evaluation, emphasizing the importance of understanding the thermodynamics and 

kinetics of electrochemical processes. 

 

 



45 
 

 

 

 

 References 
[1] W.H. Brattain, J. Bardeen, Surface properties of germanium, The Bell System Technical Journal, 32 
(1953) 1-41. 
[2] T. Seiyama, A. Kato, K. Fujiishi, M. Nagatani, A new detector for gaseous components using 
semiconductive thin films, Analytical Chemistry, 34 (1962) 1502-1503. 
[3] D. Briand, J. Courbat, Chapter Thirteen - Micromachined semiconductor gas sensors, in: R. Jaaniso, 
O.K. Tan (Eds.) Semiconductor Gas Sensors (Second Edition), Woodhead Publishing2020, pp. 413-464. 
[4] A. Hulanicki, S. Glab, F. Ingman, Chemical sensors: definitions and classification, Pure and applied 
chemistry, 63 (1991) 1247-1250. 
[5] D.T. McQuade, A.E. Pullen, T.M. Swager, Conjugated polymer-based chemical sensors, Chemical 
reviews, 100 (2000) 2537-2574. 
[6] A. Oprea, U. Weimar, Gas sensors based on mass-sensitive transducers part 1: transducers and 
receptors—basic understanding, Analytical and bioanalytical chemistry, 411 (2019) 1761-1787. 
[7] G. Korotcenkov, Metal oxides for solid-state gas sensors: What determines our choice?, Materials 
Science and Engineering: B, 139 (2007) 1-23. 
[8] N. Kaur, M. Singh, E. Comini, One-dimensional nanostructured oxide chemoresistive sensors, 
Langmuir, 36 (2020) 6326-6344. 
[9] M. Arafat, B. Dinan, S.A. Akbar, A. Haseeb, Gas sensors based on one dimensional nanostructured 
metal-oxides: a review, Sensors, 12 (2012) 7207-7258. 
[10] G. Barandun, L. Gonzalez-Macia, H.S. Lee, C. Dincer, F. Güder, Challenges and opportunities for 
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Introduction 

This chapter overviews nanomaterials and their applications, particularly in gas sensors and 

energy storage. It begins with the synthesis method of nanomaterials, discussing the bottom-up 

and top-down approaches, and the impact of nanoscale dimensions on material properties. 

Nanomaterials, classified based on their dimensionality, exhibit unique behaviors and are 

strategically utilized for their unique properties in gas sensors and energy storage applications. 

The chapter extensively covers the synthesis methods of specific nanomaterials such as 

tungsten trioxide, zinc oxide, copper oxide, and vanadium pentoxide, exploring their properties 

such as crystalline structures and their application in gas sensing, battery technology, and 

various emerging fields. 

 

2.1  Nanomaterial  

The growth of nanomaterials encompasses a wide range of techniques that enable the 

controlled synthesis and fabrication of materials at the nanoscale. These techniques include 

bottom-up approaches such as chemical vapor deposition, sol-gel methods, and hydrothermal 

synthesis, as well as top-down methods like lithography, ball milling, and exfoliation [1]. 

Additionally, hybrid approaches combining multiple techniques have gained attention. These 

growth methods allow for precise control over their size, shape, and composition, leading to the 

formation of various classes of nanomaterials [2]. Nanomaterials can be classified based on 

their dimensionality, which refers to the number of dimensions at the nanoscale (Figure 2.1). 

Zero-dimensional (0D) nanomaterials, such as nanoparticles and quantum dots, have all 

dimensions in the nanoscale range. It is widely acknowledged that the nanoparticle grain size 

strongly influences the conductance of semiconductor sensing materials. The relationship 

between grain size (D) and the thickness of the space charge layer (L) is crucial. In this context, 

different scenarios are identified: boundary control for D >> 2L, neck control for D ≥ 2L, and 

grain control for D < 2L [3]. Additionally, factors such as crystallinity, crystal structure, specific 
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area, and chemical composition can significantly impact the gas sensing performance of 0D 

metal oxide semiconductors (MOSs) nanoparticles [1]. One-dimensional (1D) nanomaterials, 

including nanowires and nanorods, possess one dimension in the nanoscale range. 1D MOSs are 

extensively investigated as sensing materials, owing to their large surface-to-volume ratio, high 

porosity and electronic characteristics [4]. Two-dimensional (2D) nanomaterials, like MOSs, 

graphene, metal dichalcogenides and g-C3N4, have two dimensions in the nanoscale range. In 

recent years, 2D materials have emerged as advanced nanomaterials with outstanding chemical, 

physical, and electrical properties. Studies have provided a comprehensive overview of the 

physical characteristics of various 2D materials, such as bandgap, work function, 

electroconductivity, and thermal conductivity. The unique nanoscale thickness and atomically 

thin layered structure offer greater flexibility in the design of 2D materials compared to 

traditional bulk materials [5]. Furthermore,  the 2D structure is particularly well-suited for 

crystal facet engineering, providing a substantial advantage in exposing a large surface area of 

active facets for MOSs [6]. In contrast, three-dimensional (3D) nanomaterials, such as 

nanostructured thin films and mesoporous structures, possess all three dimensions in the 

nanoscale range. In comparison to nanomaterials of other dimensions, 3D MOSs exhibit a 

broader range of morphologies and controlled pore structures. Over the past decade, various 

hierarchical sensing materials with unique architectures have been extensively studied. These 

materials are constructed from building subunits of low-dimensional 0D, 1D, and 2D structures, 

resembling natural morphological formations like tree branches, sea urchins, and flowers. The 

resulting hierarchical nanostructures possess exceptionally high specific surface areas and 

excellent gas permeability, offering opportunities to enhance sensing behavior through 

adjustments in shape and dimension [1, 7, 8]. 
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Figure 2.1 Top-down and bottom-up techniques to prepare 0D, 1D, 2D, 3D nanomaterials [1]. 

Some research on the preparation of metal oxide nanostructures for gas sensor and energy 

storage applications focuses on the unique properties and advantages offered by nanoscale 

materials compared to their bulk counterparts. Nano-size matters in gas sensing due to several 

factors. First, the increased surface-to-volume ratio in nanomaterials provides a larger active 

surface area for gas interaction, leading to enhanced sensitivity [9]. Second, the quantum size 

effects observed at the nanoscale can significantly influence the electronic and optical 

properties of the materials, resulting in improved gas sensing performance [10]. Lastly, the 

nanostructured morphology allows for tailored design and manipulation of the material’s 

properties, enabling better control over gas sensing selectivity, response time, and recovery 

time [11]. Therefore, by utilizing metal oxide nanostructures, researchers aim to develop gas 

sensors with superior performance, higher sensitivity, selectivity, and faster response times, 
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contributing to advancements in environmental monitoring, industrial safety, medical diagnosis, 

and other fields requiring precise gas detection and analysis.  

Furthermore, when applied to battery technology, nanomaterials offer a range of advantages 

aimed at significantly enhancing energy storage and battery performance. By reducing electrode 

particle size to the nanoscale, electrochemical performances are enhanced due to a shorter 

diffusion pathway for lithium ions within the electrode and higher electrode-electrolyte contact 

due to the larger surface area of nanoparticles [12]. Reducing electrode particle size to 

nanometer range results in decreasing mechanical stresses caused by volumetric expansion and 

contraction during charge-discharge cycles [13]. Nanomaterials, whether in the form of 

nanopowders or structured films exhibiting various shapes like wires, rods, or columns, are 

actively under exploration to extend the lifespan of batteries and increase electrochemical 

performances [14]. Furthermore, these materials could facilitate the development of ultrathin 

and flexible battery geometries, enabling the fabrication of high-rate, low-profile battery 

formats for diverse applications in electronics and medical devices, offering a promising path for 

the future of energy storage and portable technology [15].  

 

2.1.1 Synthesis of Nanomaterials: Top-down and Bottom-up Approaches 

Nanomaterials can be synthesized using two main approaches: top-down and bottom-up. These 

approaches offer distinct methods for fabricating nanoscale structures with precise control over 

their size, shape, and composition. Understanding these synthesis methods is crucial for 

tailoring nanomaterials with desired properties for various applications. 

 

2.1.1.1 Top-down Approach 

The top-down approach involves starting with a bulk material and reducing its size to the 

nanoscale through various fabrication techniques. This method relies on mechanical or chemical 

processes to break down the larger material into smaller structures. Some common top-down 
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techniques include lithography, grinding, milling, and etching [1]. Lithography uses patterning 

and masking techniques to selectively deposit material on a substrate, allowing precise control 

over the nanoscale features [16]. While top-down approaches are useful for synthesizing 

nanoscale structures with predefined shapes and patterns, limitations such as potential damage 

to the material and difficulties in achieving uniformity at the nanoscale exist [17, 18].  

 

2.1.1.2 Bottom-up Approach 

The bottom-up approach begins building nanoscale structures from smaller components, such 

as atoms, molecules, or nanoparticles, through self-assembly or chemical reactions. This 

method is based on the principles of molecular self-organization, where components arrange 

themselves into larger structures with specific properties. Bottom-up techniques include 

chemical vapor deposition, sol-gel methods, hydrothermal synthesis, and molecular beam 

epitaxy [17, 18]. In chemical vapor deposition, the desired material is deposited layer by layer 

onto a substrate by introducing precursor gases into a reaction chamber [19].  

Both top-down and bottom-up approaches have their advantages and limitations. Top-down 

approaches are advantageous for creating well-defined nanoscale patterns and structures, but 

may not be suitable for all materials, potentially resulting in damage or defects. On the other 

hand, bottom-up approaches offer better control over the properties and composition of 

nanomaterials but may be more challenging to scale up for large-scale production (Figure 2.2) 

[20]. 
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Figure 2.2 Top-down and bottom-up techniques advantages and disadvantages. 

2.2  Materials properties and their applications in this thesis 

2.2.1 Tungsten trioxide (WO3) 

WO3 can exhibit different crystalline structures depending on various factors, including synthesis 

methods, temperature, and pressure conditions. The crystal structures of stoichiometric WO3 

can be described as distorted ABO3 perovskites, where ion A's position remains unoccupied and 

ion B is replaced by W. The WO3 crystal structure consists of a network of WO6 octahedra that 

share corners in three dimensions [21]. Within a unit cell, each W atom is surrounded by six 

octahedrally coordinated O atoms, with four lying in a plane containing the W atoms and the 

other two positioned above and below the W atom [22, 23]. This symmetry differs from the 

ideal cubic ReO3 structure due to the tilting of oxygen octahedra and the off-center shifting of W 

atoms in the WO6 octahedral environment (Figure 2.3). As a result, the bond angles between W-

Top-down

Advantage

•Scalability

•Precise control over size and 
shape

Disadvantage

•Limitations in material 
selection

•Potential damage and defect

•Complex fabrication process

Bottom-up

Advantage

•Versatility

•Atomic level precision

•Uniformity and purity

Disadvantage

•Difficulty in scalability

•Limited control over shape 
and patterning

•Complexity in synthesis
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O-W alternate between 165° and 179°, leading to various phases of WO3, such as monoclinic II 

(ε-WO3), triclinic (δ-WO3), monoclinic I (γ-WO3), orthorhombic (β-WO3), tetragonal (α-WO3), 

and cubic WO3 (c-WO3) [23, 24]. Yang et al. conducted first principle calculations to investigate 

the structural and electronic properties of different crystal structures of WO3. Table 2.1 provides 

information on the space groups, band gaps and thermal stability of these crystal structures. 

The increase in band gaps from cubic to tetragonal structures is attributed to the reduction in 

valence band width caused by the expansion of the octahedral volume. The significantly 

enlarged band gaps of β-, γ-, and δ-WO3 result from the upward shift of the 5dxy states at the 

bottom of the conduction band. Furthermore, WO3 undergoes temperature-dependent 

following phase transitions (ε-WO3, <−43 °C →δ-WO3, −43 °C to 17 °C → γ-WO3, 17 °C to 330 °C 

→β -WO3, 330 °C to 740 °C → α-WO3, >740 °C) [25]. γ-WO3 is the most stable phase under 

ambient conditions and often coexisting with the δ-WO3 phase [26]. The hexagonal WO3 phase 

(hex-WO3), first reported in 1979, is another common phase, characterized by corner-sharing 

WO6 octahedra arranged in a manner that forms three- and six-membered rings in the ab-

planes. These structures stack in the c-axis, creating trigonal and hexagonal tunnels due to the 

presence of the three- and six-membered rings. Notably, hex-WO3 is a metastable phase and is 

usually challenging to obtain through crystal-phase transition, tending to transform into the 

monoclinic phase when annealed at temperatures exceeding 400 °C [22, 27, 28]. It is important 

to note that the crystalline structure of WO3 can significantly influence its physical, chemical, 

and electrical properties, including its bandgap, conductivity and surface reactivity. Researchers 

often explore different synthesis methods and conditions to control and engineer the crystalline 

structure of WO3, aiming to enhance specific properties for various applications [23]. 
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Figure 2.3 Unit cells of different phases of WO3 [21]. 

Table 2.1 Different crystal structure, space groups and thermal stability of WO3 . 

Crystal structure Space group Band gap Thermal stability 

Triclinic P1 2.813 -43 to 17 °C 

Monoclinic P21/C 2.881 17 to 330 °C 

Orthorhombic Pmnb 2.974 330 to 740 °C 

Tetragonal P4/ncc 2.244 >740 °C 

Hexagonal P6/mmm 1.943 Metastable 

Cubic Pm3̄m 1.562 Metastable 

 

WO3 is a well-known n-type semiconductor that possesses a wide and stable tunable bandgap, 

making it highly suitable for various applications. This bandgap represents the difference 
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between the energy levels of the valence band (comprising filled O 2p orbitals) and the 

conduction band (comprising empty W 5d orbitals). As previously mentioned, the crystal phase 

of WO3 transitions in a sequence determined by the degree of deviation from the ideal cubic 

phase. This transition fundamentally entails a change in Eg since it results in alterations in the 

occupied levels of the W 5d states. Amorphous WO3, which is the most distorted structure, 

typically has a relatively large Eg, approximately around 3.25 eV. Conversely, bulk monoclinic 

WO3 is known to exhibit a typical Eg of approximately 2.62 eV at room temperature [29, 30].  

Another important property is electrical conductivity and n-type metal oxide conductivity 

depends on a concentration of free electrons in its conduction band. The concentration of 

stoichiometric defects like oxygen vacancies can determine the concentration of free electrons 

[31]. The electrical conductivity of single-crystal WO3 varies between 10 and 10-4 S cm-1, 

depending on factors like stoichiometry [32]. Furthermore, structural properties such as grain 

size, grain boundaries, film thickness, the specific phase and the presence of dopants have 

significant impact on the material's electrical conductivity. Hence, the electrical characteristics 

of WO3 are influenced by the synthesis methods and growth conditions [33].  

Tungsten oxides have gained significant interest in photocatalysis applications owing to their 

versatile adjustability in stoichiometry and structure, favorable band gaps, chemical stability and 

earth-abundance. Nevertheless, this material exhibits relatively low efficiency due to the rapid 

recombination of photo-generated electrons and holes. Several methods have been employed 

to improve the photocatalytic properties of tungsten oxides. These approaches include the 

control of crystal phases, stoichiometry or oxygen vacancies, active facets and morphological 

features, doping and the preparation of composite through the coupling with other 

semiconductor materials [22].  

Most investigations into WO3 electrochromic (EC) devices have focused on amorphous films. 

These films offer high coloration efficiency (around 55 cm² m C⁻¹ for H⁺ intercalation) and 

exhibit rapid coloration and bleaching [34, 35]. However, amorphous WO3 exhibits limited 

structural and chemical stability, leading to poor EC stability. In contrast, crystalline WO3 is more 

stable due to its denser structure and slower dissolution rate in acidic electrolytes [36]. 
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Nevertheless, crystalline bulk WO3 has a relatively lower charge density of 3 mC cm⁻² mg⁻¹ 

compared to approximately 9 mC cm⁻² mg⁻¹ in the amorphous form [35], as well as lower 

coloration efficiency (approximately 25 cm² m C⁻¹ for H⁺ intercalation) [37] and slower switching 

times. A recent solution to these issues involves the utilization of a nanostructured WO3 film 

with high porosity, addressing the limitations of crystalline WO3 in EC applications [35, 38]. 

Research has highlighted good gas sensing properties of WO3. Despite significant progress in 

designing and fabricating WO3 with different dimensional structures, achieving high-

performance gas sensing remains a challenge. To address this, various synthesis methods have 

been employed to synthesize WO3 with diverse morphologies in different dimensions (0D, 1D, 

2D, and 3D) [23]. To enhance gas sensing properties, effective strategies such as exposing crystal 

facets, elemental doping, noble metal functionalization and forming heterojunctions have been 

investigated [11]. The crystalline structure of WO3 also influences its gas sensing properties [33]. 

The crystal structure of WO3 can be further modified through doping or polymorphism by using 

various synthesis methods to tailor its properties for specific applications such as photocatalysis 

and gas sensors. As discussed previously, WO3 with different crystalline phases possesses a 

different band gap. A phase junction could be fabricated between different crystal phases using 

one step synthesis method, resulting in improving photocatalysis performance [39]. Therefore, 

in this thesis, a simple and one step sol-gel method is used to fabricate WO3 phase junction to 

evaluate its gas sensing performance. However, the relationship between the created phase 

junction in WO3 and its influence on gas sensing properties remains unclear and requires 

further investigation. 

 

2.2.2 Zinc oxide (ZnO) 

ZnO has a unique crystalline structure and a wide range of applications in various fields. ZnO can 

exist in three distinct crystalline structures, each with its own unique arrangement of Zn and O 

atoms. These structures significantly affect the material's properties and its suitability for 
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various applications. The three primary crystalline structures of ZnO are the hexagonal wurtzite 

structure, cubic zinc blend structure, and cubic rocksalt structure [40]. 

The hexagonal wurtzite structure is the most common and thermodynamically stable crystalline 

form of ZnO. In this structure, the Zn and O atoms are arranged in a hexagonal lattice, belonging 

to the space group P63mc. Each zinc ion is tetrahedrally coordinated with four oxygen ions and 

each oxygen ion is bonded to two zinc ions (Figure 2.4a). The noncentral symmetric structure of 

ZnO arises from its tetrahedral coordination, leading to the manifestation of piezoelectric and 

pyroelectric properties. Additionally, the wurtzite structure exhibits strong covalent bonds 

between the Zn and O atoms, resulting in excellent electronic and optical properties [41]. Its 

piezoelectric properties make it suitable for sensors and acoustic devices [42].  

 

 

Figure 2.4 a) The hexagonal wurtzite structure of ZnO, b) The rock salt phase of ZnO and c) 

zincblende phases of ZnO. O atoms are shown as large grey spheres, Zn atoms as smaller black 

spheres. One unit cell is outlined for clarity [43]. 

The cubic zinc blend structure is less common than the wurtzite structure (Figure 2.4c). The 

cubic zinc blend structure is metastable and can be achieved through specific growth 

techniques [44]. The cubic rocksalt structure is another metastable crystalline form of ZnO 

(Figure 2.4b). The rocksalt structure is typically formed under specific high-pressure conditions 
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like 9.5 GPa [45]. The stability of this phase can be increased using doping metal like Mg [46]. 

The cubic rocksalt ZnO can find applications in high-pressure physics and certain areas of 

materials research where extreme conditions are involved. The Grüneisen parameter and heat 

capacity of hexagonal wurtzite ZnO exhibit similar behavior to cubic zinc blend structure, while 

cubic rocksalt ZnO demonstrates notably different physical properties. Therefore, it can be 

concluded that the cubic zinc blend structure phase could be replaced with the hexagonal 

wurtzite phase in case of growing on closely cubic lattice-matched substrates [40]. 

ZnO is a versatile semiconductor material with a direct wide band gap of 3.37 eV and a large 

excitation binding energy (60 meV) [42]. The unique crystalline structure of ZnO, combined with 

its wide bandgap and versatile properties, makes it highly regarded as one of the most 

promising semiconductors for a wide array of applications from electronics and optoelectronics 

to energy, healthcare, and environmental monitoring. These remarkable properties have 

attracted considerable interest, particularly in the advancement of optoelectronic devices. 

ZnO's distinct characteristics can be attributed to the fact that, among all elements in the sixth 

group of the periodic table, oxygen possesses the highest ionization energy, resulting in a strong 

interaction between Zn 3d and O 2p orbitals [47]. 

 ZnO  is utilized in UV absorption, antibacterial treatments, catalysts, photocatalysis, and various 

biological applications, owing to its remarkable biocompatibility, low toxicity, and cost-

effectiveness [48]. Furthermore, ZnO nanostructures are of particular interest for a front contact 

with solar cells, which can avoid the shadow effect connected with metal finger contacts [49]. 

Furthermore, ZnO's wurtzite structure, which lacks a center of symmetry, along with its 

significant electromechanical coupling effects, makes it useful for piezoelectric sensors and 

nanogenerator [50, 51].  

ZnO is employed as a gas sensor due to its high sensitivity to volatile and other gases, its high 

chemical stability, suitability to doping, non-toxicity, and low cost [52]. Studies have shown that 

factors like surface morphology, grain size, and defects in metal oxide semiconductors play 

crucial roles in their gas sensing performance. Recent developments involve the use of novel 

techniques to fabricate metal oxides with different morphologies, which can improve their gas 
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sensing properties [53, 54]. However, the metal oxides gas sensing devices show poor chemical 

selectivity due to resistance changes when exposed to other gaseous species. Thus, by 

combining sensing materials through doping, composite preparation, and surface modification, 

researchers have enhanced gas sensing performance factors such as selectivity, gas sensing 

response, recovery, and response time [55]. Also, different techniques have been used to 

synthesize heterostructures, which can form an electron accumulation layer and enhance the 

adsorption of oxygen ions [56].  

2.2.3 Copper oxide (CuO) 

CuO is a semiconducting material with a monoclinic structure. Figure 2.5 illustrates the process 

of monoclinic crystal formation in CuO. Initially, in Figure 2.5a, the Cu lattice adopts a face-

centered cubic structure (FCC). Upon interaction with oxygen molecules, CuO molecules are 

produced. During CuO lattice formation, each copper atom becomes surrounded by four oxygen 

atoms, resulting in a coordination number of 4, as depicted in Figure 2.5b. This arrangement 

forms dominant (111) planes that align and stack along the growth direction of (010), as shown 

in Figure 2.5c. However, as oxygen atoms are incorporated into the Cu lattice, the face-centered 

cubic unit cell of copper no longer exists, leading to various atom rearrangements and 

lattice/unit cell reconstruction. Finally, the monoclinic unit cell of CuO is generated. Despite 

significant energy differences between the high-symmetry FCC lattice of copper and the low-

symmetry monoclinic unit cell of CuO, the structure is stabilized due to the highly stable Cu²⁺ 

valence state [57]. Also, the CuO crystalline structure belongs to C2/c space group with four CuO 

formula units per unit cell. 
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Figure 2.5 Schematic representation of CuO formation at the molecular level from a 

crystallographic perspective. The blue balls represent Cu atoms, and the red balls represent O 

atoms. (a) FCC lattice of Cu, (b) Monoclinic cell of CuO and (c) Two unit cells joined by a 

common face, showing the stacking of the (111) planes. 

CuO has a narrow band gap (Eg = 1.2 eV) and exhibits a range of useful physical characteristics, 

making it highly potential for some applications requiring superconductivity, large 

magnetoresistance, and piezoelectric properties [58]. Due to its exceptional physical and 

electronic properties, CuO has found applications in gas sensing, lithium-copper oxide 

electrochemical cells, and magnetic data storage [59]. Also, it can be used for fabricating solar 

cells due to its photoconductive and photochemical properties [60]. Furthermore, CuO 

nanostructures are essential p-type semiconductors with several advantageous properties, 

including conductivity, a direct bandgap, thermal stability, low toxicity, excellent semiconducting 

characteristics, cost-effective synthesis, and high electrical conductivity among p-type 

semiconductor materials. CuO is particularly promising as a photocatalyst due to its optical 

properties, stability, and the presence of both Cu1+ and Cu2+ in different crystal systems [61, 62]. 

However, it suffers from limitations like a limited surface area, wide bandgap, and poor 

conductivity, resulting in poor photocatalysis performance [63]. To overcome these challenges, 

CuO nanoarchitecture formation can enhance its surface area and improvements in intrinsic and 

extrinsic conductivity can be achieved through doping and composite formation. Doping with 
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suitable metal cations is a constructive approach that not only reduces the bandgap but also 

enhances electrical properties [64].  

In this thesis, gas sensing properties of CuO-based material have been studied because p-type 

oxides exhibit better selectivity compared to n-type oxides [65, 66]. Moreover, p-type oxides 

tend to exchange lattice oxygen with the surrounding air. Therefore, this characteristic helps in 

maintaining the stoichiometry of the oxides for a long time, enhancing the stability of the 

sensor [67]. Then, CuO-ZnO composite has been fabricated to improve gas sensing performance 

and electrical properties due to its excellent tunable catalytic, electrical, optical, and magnetic 

properties as well as its environmentally friendly nature. Also, composite formation can provide 

more active sites that promote mass and electron transfer, resulting in improvement in gas 

sensing properties [68]. Therefore, the gas sensing performance of CuO and CuO-ZnO 

composite have been studied in this thesis. 

 

2.2.4 Vanadium pentoxide (V2O5) 

Several polymorphic phases of V2O5 have been identified, including α-V2O5 (orthorhombic), β-

V2O5 (monoclinic or tetragonal), and δ-V2O5 (a modification of β-V2O5 and easily reverts to α-

V2O5 upon heating at a temperature higher than 340 °C) [69]. The α-V2O5 is considered the most 

stable, with the Pmmn space group and lattice parameters a = 11.512, b = 3.564, and c = 4.368 

Å. The crystal structure consists of VO5 square pyramids sharing edges and corners (Figure 2.6), 

with weak V–O interactions (van der Waals type) facilitating easy cleavage along the (001) 

planes. The layered structure of α-V2O5 is held together by these interactions [70, 71]. 

Computational thermodynamics indicates that V2O5 remains stable up to its melting point under 

oxygen partial pressures exceeding 100 Pa. The application of external pressure results in a 

notable 25-fold increase in electric conductivity. While no confirmed insulator-to-metal 

transition occurs in bulk, a reversible transition is reported for the (001) surface at 350–400 K, 

attributed to the anisotropic growth of vanadyl oxygen vacancies [72]. Metastable phases (β, γ, 

and δ) can be obtained through transitions from α-V2O5 at high temperatures or pressures [69]. 



64 
 

 

 

 

 

 

 

 

 

Figure 2.6 View along the a-axis of the lattice of  V2O5 ( view along the c-axis is provided as an 

inset) [72]. 

Vanadium, the 23rd element in the periodic table, belongs to the fifth group [73]. Vanadium 

oxides (VOx) exhibit varying oxidation states ranging from +II to +V, such as VO, VO2, V2O3, V2O4, 

and V2O5 due to their external configuration (3d3 4s2). These oxides differ in terms of chemical 

stability, electrical properties and toxicity [72, 74]. Vanadium pentoxide, as a transition metal 

oxide, is a well-known n-type semiconductor with an approximate band gap of 2.3 eV [75, 76]. 

Although the conductivity of vanadium pentoxide films, commonly utilized in gas sensing 

applications, is relatively low, it exhibits high sensitivity to temperature [75]. Furthermore, the 

material undergoes a reversible and swift transition from a semiconductor to a metal around 

257 °C, known as the metal-to-insulator transition (MIT). While this property facilitates the 

development of thermally activated electrical and optical switches [77], it limits its applicability 

in gas sensing under harsh conditions or at temperatures exceeding the MIT threshold. 

Furthermore, the electrical conductivity of vanadium pentoxide is the result of electron hopping 

between V2(+IV)O4 and V2(+V)O5. Among metal oxides, vanadium pentoxide (V2O5) possesses a 

unique electrical property that allows it to be the sole metal oxide capable of detecting helium 

gas, an inert gas. Thus, gas sensing mechanisms are not based on electron exchange 

phenomena. These small atoms can intercalate the crystal matrix of V2O5, creating new sites for 
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electron hopping and enhancing electron mobility within the semiconductor's core. Therefore, 

variations in material conductivity directly correlate with the concentration of helium in the 

surrounding environment [78]. 

VOx have attracted significant attention in energy storage due to their layered structure, 

multiple oxidation states (III-V), earth abundance, and low cost. Among the various VOx 

materials, V2O5 has emerged as a promising candidate for energy storage. It possesses the 

highest oxidation state of vanadium, which enables it to store a greater number of electrons per 

formula unit, providing better stability [79-81]. However, the electrochemical performance of 

V2O5 such as poor rate capacity and cycling stability is hindered by issues including poor 

conductivity, low ion diffusion coefficient and irreversible structural changes during cycling [82]. 

To fully exploit the potential of V2O5 as an electrode in Li-ion batteries, various nanostructures 

with different morphologies, such as one-dimensional nanowires, nanobelts, two-dimensional 

nanosheets, and three-dimensional aerogels and porous spheres, have been developed. These 

different morphologies offer improved rate capability, cycle stability, shorter ion diffusion 

pathway, increased diffusion coefficient, and enhanced structural stability [82, 83]. 

Furthermore, the porous structure can effectively absorb the substantial stress and strain 

resulting from volume changes during the intercalation and deintercalation of Li+ ions. 

Additionally, increased porosity plays a crucial role in improving charge transport [83]. Thus, the 

aim of this thesis is to fabricate V2O5 with a specific microstructure and high porosity for anodes 

which is expected to enhance electrochemical performance. 

Conclusion 

The chapter has discussed the advantages of utilizing nanomaterials, emphasizing their 

enhanced performance in gas sensors due to increased surface-to-volume ratios and unique 

structural effects at the nanoscale. Additionally, it has explained the benefits of nanomaterials 

in battery technologies, including improved electrochemical performances and the potential for 

ultrathin, flexible battery designs. Finally, it has provided insights into the crystalline structures, 
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properties and possible application of tungsten trioxide, zinc oxide, copper oxide, and vanadium 

pentoxide, which are studied in this thesis. 
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Introduction 

This chapter introduces two synthesis methods for the preparation of metal oxide 

nanoparticles: the sol-gel method and the polyol method. The chapter also covers instruments, 

Li-ion batteries and sensor device fabrication. Furthermore, it provides insights into gas sensing 

and electrochemical measurements and the fabrication process of gas sensing devices and 

anode of Li-ion batteries.  

 

3.1 Synthesis method 

3.1.1 Sol-gel method 

The sol-gel method is a well-established synthetic approach for preparing metal oxide 

nanoparticles and mixed oxide composites, offering excellent control over material texture and 

surface properties. This method involves five key steps: hydrolysis, polycondensation, aging, 

drying, and thermal decomposition [1]. 

In the initial stage, hydrolysis of precursors, such as metal alkoxides, takes place in water or 

alcohol. The presence of oxygen, supplied by water or organic solvents (such as alcohols), is 

crucial for the formation of metal oxides. The choice of reaction medium distinguishes between 

the aqueous sol-gel method (using water) and the nonaqueous sol-gel route (employing organic 

solvents). The hydrolysis process involves the following reaction: 

𝑀 − 𝑂𝑅 + 𝐻2𝑂 → 𝑀𝑂𝐻 + 𝑅𝑂𝐻 (𝐻𝑦𝑑𝑟𝑜𝑙𝑦𝑠𝑖𝑠)                                                                               (1) 

Where M=metal, R=alkyl group (CnH2n+1) 

The quantity of water significantly influences gel formation. The higher water content promotes 

the formation of polymerized and branched structures during condensation [2]. Similar to the 

non-hydrolytic fabrication of larger-scale metal oxide gels, the oxygen necessary for 

nanoparticle generation is supplied either by the solvent (such as ethers, alcohols, ketones, or 

aldehydes) or by the organic component of the precursor (alkoxides or acetylacetonates). 
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The condensation step involves the condensation of adjacent molecules, where water or alcohol 

is eliminated, forming metal oxide linkages. Two processes, olation and oxolation, drive 

condensation. Olation forms hydroxyl (–OH–) bridges between metal centers, while oxolation 

creates oxo (–O–) bridges. The general condensation reaction is as follows: 

𝑀 − 𝑂𝐻 + 𝑋𝑂 − 𝑀 → 𝑀 − 𝑂 − 𝑀 + 𝑋𝑂𝐻 (𝐶𝑜𝑛𝑑𝑒𝑛𝑠𝑎𝑡𝑖𝑜𝑛)                                                         (2)                                                  

Where M=metal, X=H or alkyl group (CnH2n+1) 

The condensation process in the nonaqueous method is explained through four equations. 

Equation 3 illustrates the condensation between metal halides and metal alkoxides, formed by 

the reaction of metal halides with alcohols, resulting in the release of an alkyl halide. Ether 

elimination (Equation 4) leads to the formation of M–O–M bond when two metal alkoxides 

condense, eliminating an organic ether. The ester elimination process (Equation 5) involves the 

interaction between metal carboxylates and metal alkoxides. Similar to ester eliminations, 

amide eliminations also occur. In cases where ketones serve as solvents, the release of oxygen 

typically entails aldol condensation, where two carbonyl compounds react, formally eliminating 

water. Water molecules act as the oxygen-supplying agent for metal oxide formation (Equation 

6) [3]. 
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Condensation increases the solvent viscosity, leading to gel formation characterized by a porous 

structure in the liquid phase. The size and cross-linking of colloidal particles depend on the 

alkoxide precursor and pH of the solution. 

The aging process induces changes in the gel's structure and properties. Continuous 

polycondensation and reprecipitation of the gel network occur during aging, reducing porosity 

and increasing thickness between colloidal particles. 

Drying is a complex process involving the detachment of water and organic components to form 

a gel. Different drying methods, such as atmospheric/thermal drying, supercritical drying and 

freeze-drying, impact the gel network's structure (Figure 3.1). Heating the porous gel at high 

temperatures causes densification, resulting in xerogel formation with low surface area and 

pore volume. Supercritical drying forms aerogels with high pore volume, while freezing solvents 

produce cryogels with lower gel network shrinkage. Relative humidity during drying directly 

affects the stability and performance of nanomaterials. 

The final step involves thermal treatment or calcination to eliminate residues and water 

molecules from the sample. The calcination temperature is crucial for controlling pore size, 

crystallization and material density. 

The parameters that can be controlled in the sol-gel method include the concentration of 

precursor, nature of the solvent, pH of the solution, type of additives added and their 

concentrations, pre- and post-heat treatment of the materials, aging of the solution and nature 

of polymer used for condensation. 
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Figure 3.1 Schematic of sol-gel method [4]. 

3.1.2 Polyol method 

The polyol method is a versatile and widely employed technique for synthesizing metal oxides. 

The methodology involves reducing metal precursors in a polyfunctional alcohol solvent, such as 

ethylene glycol or diethylene glycol. The process typically begins with the dissolution of metal 

salts in the chosen polyol solvent, forming a homogeneous precursor solution. Various 

properties of polyols, including high boiling points, dissolving capabilities, complex-forming 

abilities, reducing characteristics, protective features, and their amphiprotic nature, facilitate 

potential chemical reactions such as reduction, hydrolysis, and polymerization in the polyol 

method [5]. 

The research indicates that the formation of an inorganic compound in this medium is 

influenced by the precursor salt's anion. Nitrate is excluded from some studies due to its 

oxidizing nature, which can interfere with the polyol's reducing properties. In the case of 

chloride and sulfate salts, the solution remains clear after the precursor's dissolution, with no 

precipitation upon heating. Conversely, under identical conditions, when acetate is used, an 

inorganic compound precipitate. The nature of precipitate (metal, oxide, hydroxide) is 
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determined by two key factors: the hydrolysis ratio (defined by the water-to-metal molar ratio) 

and the reaction temperature [5].  

Upon heating, the polyol undergoes thermal decomposition, acting as a capping agent and 

leading to the nucleation and growth of metal oxide nanoparticles. The reaction conditions, 

including temperature, reaction time, and precursor concentrations, play crucial roles in 

determining the size, morphology and crystallinity of the resulting metal oxide nanoparticles. 

 

3.2 Instruments  

3.2.1 Magnetron sputtering 

Figure 3.2 presents the schematic diagram of the Kenotec sputtering plant. The sputtering plant 

comprises two distinct vacuum chambers, each serving a specific purpose within the system. 

The first is a large circular chamber, maintained at high vacuum levels and primarily designated 

for the deposition process. On the other hand, the second small tubular chamber, also known as 

the load-lock chamber, operates at low vacuum levels. The load-lock chamber facilitates the 

insertion and placement of samples without disrupting the vacuum in the deposition chamber. 

The connection between the two chambers is allowed by a gate valve. 

The vacuum in the load-lock chamber is generated by a turbomolecular drag pumping station 

(TMH 064 DE), which employs an electronic drive unit. The deposition chamber obtains the 

required vacuum through the use of a rotary and turbomolecular pump. Also, the pump can 

reach an ultimate total pressure of approximately 10-3 mbar. Furthermore, the vacuum 

requirements within the deposition chamber are sustained by an Edwards nEXT 400 model 

rotationary turbomolecular pump. By incorporating these components, the sputtering plant can 

effectively maintain the desired vacuum conditions within each chamber, facilitating the 

deposition process in the high-vacuum circular chamber while preserving the integrity of the 

environment in the low-vacuum tubular chamber. 
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Four target positions and home positions are present in the deposition chamber for depositing 

various metal and metal oxide thin films. Two of these positions are connected to a DC power 

supply, while the remaining positions are connected to the RF power supply. The positioning of 

the sample holder is controlled by a computer-operated step-by-step motor.  

The sputtering process operates on the principle of creating a plasma discharge from a gaseous 

discharge to bombard a target material. This bombardment results in the removal of target 

atoms, which can condense on a substrate, forming a thin film [6]. The deposition of the coating 

film can be precisely controlled by adjusting various parameters, including temperature (ranging 

from room temperature to 600 °C), plasma composition (argon and oxygen sourced from two 

controlled lines, with flux and pressure regulated by two mass flow controllers), chamber 

pressure, and the electrical power applied. To manage and monitor the system, a custom 

software program developed using Microsoft Access/Visual Basic, assumes full control. 

In this thesis, magnetron sputtering has been employed for the deposition of the platinum (Pt) 

electrodes and heater of the gas sensing device. 

 

 

 

 

 

 

 

 

Figure 3.2 Kenotec Sputtering system in Sensor Lab. 
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3.2.2 Gas test Chamber 

Gas sensing measurements were conducted utilizing the flow-through technique within a 

thermostatic test chamber (Figure 3.3a). In this method, a steady flow of synthetic air (0.3 

l/min) was mixed with the desired concentration of gases through a sealed chamber, which was 

maintained at 20 °C, atmospheric pressure, and a specific humidity level. Electrical data were 

continuously recorded by applying voltage (power supply) and measuring the generated current 

(using a picoammeter). The conductance was determined as the ratio of the measured current 

(sampling time=30 s) to the applied voltage. The humidity level was determined using a 

humidity sensor in the test chamber. To generate air saturated with water, synthetic dry air 

initially passed through a water tank maintained at a constant temperature and then through a 

condenser that kept at the same temperature as the test chamber. The relative humidity was 

generated by mixing it with dry air. To obtain the desired analyte concentrations, synthetic air 

was mixed with gas compounds from certified bottles. This test system can measure the gas 

sensing performance of materials from room temperature to 600 °C. The sensing response of 

the fabricated n-type metal oxide structures toward reducing and oxidizing gases is calculated 

using the following equations, respectively: 

(𝐺𝑓− 𝐺0)

𝐺0
=

∆𝐺

𝐺0
                                                                                                                                          (7) 

(G0− Gf)

𝐺𝑓
=

∆G

Gf
                                                                                                                                          (8) 

Also, the p-type metal oxide gas sensing response toward reducing (Equation 9) and oxidizing 

(Equation 10) is displayed below: 

(𝐺0− 𝐺𝑓)

𝐺𝑓
=

∆𝐺

𝐺0
                                                                                                                                          (9) 

(𝐺𝑓− 𝐺0)

𝐺0
=

∆𝐺

𝐺0
                                                                                                                                        (10) 

In Equations 7−10, G0 represents the initial conductance of the metal oxide sensor when 

exposed to air, while Gf denotes the stable conductance level of the sensor when the analyte 
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compound is present. The time required to achieve a conductance value of 90% of (Gf-G0) after 

the gas injection defines the sensor response time (tres). The recovery time (trec) is the interval 

needed to attain a conductance value of 70% of (Gf-G0) upon restoring the airflow (as explained 

in chapter 1). The Mathworks MATLAB analysis program was employed to calculate response, 

tres, and trec using the equations mentioned above. 

 

Figure 3.3 a) Gas sensor test system image with all other instruments including computer, 

picoammeter, power supply and humidity chamber in sensor lab, b) Schematic of stainless-steel 

gas sensing chamber, c) Holder of sensors. 
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Figure 3.4 Schematic representation of gas measurement set up. 

3.2.3 Electrochemical measurement for Li ion batteries 

 

A CT2001 battery testing system (Landt Instruments, shown in Figure 3.5) was employed to 

conduct galvanostatic charge-discharge cycles at room temperature. The charge-discharge  

curves illustrate the capacities during charging and discharging with voltage. To assess the long-

term cycling stability of a battery, coin cells undergo multiple charge and discharge cycles, and 

the capacity is observed throughout these cycles. Increasing the current density during battery 

cycling provides insights into the capacity available for rapid charging or discharging. This thesis 

includes rate capability measurements where the current density is systematically increased 

over multiple cycles to evaluate overall capacity extraction. The performance at higher rates 

serves as an indicator of whether the electrochemical performance of the anode is constrained 

by lithium-ion or electronic conduction kinetics. The capacity retention, commonly referred to 

as cyclability, is typically expressed as a percentage of the initial capacity over a specified 
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number of cycles. Cyclic voltammetry (CV) was conducted at different scan rates using a Bio-

Logic VMP3 potentiostat/galvanostat with a built-in electrochemical impedance spectroscopy 

(EIS) analyzer. The open circuit voltage (OCV) can check the possibility of short-circuiting.  

Figure 3.5 a) Overview of a CT2001 battery testing system and b) Schematic of Land system 

setup [7]. 

3.4 Device fabrication 

3.3.1  Gas sensing device fabrication 

First, alumina substrates (99.9% purity, 2 × 2 mm, Kyocera, Japan) were cleaned by sonication in 

acetone, ethanol, and H2O. Subsequently, TiW adhesion films, Pt pad and Pt interdigitated 

electrodes were deposited on the alumina substrates using DC magnetron sputtering at specific 

conditions (Table 3.1) in the sputtering chamber. A Pt heater was deposited on the backside of 

the substrates (see Figure 3.6) to control the operating temperature of the sensing structure. 

Then, the substrates were mounted on top of the TO packages using electro-soldered gold wire. 

Sensor devices based on the prepared nanomaterials were fabricated using the drop-casting 

method. Metal oxide powders were added to various solvents with different concentrations to 

find optimal conditions, and then were sonicated from 10 to 60 minutes. The resulting 

dispersions were drop-casted onto the substrates with a different number of droplets using a 
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dispenser (micro pipet) (Gilson Company, France). To stabilize the electrical properties of the 

sensing structures, they were treated at 450 °C for a few days. 

Table 3.1 Experimental parameters used in magnetron sputtering system for TiW pads, Pt pads, 

Pt interdigitated electrode and Pt heater. 

Deposition sample Magnetron 

power (W) 

Pressure 

(mbar) 

Ar flow 

(sccm) 

Deposition 

time (min.) 

TiW pads  70 5.1×10-3 7 3 

Pt pads 70 5.1×10-3 7 3 

Pt interdigitated electrode 70 5.1×10-3 7 20 

Pt heater 70 5.1×10-3 7 20 

 

 

Figure 3.6 Schematic of gas sensor device. 
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3.3.2 Li ion batteries configuration and electrochemical measurement 

Electrochemical measurements of materials as a Li-ion battery anode were conducted in Prof. 

Nicola Pinna's laboratory (Institut für Chemie & IRIS Adlershof at Humboldt-Universität zu 

Berlin). The preparation of the working electrodes involved a thorough mixture of active 

components, including anode material, conductive carbon black (Super P), and polyvinylidene 

fluoride (PVDF) acting as a binder. This mixture was combined in a specific weight ratio of 7:2:1 

and dissolved in N-methyl-2-pyrrolidone (NMP) as the solvent. Subsequently, the resulting 

mixture was cast onto copper foil (coated with carbon) obtained from Goodfellow, UK, using a 

doctor blade apparatus. The cast slurry was dried in a vacuum oven at a temperature of 60 °C 

for 2 h. Following a cold-laminating treatment, the electrodes were precisely punched into 

circular shapes measuring 18 mm in diameter. These punched electrodes were further dried 

overnight under vacuum conditions at 120 °C using a Büchi glass oven. The mass loadings of 

active material at the anodes ranged between 1.0 and 1.2 mg/cm². 

For the electrochemical investigations, CR2032-type coin cells were assembled within an argon-

filled glovebox. Lithium metal foil was utilized as both counter and reference electrodes. The 

electrolyte consisted of 1 M lithium hexafluorophosphate (LiPF6) solution prepared by 

combining ethylene carbonate, diethyl carbonate (DEC), and dimethyl carbonate (DMC) in equal 

volumes (1:1:1 ratio). The separation between the electrodes was achieved by employing a 

glass microfiber separator (Whatman).  
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Figure 3.7 Schematic diagram of coin cell assembly for anode testing. 

3.3 Green synthesis of WO3 and their characterization 

3.3.1 Synthesis method 

WO3 nanopowders were produced by precipitation method using various solutions, with 

tungsten (VI) chloride (WCl6, Sigma-Aldrich) as the precursor material. Vitamin C from Sigma-

Aldrich, and potassium sulfate from Fluka were used in the synthesis, with solutions prepared in 

distilled water (Carlo Erba Reagents) in three different compositions.  

In the first solution, 1 g of WCl6 was dissolved in 50 ml of distilled water (H2O) and stirred for 5 h 

at room temperature. The second involved preparing an aqueous vitamin C solution, stirred for 

20 min at room temperature, followed by dissolving WCl6 in 50 ml of H2O and stirring for 30 

min. 1 M vitamin C solution was then added dropwise to the WCl6/H2O precursor solution until 

the pH reached 2, stirred for 5 and 24 h. Vitamin C acted as the green capping, reducing, and pH 

control agent. The third solution followed the second solution process, incorporating 0.8 M 

potassium sulfate instead of 1 M vitamin C as a structure-directing agent. Following preparation, 

the solutions settled for 2 h at room temperature, and the resulting precipitates were collected 

Anode cast 

Li metal 

Separator soaked in 
electrolyte 

Anode slurry cast onto Cu foil 

Cathode cast 
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through centrifugation. Subsequent washing with H2O and ethanol removed salt ions and other 

side-products from the precipitates. The final powders were dried at room temperature for 24 h 

and then annealed at 450 °C for 2 h. 

 

3.3.2 Characterization 

The morphological characteristics of materials were investigated through high-resolution field-

emission scanning electron microscopy (FESEM) using the MIRA3 FEG-SEM from TESCAN. 

Structural analysis was conducted via X-ray diffraction (XRD) using the Empyrean model from 

PANalytical, operating at 40 kV and 40 mA with a Cu-LFF source (λ=1.54 Å). The 2θ 

measurements covered Bragg's diffraction angles from 15° to 90°, employing a scan speed of 

100 s and a step size of 0.013°. 

Raman spectra were measured using a Jasco NRS-5100 confocal Raman microscope, featuring a 

diode laser with a wavelength of 785 nm and a grating of 600 l/mm, operating at a nominal 

power of 20 mW. An MPLFLN 100x objective focused the laser beam onto the sample with a 1 

µm spot, and the backscattered signal was collected by a cooled (-69 °C) CCD camera. 

Measurements covered the range of 50−1800 cm-1, with an effective power of 6.0 mW, 50 

accumulations, an exposure value of 7 s, and a resolution of 2 cm-1. Four spectral measurements 

were conducted for each synthesized material, and the spectra underwent processing (baseline 

correction and data smoothing) using the Spectra Manager™ software from Jasco. 

ATR-IR spectra were obtained using the FTIR Vertex 70 interferometer (Bruker Optics, Ettlingen, 

Germany), equipped with an ATR crystal module (Bruker-Diamond single reflection crystal) 

featuring a single reflection diamond crystal at 45°, a thermal source (Globar), and a wide-range 

RT-DLaTGS detector. Measurements were performed under vacuum conditions. The ATR-IR 

spectra of WO3 powder were acquired with an acquisition rate of 7.5 kHz in the spectral region 

of 50−6000 cm-1, averaging 128 scans with a spectral resolution of 4 cm-1. Second-derivative 

analyses were applied to both Raman and ATR-IR spectra using a 13-point smoothing filter 

[152]. Post-processing data analysis and visualization were carried out using OPUSTM 8.2 

software (Bruker) and OriginProTM 9.0, respectively. 
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3.3.3 Gas sensing measurement  

The synthesized WO3 powder was dispersed in water (H2O) and sonicated for 10 minutes. The 

resulting dispersion was drop cast on alumina substrates using a dispenser. A substrate cut was 

made to reveal the thickness of the WO3 nanostructure after the aqueous nanoparticle 

dispersion drop-casting (Figures 3.8a and b). The initially prepared materials underwent 

annealing at 450 °C to enhance their crystalline and electrical properties for high operating 

temperatures. Consequently, we selected 400 °C as the maximum temperature for the 

subsequent gas sensing studies.  

Gas sensing measurements were carried out at 40% relative humidity (RH), with a flow rate of 

300 sccm. These sensors were tested at different operating temperatures (250−400 °C) toward 

various concentrations of acetone, carbon monoxide (CO), carbon dioxide (CO2), ammonia 

(NH3), methane (CH4), ethanol, and hydrogen (H2). Each gas was injected into the chamber and 

maintained for 30 minutes, followed by a recovery period where the baseline was restored by 

flowing air for 85 minutes. Furthermore, the effect of humidity on gas sensing properties of 

materials was studied varying the concentration of RH in the test chamber from 40−90%. 

 

 

 

 

 

 

 

Figure 3.8 (a and b) Cross-section FESEM images of WO3 nanostructure (after the drop-casing 

on the substrate) with different magnifications. 
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3.4 Chemical synthesis of WO3 and their characterization  

3.4.1 Synthesis method 

WCl6 (Sigma-Aldrich), benzyl alcohol (Sigma-Aldrich), and polyethylene glycol 200 (PEG 200, 

Sigma-Aldrich) were employed as reagents in the synthesis of materials. The preparation of WO3 

nanostructures involved two solutions: (i) Dissolving 1 g of WCl6 in 50 ml of benzyl alcohol 

through 30 minutes of stirring at room temperature. (ii) Forming the second solution similarly, 

with the addition of 0.2 g of PEG 200 dropwise to the WCl6 solution. Both solutions were then 

heated at 80 °C for 13 h. The resulting powders underwent multiple ethanol (Sigma-Aldrich) 

washes through centrifugation and were dried at room temperature. Finally, the precipitates 

were calcined at 450 °C for 2 h. The powder material prepared in the benzyl alcohol solution 

containing WCl6 was designated as WO3_P_1, while the one synthesized in the benzyl alcohol 

solution containing WCl6 and PEG 200 was denoted as WO3_P_2. 

 

3.4.2 Characterization 

Morphological analysis of the materials was conducted using field-emission scanning electron 

microscopy (FESEM, MIRA3 FEG-SEM, TESCAN) and transmission electron microscopy (TEM). 

Crystalline structure analysis was carried out through X-ray diffraction spectroscopy (XRD) and 

Raman spectroscopy.  

Raman spectra were recorded on a Jasco NRS-5100 Confocal Raman Microscope, featuring a 

diode laser at 785 nm and a grating of 600 l/mm, operating at a nominal power of 20 mW. The 

laser beam is directed onto the sample with a spot size of 1 μm using an MPLFLN 100x 

objective. The backscattered signal is gathered using a CCD camera cooled to -69 °C. The 

measurements covered the range of 159–1890 nm, with an effective power of 6.0 mW. The 

number of accumulations was 50, the exposure value was 7 s, and the resolution was 3 cm-1. 

 Four spectral measurements were performed for each material, and spectra were processed 

(baseline correction and data smoothing) with the Spectra Manager™ operating system 
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associated with the Jasco Raman instrument. The second derivative was calculated for 

identifying spectrum maxima positions.  

Attenuated total reflectance (ATR) Fourier-transform infrared (IR) spectra were obtained using 

an FTIR Vertex70 interferometer (Bruker Optics, Ettlingen, Germany) equipped with a thermal 

source (Globar), an ATR crystal module (Bruker-Germanium Multiple reflection crystal) with a 

single reflection diamond crystal at 45°, and an RT-DLaTGS wide-range detector. The 

measurements were conducted under vacuum conditions. The infrared spectra of WO3 

nanomaterials were acquired with an acquisition rate of 7 kHz in the spectral region of 50–6000 

cm-1, averaging 128 scans collected with a spectral resolution of 4 cm-1. Second-derivative 

analysis was performed using a 9-point smoothing filter [8]. ATR-IR data pre- and post-

processing were carried out using OPUSTM 8.2. 

 

3.4.3 Gas sensing measurement  

Gas sensing characterization of materials was conducted by drop-casting sensing materials on 

alumina substrates. First, Pt interdigitated electrical contacts and a Pt heater were deposited on 

substrates by DC magnetron sputtering technique (as mentioned the conditions in 3.2 gas 

sensing device fabrication section). Then, the fabricated WO3 was dispersed in distilled water 

(H2O) and dispersion was drop cast on the alumina substrates, followed by annealing at 450 °C 

for 72 h. 

The gas sensing performance of WO3_P_1 and WO3_P_2 was analyzed at 250 to 400 °C and 40% 

RH. The gas sensing response of samples was studied toward different analytes including 

acetone, CO, CO2, NH3, CH4, ethanol, and H2. The RH level varied from 40−95% to investigate its 

influence on gas sensing performance. Sensors were exposed to gas flowing inside the chamber 

for 30 min and then, to recover the baseline, the airflow was restored for 85 min. 
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3.5 CuO-ZnO Composites preparation and their characterization 

3.5.1 Preparation of CuO and ZnO structures 

The CuO and ZnO powders were synthesized through the polyol method employing two distinct 

solutions:  

(i) 0.05 g of copper acetate (Cu(CH3COO)2, Sigma-Aldrich) dissolved in 25 ml of ethylene 

glycol (C2H6O2, Sigma-Aldrich) was stirred for 30 minutes at room temperature, 

followed by heating the solution at 150 °C for 40 minutes. The clear solution became 

cloudy after 20 minutes due to the formation of an organocopper precursor.  

(ii) 2 g of zinc acetate (Zn(CH3COO)2, Sigma-Aldrich) was combined with 25 ml of 

ethylene glycol and stirred, and then the mixture was heated at 150 °C for 6 h.  

The resulting powders were collected and washed with ethanol using centrifugation to 

eliminate side products. Subsequently, the particles were dried at 75 °C for 24 h and 

annealed at 500 °C for 2 h to obtain crystalline copper oxide and zinc oxide powders. 

 

3.5.2 Synthesis of CuO-ZnO composite 

For the preparation of the CuO-ZnO composite, 0.017 g of the acquired organocopper precursor 

was dissolved in 5 ml of isopropanol (C3H8O, Sigma Aldrich) and stirred at room temperature for 

15 minutes. Then, 0.153 g of the previously prepared zinc oxide precursor was added to the 

mixture and stirred for additional 15 minutes to dissolve the ZnO precursor powder. The 

resulting solution underwent heating at 100 °C for 30 minutes, followed by three times 

centrifugation with ethanol at 3500 rpm to obtain the precipitate. The material was then dried 

at 75 °C for 24 h and calcined at 500 °C for 2 h. 

To compare the gas sensingperformance of the composite with bare CuO and ZnO powders, two 

composite ratios were synthesized. These are denoted as CuO-ZnO_95 (Zn:Cu=0.95:0.05) and 

CuO-ZnO_90 (Zn:Cu=0.9:0.1). 
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3.5.3 Characterization 

The high-resolution FESEM (MIRA3 FEG-SEM, TESCAN) was employed to observe the 

morphologies of the samples. Powder X-ray diffraction intensities were obtained using an X-ray 

diffractometer (Empyrean model, PANalytical, The Netherlands) operating at 40 kV and 40 mA, 

with a Cu-LFF (λ=1.54 Å) source. The 2θ (Bragg's diffraction angles) measurements covered a 

range from 20° to 90°, employing a scan speed of 100 s and a step size of 0.013° for 

comprehensive structural analysis. The optical properties of the material were determined by 

UV-vis spectrometer (UV-2600, Shimadzu, Kyoto, Japan). The absorption spectra were recorded 

with wavelength range starting from 800 to 250 nm and a sampling interval of 0.05 nm. The 

direct detector unit was used with slit width of 2 nm. 

 

3.5.4 Gas sensing measurement  

The synthesized CuO, ZnO and their composite were dispersed in isopropyl alcohol and drop 

cast onto alumina substrates by a Gilson dispenser (Figure 3.6). To investigate gas sensing 

properties of CuO, ZnO, CuO-ZnO_95 and CuO-ZnO_90, the fabricated sensors were tested 

toward different gases such as NO2, acetone, CO2, NH3, CH4, ethanol, and H2 at operating 

temperature of 250 to 400 °C and 40% RH. Furthermore, the humidity effect was studied 

toward NO2 at optimum operating temperature.  

 

3.6 Synthesis of V2O5 and their characterization 

3.6.1 Synthesis of V2O5 micro sheet 

0.35 g of ammonium metavanadate (NH4VO3, Sigma-Aldrich) was dissolved into 50 ml of pure 

water (Carlo Erba Reagents), and 2 M nitric acid (HNO3, Sigma-Aldrich) was added dropwise to 

the precursor solution until the pH reached 3. The solution was then heated at 60 °C for 5 h. The 
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resulting orangish solution was centrifuged and washed with distilled water and ethanol. The 

final powder was dried at room temperature for 24 h and annealed at 500 °C for 3 h to obtain 

crystalline V2O5 powders. During this process, different reaction temperatures (60, 80 °C) were 

investigated. The powder material prepared at a reaction temperature of 60 °C was labeled as 

V2O5_60, while the one synthesized at 80 °C was denoted as V2O5_80 in this study. 

 

3.6.2 Characterization 

High-resolution field-emission scanning electron microscopy (FESEM) with a MIRA3 FEG-SEM 

(TESCAN) was utilized to investigate the morphological characteristics of the fabricated 

materials. Structural properties were examined through X-ray diffraction (XRD) using an 

Empyrean model (PANalytical, The Netherlands) with a Cu-LFF (λ=1.54 Å) source operating at 40 

kV and 40 mA. The 2θ (Bragg's diffraction angles) measurements covered a range from 15° to 

90°, employing a scan speed of 100 s and a step size of 0.013° for comprehensive structural 

analysis. Images using transmission electron microscopy (TEM) and high-resolution TEM 

(HRTEM) were obtained utilizing a Philips CM 200 and an FEI Talos 200S microscope, operating 

at 200 kV. 

 

3.6.3 Electrochemical measurement 

To perform galvanostatic charge-discharge cycles, a CT2001 battery testing system was operated 

at room temperature. The potential range for these cycles was set at 0.01 to 3.0 V versus Li/Li+ 

with specific currents ranging from 0.1 to 2 A/g. The CV was conducted in the potential range of 

0.01 to 3.0 V versus Li/Li+ at various scan rates (0.1 to 1 mV/s). Electrochemical impedance 

spectroscopy (EIS) was carried out at open circuit potential (OCP) in a half-cell configuration, 

sweeping frequencies from 100 kHz to 10 MHz with an amplitude of 10 mV. 
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Conclusion 

In conclusion, this chapter reports the synthesis methods employed for metal oxide 

nanoparticles, with a particular focus on the sol-gel and polyol techniques. The intricate 

processes involved in sol-gel, from hydrolysis and condensation to aging, drying, and 

calcination, underscore its versatility in tailoring material properties. Additionally, the chapter 

described the instrumental setups for gas sensor fabrication, employing magnetron sputtering, 

and presented the gas sensing measurement procedures and parameters. It provided a 

comprehensive foundation for the subsequent chapters' exploration of specific metal oxide 

structures and their applications, detailing synthesis methods, device fabrication and 

characterization techniques. 
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Chapter 4: Green Synthesis of WO3 nanoparticle and 

their gas sensing performances 
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Introduction 

Addressing the increasing need for green chemistry approaches, herein, a simple 

environmentally friendly and cost-effective method for the fabrication of WO3 nanopowder 

using vitamin C as a surfactant was studied. The motivation behind this approach lies in 

addressing the challenges of minimizing hazardous substances and enhancing the efficiency of 

chemical processes, in line with the principles of green chemistry. The research explores the 

potential applications of the synthesized WO3 in gas sensors, particularly demonstrating a high 

and selective response toward acetone molecules. It highlights its significance in eco-friendly 

technologies for nanomaterial synthesis and gas sensor fabrication. 

 

4.1 Morphological properties  

Figures 4.1 and 4.2 depict the FESEM images of WO3 materials fabricated under different 

conditions: in H2O, in aqueous solutions of vitamin C, and in potassium sulfate. In Figures 4.1a 

and b, the morphology of the WO3 structure, prepared in a surfactant-free aqueous solution 

with a 5-hour reaction time, reveals particle agglomeration. Conversely, Figures 4.1c−e and 

Figure 4.2a display WO3 nanoparticles with an average dimension of 52 nm when synthesized in 

a vitamin C-containing aqueous solution with the same reaction time. Figures 4.1f and g show 

the morphology of the material prepared in the aqueous solution of potassium sulfate, 

indicating particle agglomeration. 
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Figure 4.1 FESEM images of fabricated WO3 powders: a) and b) Material synthesized in H2O 

with a reaction time of 5 h, c) and d) WO3 nanoparticles prepared in vitamin C-containing 

aqueous solution with a reaction time of 5 h, e) Particle size distribution histogram of WO3 

powder prepared in the aqueous solution of vitamin C with a reaction time of 5 h, f) and g) WO3 

material obtained in potassium sulfate-containing aqueous solutions with a reaction time of 5 

h. 

The agglomeration of WO3 nanoparticles, prepared in H2O, (Figures 4.1a and b) can be ascribed 

to the high reactivity of the tungsten precursor (WCl6) and its rapid hydrolysis [1]. The 

morphological properties of the WO3 structure, synthesized in an aqueous solution containing 

vitamin C, suggest that vitamin C acts as a mild reducing and capping agent, promoting uniform 

WO3 particle growth without agglomeration [2, 3]. In this scenario, organic molecules attach to 

the growth surface, preventing nanoparticle agglomeration due to electrostatic or steric 

stabilization effects. Vitamin C significantly influences the formation and size of nanoparticles by 
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occupying available growth sites [4-8]. Moreover, the use of potassium sulfate as a capping 

agent has a partial impact on particle separation (Figures 4.1f and g), indicating the superior 

efficiency of the vitamin C-containing aqueous solution in WO3 nanoparticle synthesis. The 

experiments are conducted at room temperature, reducing power consumption. The 

insufficient separation of particles in the potassium sulfate solution is attributed to weak 

capping interactions at low temperatures, enabling primary WO3 nucleus formation without 

effective control of the growth mechanism by the capping agent (potassium sulfate) [9]. 

However, nanoparticle agglomeration occurs when the reaction time in the vitamin C solution is 

extended to 24 h (Figures 4.2b and c), which can be attributed to the self-assembly effect of the 

Ostwald ripening mechanism. This mechanism involves small particles dissolving in the solution 

and subsequently forming larger ones [10, 11]. Therefore, further analysis explores the 

crystalline, compositional, and gas sensing properties of WO3 nanopowder synthesized in the 

aqueous solutions of vitamin C with a 5-hour reaction time (Figures 4.1c and d and Figure 4.2a). 

Additionally, vitamin C is considered a green agent, making the preparation of WO3 nanopowder 

in its aqueous solution an environmentally friendly or green synthesis procedure, unlike 

previous methods that used less eco-friendly reagents such as hydrochloric acid, urea, oxalic 

acid, and sodium sulfate [12-14]. 

 

 

 

 

 

 

 

 

Figure 4.2 a) WO3 nanoparticles prepared in the aqueous solution of vitamin C with a reaction 

time of 5 h, b) and c) WO3 powder fabricated in vitamin C-containing aqueous solution with a 

reaction time of 24 h. 
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4.2 Structural properties 

Figure 4.3a displays the XRD pattern of the WO3 powder. The result indicates that the diffraction 

pattern of the material matches with the monoclinic phase (JCPDS no. 98-007-1692, space 

group: P 121/c 1, and space group number: 14). No other phases are evident in this pattern. The 

main peaks observed at 23.175, 23.653, 24.418, 28.843, 33.353, 34.277, 41.707, 50.088, 50.650, 

and 55.881 correspond to the (100), (020), (002), (11−1), (120), (02−2), (122), (210), (12−3), and 

(14−1) planes of monoclinic WO3, respectively. 
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Figure 4.3 a) XRD pattern of the WO3 nanopowder synthesized in the aqueous solution of 

vitamin C with a reaction time of 5 h, b) The Raman spectrum of WO3 powder in the 50−1500 
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cm-1 spectral region. The whole Raman spectrum is reported in Figure 4.4a and c) ATR-IR 

spectrum of WO3 in the spectral region between 50 and 1500 cm-1. The whole ATR-IR spectrum 

is reported in Figure 4.4b. 

The Raman spectrum for the WO3 powder is presented in Figure 4.3b, and the corresponding 

peak positions and assignments can be found in Table 4.1 [15-18]. Each mode identified in the 

spectrum can be linked to either a crystalline phase or a hydration state. Our analysis primarily 

relies on comparisons with the comprehensive studies conducted by Pecquenard et al. [16] and 

Daniel et al. [15]. Generally, the Raman spectrum of WO3 exhibits deformation lattice modes in 

the range of 200 to 400 cm-1, stretching modes between 600 and 900 cm-1, and the 

characteristic contribution of external terminal oxygen bonds W=O at approximately 950 cm-1 

[15-18]. 

 

 

Figure 4.4 a) Raman spectrum of WO3 powder in the spectral region of 50−1800 cm-1 and b) 

ATR-IR spectrum of WO3 in the spectral region between 50 and 6000 cm-1. 

In the Raman spectrum of the WO3 powder, intense resonances are evident at 59, 71, 92, 134, 

271, 329, 714, and 805 cm-1. The peak at 71 cm-1 and the intense shoulders at 59 and 92 cm-1 

are attributed to vibrations of (W2O2)n chains within the WO3 lattice, indicative of the 

monoclinic structure [16, 17]. The peak at around 270 cm−1 is associated with O–W–O bending 

modes, representing the binding oxygen in WO3 [18]. The weak peak at 188 cm-1 is linked to 

lattice modes characteristic of the monoclinic structure [15]. The sharp bands at 805 cm-1 and 
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714 cm-1 correspond to the stretching vibration of O–W–O and match with the mode of 

monoclinic WO3 [15]. The WO3 powder is synthesized using vitamin C (C6H8O6) as a capping 

agent and H2O as a solvent. However, no residual vitamin C content is observed in its Raman 

spectrum. Considering the Raman peak assignments, the presence of bands at 59, 71, 92, 133, 

188, 221, 270, 329, 436, 714, and 805 cm-1 indicates that the fabricated powder is 

predominantly crystallized in the monoclinic phase of WO3. However, weak shoulders are 

observed at high frequencies (between 940 cm-1 and 960 cm-1) and at low frequencies (at 207 

and 375 cm-1), suggesting the potential presence of a small amount of hydrates. 

 

Table 4.1 Raman peak/band positions and chemical group assignment of the fabricated WO3 

powder [15, 19, 20]. 

Frequency  

position cm-1 

Assignment 

59 ν (W2O2) 

71 ν(W2O2)  

92 ν (W2O2) Lattice 
mode  

133 Lattice mode  

170 − 

188 Lattice mode  

207 ν (W–O–W)  

221 ν (W–O–W)  

270 δ (O–W–O)  

329 δ (O–W–O) ν (W–
OH2)  

375 ν (W–OH2)  
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Figure 4.3c displays the ATR-IR spectrum of the synthesized WO3 powder, with detailed peak 

positions and assignments provided in Table 4.2. In the far-IR region, the spectrum exhibits 

intense and visible broad bands at approximately 100 and 189 cm-1, attributed to the lattice 

modes of W-oxides. Additionally, main IR bands in the very low-frequency range (around 160, 

140, 130, and 110 cm-1) are associated with lattice modes of WO3. Three bands at 242, 317, and 

around 338 cm-1 correspond to the vibration modes of W−O−W [15, 20-22]. The IR bands within 

the 318–360 cm−1 range correspond to the W–O–W vibration of WO3. A shoulder is evident at 

394 cm-1, attributed to the bending modes of water molecules (W−OH2) [20, 22]. In the mid-IR 

spectral region, there is a noticeable and intense broad band. Its primary sharp peak at 616 cm-1 

and two shoulders around 730 and 757 cm-1 can be related to (W−O) vibrational stretching 

modes [20, 22]. Two additional shoulders, identified through 2nd derivative analysis, appear 

around 867 and 954 cm-1 and are designated as stretching modes of (O−W−O) and (W=O), 

respectively [21, 23]. 

Moreover, the ATR-IR spectrum of the WO3 powder revealed a very weak band at approximately 

1617 cm-1 within the bending region associated with H2O molecules, suggesting a potential 

connection to the water content in the material [20].  

The existence of main bands at 282, 338, 638, 736, 757, and 867 cm-1 are attributed to the 

monoclinic WO3 phase [15, 19, 20], consistent with the findings from Raman measurements. 

 

 

 

 

395 //weak shoulder 

436 ν (W–OH2) 

714 ν (O–W–O)  

805 ν (O–W–O)   

954 ν (W=O)  
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Table 4.2 Infrared peak/band positions and assignments of WO3 powder [15, 20-24]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Frequency 
position (cm-1) 

Assignment 

50 lattice modes 

85 lattice modes 

100 lattice modes 

110 lattice modes 

131 − 

140 lattice modes 

160 lattice modes 

189 lattice modes 

211 lattice modes 

242 v(W–O–W) 

265 v(W–O–W) 

282 δ(O–W–O) 

317 v(W–O–W) 

338 v(W–O–W) 

358 v(W–OH2) 

394 δ(W–OH2) 

417 δ(W–O) 

614 − 

638 v(W–O) 

726 v(W–O) 

757 v(O–W–O) 

804  

867 ν(O–W–O) 

954 v(W=O) 

1012 − 

1039 δ(W–OH) 

1617 δ (OH) 
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4.3 Gas sensing results 

Figure 4.5a illustrates the sensing response of the WO3 nanostructure toward 10 ppm of 

acetone at various working temperatures (ranging from 200 to 400 °C) and 40% relative 

humidity (RH). Notably, the material's response shows an upward trend with increasing 

operating temperature, reaching its peak at 400 °C. In Figure 4.5b, the dynamic gas sensing 

characteristics of the WO3 sensor at its optimal operating temperature (400 °C) are exhibited. 

The sensor's electrical conductance increases with the injection of each concentration of 

acetone into the test chamber and returns to baseline after purifying the chamber with 

synthetic airflow. Upon exposure to air, environmental oxygen adsorbs on the material's surface, 

trapping electrons from the conduction band and leading to the formation of oxygen ions 

(Equations 1−4) [25, 26]. 

𝑂2(𝑔𝑎𝑠) ↔ 𝑂2(𝑎𝑑𝑠)                                                                                                                                 (1) 

𝑂2(𝑎𝑑𝑠) + 𝑒− ↔ 𝑂2
−(𝑎𝑑𝑠)                                                                                                             (2)                                                                                                            

𝑂2
−(𝑎𝑑𝑠) + 𝑒− ↔ 2𝑂−(𝑎𝑑𝑠)                                                                                                                  (3)                 

𝑂−(𝑎𝑑𝑠) + 𝑒− ↔ 2𝑂2−(𝑎𝑑𝑠)                                                                                                                (4)                

When the sensing material is exposed to a reducing volatile organic compound like acetone, the 

oxygen species adsorbed on its surface interact with the acetone molecules (Equation 5). 

Consequently, the electrons previously trapped are released back to the material's conduction 

band [27-29]. Therefore, the adsorbed acetone acts as an electron donor, leading to an increase 

in the sensor's conductance. 

𝐶𝐻3𝐶𝑂𝐶𝐻3(𝑔𝑎𝑠) + 8𝑂− → 3𝐶𝑂2  + 3𝐻2𝑂 + 8𝑒−                                                             (5) 

Moreover, the observed changes in sensor conductance resulting from exposure to acetone and 

subsequent purification of the test chamber explain the reversible interaction between acetone 

and the nanostructure, confirming the n-type behavior of WO3 [30]. The efficiency of 

environmental oxygen adsorption on the WO3 surface is diminished at lower operating 

temperatures, potentially affecting the interaction and charge carrier exchange between 
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acetone molecules and the material surface [31, 32]. Additionally, the chemisorption of complex 

organic molecules of acetone on oxide material involves high activation energy and multi-step 

reactions with the sensing structure [33, 34]. Hence, the response of the prepared WO3 sensor 

toward acetone is notably influenced by its operating temperature, with the optimal response 

observed at 400 °C (Figure 4.5a). 

 

Figure 4.5 a) Acetone sensing response of WO3 nanomaterial at different temperatures, b) 

Dynamic response of the WO3 gas sensor toward acetone (0.5, 1, 2, 5, and 10 ppm) at 400 °C 

(RH, 40 %), c) Response of WO3 toward different concentrations of acetone (0.2−10 ppm) at an 

operating temperature of 400 °C and d) A magnified section from Figure c where the response 

of the material toward low concentrations of acetone (from 200 ppb to 1 ppm) can be seen. 

The concentration of acetone (0.2−10 ppm) affects the response of WO3, as shown in Figures 

4.5c and d. The results are summarized in Table 4.3. Two linear regions can be observed, with a 
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higher sensitivity at low concentrations (0.2−1 ppm) compared to higher concentrations (2−10 

ppm). By applying curve-fitting analysis using linear regression, it can be observed that the slope 

in the lower concentration range (0.2−1 ppm) is 2.53, exceeding the slope of 0.62 found in the 

higher concentration range (2−10 ppm). The high response toward low concentrations of 

acetone is a significant achievement because breath acetone levels for healthy individuals are 

below 1.8 ppm, while diabetics have higher concentrations [35, 36]. Therefore, the fabricated 

material shows its promising applications for medical diagnostics and environmental 

monitoring. 

Table 4.3 Sensing properties of prepared WO3 nanoparticles toward different concentrations of 

acetone at an operating temperature of 400 °C. 

Acetone concentration (ppm) Response 

0.2 1.8 

0.5 2.6 

1 3.8 

2 6 

5 8 

10 11 

 

To assess their practical application, it is important to examine the properties of chemiresistive 

sensing structures under varying humidity levels. Therefore, we investigated the performance of 

the WO3 nanostructure by increasing the concentration of RH in the test chamber. In Figure 

4.6a, the electrical conductance and sensing response of the material with increasing RH 

concentration are displayed. From 40% to 60% RH, there is minimal change in the conductance 

of WO3. However, a slight increase of 14% is observed at 80% and 90% RH. The structure 

exhibits good stability in electrical conductance at different RH levels, which can be attributed to 

the improved desorption of water molecules at a temperature of 400 °C [25, 26]. The sensor's 

response decreases by 17% as the relative humidity (RH) gradually increases from 40% to 90% in 

the test chamber. Consequently, the presence of water adsorption on WO3 and the 
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hydroxylation of its surface partially impact the electrical conductance of the sensor and its 

interaction with analyte molecules. However, the interaction between water and acetone 

adsorption on the WO3 surface is a complex process. In this scenario, the adsorbed water 

molecules may influence the formation and number of oxidized species involved in the 

adsorption of acetone [26, 27]. Meanwhile, the response of the sensor may also be partially 

affected by the ionization of water molecules on the material's surface [37]. Therefore, the 

small change observed in the sensing response of WO3 with the RH concentration can be 

ascribed to the processes mentioned above. 

The ability of a sensing material to detect specific gases is a crucial characteristic. Thus, we 

examined the selectivity of the WO3 sensor towards various compounds such as carbon 

monoxide (CO), carbon dioxide (CO2), ammonia (NH3), methane (CH4), ethanol, and hydrogen 

(H2). The results (shown in Figure 4.6b) indicate that the structure has low sensitivity to CO, CO2, 

CH4, and H2. Additionally, its response toward 20 ppm NH3 (response value: 1.5) and 10 ppm 

ethanol (response value: 2.1) is significantly lower compared to 10 ppm acetone (response 

value: 11). Hence, the prepared WO3 material demonstrates excellent selectivity toward 

acetone. The monoclinic WO3 nanostructure (Figure 4.3) exhibits a strong interaction with the 

polar molecules of acetone due to its surface acidity and large dipole moment [38-40]. The 

improved response of the sensor toward acetone can potentially be attributed to this factor. On 

the other hand, the hexagonal WO3 structure displays a higher affinity for adsorbing CO and CH4 

gases [41, 42]. CO2 is a linear molecule with a dipole moment of zero [43]. The weak interaction 

between monoclinic WO3 and CO2 can be related to this characteristic [44]. NH3 and ethanol 

possess smaller dipole moments [45, 46]. Studies have indicated that monoclinic WO3 exhibits a 

more favorable interaction with acetone compared to ethanol, primarily due to its surface 

acidity [47]. Moreover, the superior response of monoclinic WO3 to acetone, in comparison to 

ethanol, NH3, and H2, may be related to variations in the adsorption and desorption rates 

between the material and these analyte molecules [48, 49]. 
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Figure 4.6 a) The variation of the conductance and response values (toward 2 ppm of acetone) 

of WO3 depending on the concentration of RH (40−90%) in the test chamber and b) Response of 

WO3 to acetone, CO, CO2, NH3, CH4, ethanol, and H2 at 400 °C. 

Table 4.4 provides a comparison of acetone sensing parameters for the fabricated WO3 

nanoparticles with other metal oxide-based nanostructures. Comparing sensing structures is 

challenging due to variations in experimental setups and test protocols. Nevertheless, it is 

noteworthy that the developed WO3 nanostructure exhibits a favorable and selective response 

to acetone without the need for dopants, noble metal catalytic layers, or other surface additives 

(Table 4.4). Therefore, our results and the comparison with other metal oxide-based acetone 

sensors suggest that monoclinic WO3 particles, with their surface acidity and nano dimensions, 

are well-suited for efficient acetone molecule detection. Furthermore, sensing tests conducted 

after 2 months indicate that the WO3 material maintains stable functional performance for 

acetone detection (Figures 4.7a and b). Hence, these findings are significant for the 

environmentally friendly synthesis of WO3 nanomaterials and their application in acetone 

sensing devices. 
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Figure 4.7 a) Dynamic response of the WO3 gas sensor toward acetone (0.5, 1, and 2 ppm) at 

400 °C (RH, 40%) obtained two months after the first-time measurements and b) The response 

of WO3 toward 0.5, 1, and 2 ppm of acetone at 400 °C. The results were obtained after the first-

time measurements and two months later. 
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Table 4.4 Acetone sensing properties of metal oxide structures.  

 

Sensing materials 

 

 

Synthesis 

method 

 

Operating 

temperature 

(℃) 

 

Concentration 

(ppm) 
Response 

 

 

Ref. 

 

Co2O3 microsphere Precipitation 180 100 7.6 (Rf/R0) [50] 

Ag-WO3 nanosheets Precipitation 340 50 8 (R0/Rf) [51] 

ZnO nanoflower Precipitation 219 100 12.3 (R0/Rf) [52] 

WO3 nanoplate Precipitation 260 100 30 (R0/Rf) [53] 

ZnFe2O4/ZnO microflowers Precipitation 250 50 8.3 (R0/Rf) [54] 

ZnO/Co3O4 hollow polyhedrons Precipitation 300 100 30 (R0/Rf) [55] 

2.2 mol% Mn–ZnO 

nanoparticles 

Precipitation 
340 

20 17 (R0/Rf) [56] 

BiFeO3 nanoparticles Precipitation 350 1 1.8 (Rf/R0) [57] 

ZnO nanorods Precipitation 17 100 12.9 (R0/Rf) [58] 

Co3O4 nanorods Precipitation 240 100 5.6 (Rf/R0) [59] 

Fe doped rGO decorated WO3 Sol-gel 130 10 4.678 (R0/Rf) [60] 

GO-WO3 nanofibers Electrospinning 375 100 35.9 (R0/Rf) [61] 

Cactus-like WO3-SnO2 Hydrothermal 360 100 12.1 (R0/Rf) [62] 

Au@ZnO yolk-shell 

nanospheres 

Hydrothermal 300 100 37 (R0/Rf) [63] 

WO3 nanoparticles Precipitation 400 10 11 (Gf-G0)/G0 This work 
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Conclusion 

 WO3 nanoparticles were successfully synthesized using an environmentally friendly and low-

cost precipitation method with H2O as the solvent and vitamin C as a surfactant. Vitamin C acted 

as a mild reducing and capping agent, preventing agglomeration and resulting in WO3 

nanoparticles. The synthesized monoclinic WO3 demonstrated high sensitivity toward acetone, 

making it promising for applications in gas sensors, particularly for medical diagnostics and 

environmental monitoring. The study highlights the significance of green synthesis methods in 

the synthesis of WO3 nanomaterials with enhanced sensing properties. 
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Chapter 5: The Effect of Phase Junction of WO3 on Gas 

Sensing Performance  
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Introduction 

This chapter explores the synthesis and gas sensing properties of WO3, which is a promising 

material for chemical sensing applications. Despite advancements in designing WO3 with 

various dimensional structures, achieving high-performance gas sensors remains a challenge. To 

address this, diverse synthesis methods have been employed to tailor WO3 morphologies in 

different dimensions, accompanied by strategies such as crystal facet exposure, elemental 

doping, and hetero/homojunction formation. By utilizing a simple sol-gel method to fabricate 

WO3 phase junctions, this study aims to elucidate the relationship between phase junction 

formation and gas sensing performance. In this regard, WO3_P_1 was synthesized in the benzyl 

alcohol solution with WCl6, whereas WO3_P_2 was fabricated in the same solution with PEG 200 

as surfactant. 

 

3.5 Morphological properties 

Figure 5.1 presents the FESEM results of WO3_P_1 and WO3_P_2. Figure 5.1a illustrates the 

morphology of WO3_P_1 material synthesized using a benzyl alcohol solution containing WCl6. 

The material comprises isolated nanoparticles with a cubical shape. The presence of a metal 

chloride like WCl6 as a precursor introduces an intense polarization effect, making its high-

valence metal ions susceptible to nucleophilic agent attack, thereby displaying high reactivity. 

Consequently, controlling the precipitation of WO3 in a protic solvent becomes challenging [1, 

2]. However, our morphological findings suggest that benzyl alcohol serves as an effective 

solvent for regulating both the reaction rate of WCl6 and the particle formation process. Benzyl 

alcohol may play multiple roles, acting as a solvent, an oxygen supplier, and a capping agent [3-

5]. Throughout the experimental process, the reaction of WCl6 in benzyl alcohol leads to a series 

of color transformations from yellow to orange, light blue, and dark blue, indicative of various 

charge transfer complexes formed through ligand exchange at tungsten atoms [6, 7]. The dark 

blue color indicates the partial reduction of WVI [6]. Moreover, the uniform formation of WO3 
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particles without agglomeration can be related to the stability of the carbocation intermediate 

formed during the reaction due to the direct bonding of the benzene ring with the α-carbon [2]. 

 

Figure 5.1 a and b) FESEM images of WO3 nanostructures: a) The morphology of WO3_P_1 and 

b) The morphology of WO3_P_2. 

As can be seen in Figure 5.2, WO3_P_1 nanoparticles exhibit a square-rectangular shape. Both 

figures depict a consistent presence of a very thin layer of amorphous material (approximately 3 

nm) surrounding the nanoparticles. This layer may be attributed to residual ethanol used during 

the TEM sample preparation and subsequently adsorbed by the material. Moreover, upon 

closer examination of Figure 5.2b, the entire nanoparticle structure is revealed to consist of 

numerous very thin nanorods (with a thickness ranging from 1 to 2 nanometers), roughly 

aligned along a single axis. 
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Figure 5.2 a) HR-TEM of a WO3_P_1 nanoparticle showing a very thin layer of amorphous 

material and  b) another HR-TEM image showing that the entire structure of the nanoparticle 

appears to consist of a large number of very small nanorods. 

As shown in Figure 5.3, the presence of PEG 200 increases the degree of disorder in the overall 

structure. Generally, this type of nanoparticle looks larger, thicker, and with a more irregular 

shape. Additionally, the small nanorods described in Figure 5.2 seem to disappear. 

 

Figure 5.3 TEM images of WO3_P_2 nanoparticles. 
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The size distribution of the WO3_P_1 sample is presented in Figure 5.4a, indicating that the 

majority of the distribution is centered around 50 and 100 nm, with an average value of 93.86 ± 

57.89 nm. The size distribution shown in Figure 5.4b suggests that the presence of PEG leads to 

an enlargement of the WO3_P_2 nanoaggregates, with an average size of 120.45 ± 75.17 nm. 
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Figure 5.4 Size distribution of the a) WO3_P_1 and b) WO3_P_2 nanoparticles. 

Figure 5.5 illustrates the X-ray dispersion of W, C, and O elements within a nanoparticle from the 

WO3_P_1 sample. The distribution of the elements is quite homogeneous. Through intensity 

variation analysis, it is evident that the W to O ratio remains constant. The presence of C 

primarily arises from the grid, although a slight increase in its intensity could be related to 

ethanol residues. 
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Figure 5.5 a) X-ray Intensity profile of a single WO3_P_1 nanoparticle (W – blue line, O – green 

line, C – red line), b) STEM image of WO3_P_1 nanoparticles and c) X-ray distribution map of the 

nanoparticle shown in b) for C, O, and W. 

Examining the X-ray intensity line profile in Figure 5.6 for the WO3_P_2 sample, it's evident that 

the carbon and oxygen contents are higher compared to individual WO3 nanoparticles. 

Additionally, an increased concentration of carbon is depicted in the distribution map, clearly 

visible within the same area of the nanoparticle. 
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Figure 5.6 a) X-ray Intensity profile of a single WO3_P_2 nanoparticle (W – blue line, O – green 

line, C – red line), b) STEM image of a WO3 nanoparticle and c) X-ray distribution map of the 

nanoparticle shown in b) for C, O, and W.   

 

3.6 Structural analysis 

Figure 5.7a presents the XRD patterns of WO3_P_1 and WO3_P_2 nanomaterials. In the case of 

WO3_P_1, primary diffraction peaks are observed at 24.1°, 33.96°, 49.36°, 51.96°, 55.13°, and 

61.27°, corresponding to the (110), (200), (220), (300), (310), and (312) planes of the monoclinic 

phase (JCPDS no. 98-003-9121, space group: P 1 c 1), respectively. Conversely, the XRD pattern 

of WO3_P_2 exhibits peaks at 23.228°, 23.801°, 24.495°, 26.777°, 28.858°, 50.006°, 80.297°, and 

87.111°, assigned to the (020), (002), (200), (102), (121), (104), (541), and (136) planes of the 

orthorhombic phase (JCPDS no. 98-004-9836, space group: P b c n). Additional peaks at 33.951°, 
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35.651°, 41.802°, 47.404°, 48.430°, 54.035°, 55.509°, 62.474°, and 67.365° correspond to the 

(10-2), (12-1), (122), (200), (040), (202), (212), (04-3), and (05-2) planes of the monoclinic phase 

(JCPDS no. 98-007-1692, space group: P 1 21/c 1 and space group number: 14). The peak 

intensities in WO3_P_2 appear sharper and narrower compared to those in WO3_P_1, indicating 

that PEG 200 enhances the crystallinity of WO3 nanomaterial. Thus, the presence of PEG in the 

synthesis process significantly influences the formation of a crystalline WO3 nanostructure and 

provides a means to control its crystallinity [8-10]. 
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Figure 5.7 a) XRD patterns of WO3_P_1 and WO3_P_2 samples, b) Raman Spectra of WO3_P_1 

and WO3_P_2 and c) ATR-IR spectra of WO3_P_1 and WO3_P_2. 

The Raman spectra presented in Figure 5.7b illustrate the vibrational characteristics of WO3_P_1 

and WO3_P_2. Both spectra display prominent vibrational bands at 184, 324, 710, and 805 cm-1,  

associated with the monoclinic phase. The bands at 805 and 710 cm-1 can be attributed to the 

stretching vibration of O–W–O [11-15], while the band at 324 cm-1 corresponds to the O–W–O 
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bending vibration. Additionally, the presence of a peak at 184 cm-1 is ascribed to the lattice 

mode, and a frequency shift to higher values is observed in the WO3_P_2 sample. 

Furthermore, in contrast to the WO3_P_1 material, the spectrum of WO3_P_2 exhibits peaks 

and shoulders indicative of the orthorhombic phase (Table 5.1). Notably, three main vibrational 

bands (269, 376, and 632 cm-1) characteristic of the orthorhombic phase are evident. The bands 

at 632 cm-1 and 376 cm-1 are attributed to the stretching vibration of the bridging oxygen O–W–

O [16], while the peak at 269 cm-1 corresponds to the deformation of W–O–W [11, 16]. 

Additionally, the highest frequency peak at 940 cm-1 observed in both samples can be related to 

the W=O stretching vibration of terminal oxygen [15, 17]. This particular vibration is typically 

absent in three-dimensional structures like orthorhombic and monoclinic phases [16]. 

Table 5.1 Raman peak positions and chemical group assignment of WO3_P_1 and WO3_P_2 

nanomaterials. 

Frequency position (cm-1) 

Sample WO3 _P_1 

 

Frequency position (cm-1) 

Sample WO3_P_2 

Assignment 

184 186 ν(W−O−W)[14, 16] 

lattice mode[11] 

268 270 δ(O−W−O)[11, 14, 16]* 

328 324 O−W−O deformation mode[14, 16, 18] 

ν(W−OH2)[11] 

 353  

370   

 376 orthorhombic[16] 

 397  
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430 431 [11] 

522 521 Si−O 

 616  

 633 Orthorhombic[16] 

713 713 ν (O−W−O)[16, 19] 

Monoclinic [11] 

804 806 stretching (O−W−O)[11, 16] 

940 940 Stretching (W=O)* [15, 16] 

 

 

The ATR-IR spectra, illustrated in Figure 5.7c, highlight the characteristics of WO3_P_1 and 

WO3_P_2 samples, and detailed absorption frequencies reported in Table 5.2 with their 

assigned vibrational modes. In the far-IR region, WO3_P_1 displays main characteristic bands at 

348 cm-1, 326 cm-1, and 234 cm-1, attributed to δ(W–O), ν(W–OH2), and ν(W–O–W) vibrations, 

respectively [11, 20-22]. The band at 369 cm−1 is associated with vibrational modes of water 

molecules [20, 22]. In the very low-frequency region (below 200 cm-1), IR bands are assigned to 

lattice modes of WO3 and its hydrates [20], with more intense ones located at 182, 145, 120, 

and 105 cm-1. The dominant broad band at 633 cm-1, along with shoulders at 714 and 730 cm-1, 

corresponds to the ν(W–O) vibrational modes [20, 22]. Peaks identified through 2nd derivative 

analysis are found at 816 and 970 cm-1, corresponding to ν(O–W–O) and ν(W=O), respectively 

[21]. Furthermore, the ATR-IR spectrum of WO3_P_1 exhibits two IR bands at 1621 and 1600 

cm-1, representing the bending mode of H2O molecules and indicating the water content in the 

sample [23, 24]. 

In the far-IR region, the ATR-IR spectrum of the WO3_P_2 sample reveals primary characteristic 

bands at 343 cm-1 (corresponding to δ(W–O)), 323 cm-1 (representing ν(W–OH2)), and 243 cm-1 
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(associated with ν(W–O–W)) [11, 20-22]. The band at 370 cm−1 is attributed to the vibration 

modes of water molecules [20, 22]. In the low-frequency region, primary absorption bands are 

assigned to WO3 lattice modes and its hydrates, which are identified at 178, 148, 120, and 105 

cm-1 [20]. The broad intense band at 633 cm-1, along with a shoulder at 718 cm-1, corresponds 

to the ν(W–O) vibrational modes [20, 22]. Two shoulders identified around 753 and 869 cm-1 are 

associated with ν(O–W–O) vibrations, indicative of the bridging vibration of the corner-sharing 

WO6 octahedron in the WO3 crystal [21, 25]. Weak bands in the spectral regions of 1450−1510 

cm-1, 1310–1410 cm-1, and 1260−1350 cm-1 are attributed to C=C–C aromatic ring stretching, O–

H bend, and O–H in plane bend (as observed in phenol), respectively. Notably, bands at 1481, 

1343, and 1272 cm-1 can be assigned to PEG 200 [26, 27]. The ATR-IR spectrum of the WO3_P_2 

structure displays an IR band at 1621 cm-1, indicating the presence of water content in the 

sample. 

The comparison depicted in Figure 5.7c reveals slight difference between the spectra of 

WO3_P_1 and WO3_P_2 within the 600–1000 cm−1 spectral range. It is well-known that the 

vibrational spectra of different WO3 polymorphs exhibit variations. However, many studies in 

the literature seem to overlook the description of the low-frequency range spanning 200–500 

cm-1 [22, 24, 28]. Notably, it is evident from Figure 5.7c that the major difference between the 

WO3_P_1 and WO3_P_2 materials is particularly visible within the low-frequency range of 50 to 

500 cm−1. In this range, both samples display absorption bands at 57, 72, 105, 120, 138, 145, 

194, 323, and 370 cm-1. Additionally, significant variations in peak positions are evident 

between the WO3_P_1 and WO3_P_2 samples. Specifically, the lattice mode peak at 87 cm-1 in 

the WO3_P_1 spectrum shifts to a higher frequency of 92 cm-1 in the WO3_P_2 spectrum, while 

the peak at 182 cm-1 shifts to a lower frequency of 178 cm-1 in the spectrum of WO3_P_2. 

Furthermore, the absorption band at 234 cm-1 in the WO3_P_1 spectrum, associated with the 

ν(W–O–W) vibration, shifts to a higher frequency of 243 cm-1 in the WO3_P_2 spectrum. Lastly, 

the absorption related to the W–O bending at 348 cm-1 in the WO3_P_1 spectrum shifts to 343 

cm-1 in the WO3_P_2 spectrum. 

Furthermore, the significant difference is observed in the mid-infrared region between the 

spectra of the two materials, which can be related to the utilization of PEG 200 as a surfactant 
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[26, 27]. The signal intensity related to the H2O bending mode, observed at 1621 and 1600 cm-1, 

is more pronounced in the spectrum of WO3_P_1 in comparison to WO3_P_2, indicating a 

higher water content in the sample prepared without the use of PEG. Additionally, both samples 

display vibrational bands above 3000 cm-1, associated with the CH stretching of the benzyl 

alcohol solvent. 

Table 5.2 Infrared peak/band positions and chemical group assignments of WO3_P_1 and 

WO3_P_2 nanomaterials.    

Frequency position (cm-1), 

Sample WO3_P_1 

Frequency position (cm-1), 

Sample WO3_P_2 

Assignment 

57 59 lattice modes 

72 75 lattice modes 

87 - lattice modes 

- 92 lattice modes 

105 105 lattice modes 

120 120 lattice modes 

139 137 lattice modes 

145 148 lattice modes 

- 178 lattice modes 

182 - lattice modes 

194 194 lattice modes 

- 212 lattice modes 

234 - v(W–O−W) 

 243 v(W−O−W) 

326 323 ν(W−OH2) 

348 343 δ(W–O) 

369 370 v(W−OH2) 

- 417 water libration 
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430 -  

- 453  

 554  

602 601  

618 617  

633 633 v(W−O) 

715 717 v(W−O) 

730 - v(W−O) 

756 753 v(O−W−O) 

787 -  

 806  

816 - v(O−W−O) 

 869 ν(O−W−O) 

 926  

 961 v(W=O) 

970  v(W=O) 

 1012  

1039 1038  

 1093  

 1130  

 1184  

 1272 OH in plane bend 

 1343 OH in plane bend 

1377 - OH -bend 

1413 1408 deformation OH 

 1436  

 1481 due to PEG C=C−C aromatic ring stretching 
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1540   

1600  deformation OH 

1621 1621 deformation OH 

1805 1804 Aromatic combination 

Bands 

1828 1828 Aromatic combination 

Bands 

1947 1946 Aromatic combination 

Bands 

 2660  

2848  ν(C−H) 

 2863 ν(C−H) due to PEG 

2871  ν(C−H) 

2918  ν(C−H) 

 2928 ν(C−H) 

2955 2958 ν(C−H) 

3234 3234 ν(O−H) 

3343 3343 ν(O−H) 

3545 3545 ν(O−H) due to WO3.2H2O 

3560  ν(O−H) 

 

3.7 Gas sensing result 

Figure 5.8a illustrates the response of WO3_P_1 and WO3_P_2 sensors to 10 ppm of acetone at 

various operating temperatures and 40% relative humidity (RH) in the test chamber. The 

response values for both materials are provided in Table 5.3. WO3_P_1 shows minimum 

sensitivity to acetone at 200 °C, with a response value of 0.01. However, its response improves 
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to 3 at 250 °C, slightly increasing to 3.1 at 300 °C. The response curve exhibits a more significant 

slope from 300 to 400 °C, reaching its maximum value of 8.7 at 400 °C. A similar trend is 

observed for WO3_P_2, with its response increasing as the operating temperature rises from 

200 to 300 °C and further from 300 to 400 °C. Notably, between 300 and 400 °C, WO3_P_2 

exhibits a significantly higher improvement in sensing response compared to WO3_P_1, with the 

response value increasing from 9 to 62. Consequently, WO3_P_2 exhibits a remarkably superior 

acetone sensing response compared to WO3_P_1. 

Table 5.3 Response of materials towards 10 ppm of acetone at different temperatures. 

Temperature 
(°C) 

Response of 
WO3_P_1 

Response of 
WO3_P_2 

        200 0.01 1.3 

250 3 3.3 

300 3.1 9 

350 5.3 27.3 

400 8.7 62 

 

Figure 5.8b illustrates the dynamic response of WO3_P_1 and WO3_P_2 materials to various 

concentrations of acetone at an optimal operating temperature of 400 °C. The baseline 

conductance of sensors stabilizes in the presence of environmental oxygen adsorption on their 

surface. Upon exposure to acetone, the conductance values of the structures increase, a 

characteristic behavior of n-type semiconductor materials owing to the adsorption of reducing 

gaseous on their surface. Acetone molecules interact with adsorbed oxygen species on the 

nanostructure's surface, releasing electrons back to the conduction band. After the gas chamber 

is purified with a synthetic air flow, the recovery of each material's conductance to its initial air 

value confirms its reversible sensing properties. Moreover, the response curves versus acetone 

concentration for both sensors (Figure 5.8c) confirm the superior functionality of WO3_P_2 over 

WO3_P_1. Notably, WO3_P_2, which was prepared using PEG 200, demonstrates a high 

response even toward low concentrations (200 ppb) of acetone.  
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Figure 5.8 a) Response vs temperature dependence of WO3_P_1 and WO3_P_2 sensors toward 

10 ppm of acetone (40% RH), b) Dynamic response of WO3_P_1 and WO3_P_2 toward different 

concentrations of acetone at RH of 40% and c) Gas sensing response of WO3_P_1 and WO3_P_2 

toward 0.2−10 ppm of acetone at 400 °C. 

Figures 5.8b and 5.9a−b illustrate that the use of PEG 200 as a surfactant contributes to the 

enhancement in the conductance of WO3_P_2. The disparity in conductance between WO3_P_1 

and WO3_P_2 may be attributed to the exposure of different crystal surfaces, influencing the 

pre-adsorbed oxygen ions at specific temperatures [29, 30]. Additionally, ATR-IR results confirm 
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the presence of carbon in WO3_P_2, suggesting a potential increase in charge transfer and 

resulting in increasing its conductance. 

 

Figure 5.9 a) Temperature-dependent conductance of WO3_P_1 and WO3_P_2 structures 

(200−400 °C) and b) Humidity- dependent Conductance of WO3_P_1 and WO3_P_2 materials 

(40−95%). 

ATR-IR analyses reveals specific bands (e.g., those at 1481, 1343, and 1272 cm-1) indicative of 

residual PEG presence in the WO3 matrix. Since PEG exhibits conductivity properties, the 

observed higher conductivity in WO3_P_2 compared to WO3_P_1 aligns with the findings from 

FTIR investigations. Considering this, it is plausible that PEG 200 may influence sorption 

mechanisms, potentially contributing to the enhanced sensitivity in the WO3_P_2 material. 

However, a more significant observation pertains to the displacement of water content in the 

precursor material due to the presence of the PEG 200 surfactant. Chacon et al. have previously 

reported that during the synthesis of WO3, a low concentration of water in the initial solution 

favors the orthorhombic crystal structure, while a higher water content leads to dominance of 

the monoclinic phase [31]. This finding aligns precisely with our observations. Specifically, the 

XRD pattern and Raman spectra (Figures 5.7a and b) indicate a mixture of orthorhombic and 
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monoclinic phases in the WO3_P_2 sample, whereas only the monoclinic phase is detected in 

WO3_P_1.  

The significant improvement in acetone sensitivity in WO3_P_2 can be attributed to the dual 

effects of inhibiting hydrate formation and the presence of ortho/mono n-n homojunction in 

the WO3 polymorph. The use of PEG 200 as a surfactant effectively prevents hydrate formation, 

leading to a notable rise in the number of active adsorption sites on the material's surface. 

Moreover, the inhibition of hydrate formation and an increase in the surface acidity of the 

WO3_P_2 sensor significantly enhances acetone adsorption, particularly benefiting from 

acetone's weak basic properties.  

However, a more detailed investigation is required to check the formation of ortho/mono 

homojunctions and understand the impact of ortho/mono homojunctions on sensitivity. In this 

regard, our collaborations are carrying out the UPS and XPS analysis and DFT calculation. 

Moreover, we explored the effect of RH on the electrical and sensing properties of the prepared 

materials by increasing its concentration in the test chamber up to 95% (Figures 5.9b and 

5.10a). The interaction between H2O vapor and WO3 involves the dissociation of H2O molecules, 

forming OH− hydroxyl groups and H+ protons on the WO3 surface. This phenomenon arises from 

various interaction mechanisms between H2O vapor and WO3 nanostructures. The competitive 

adsorption of water and acetone on the WO3 surface is a complex process, where adsorbed 

water molecules may influence the formation and number of oxidized species for acetone 

adsorption. Additionally, H2O can catalyze adsorption reactions on metal oxide surfaces [19, 32]. 

The findings reveal that, even at a low concentration of acetone (200 ppb), there are no notable 

changes in the conductance and response of WO3_P_1 and WO3_P_2 sensors with the rise in RH 

level (up to 95%) in the chamber. Hence, the findings provide insights into the properties of 

WO3_P_2 to detect acetone in breath analysis due to its excellent gas sensing performances 

even in highly humid environments (95%). 

In Figure 5.10b, the response of WO3_P_1 and WO3_P_2 to various gaseous compounds is 

illustrated, highlighting the excellent selectivity of both materials. WO3_P_2, in particular, 

demonstrates high sensitivity to acetone. A comparison of its acetone sensing performances 
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with those of other semiconductor gas sensors based on pure and composite structures is 

presented in Table 5.4. The results underscore the significant impact of WO3 nanostructure and 

the appropriate modification of its crystalline structure on its functional properties. 

 

Figure 5.10 a) Response values of WO3_P_1 and WO3_P_2 sensors to 200 ppb of acetone at 

different concentrations of RH (40−95%) in the test chamber. The operating temperature of 

sensors is 400 °C and b) Sensing response of WO3_P_1 and WO3_P_2 toward different gaseous 

and volatile organic compounds at their optimum operating temperature (400 °C). 
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Table 5.4 Acetone sensing properties of different metal oxide structures. 

 

 

 

Material 

 

Temperature (℃) 

 

Concentration (ppm) 

 

Response 

 

Ref. 

WO3 200 100 28.7 [29] 

Au/WO3 410 1.5 7.6 [33] 

Ru-SnO2 250 100 340 [34] 

PdO@ZnO–SnO2 400 1 5.1 [35] 

TiO2 320 100 12.1 [36] 

Pt- WO3 300 2 4.11 [37] 

WO3 260 1 4.6 [30] 

ZnO 350 5 42 [38] 

PdO–Co3O4 350 5 2.51 [39] 

Sb2O3/WO3 200 100 49.8 [40] 

Rh2O3-WO3 250 5, 2 41.2,7.9 [41] 

Bi–ZnSnO3/CuO 375 100 386.19 [42] 

WO3_P_2 400 
10 62 

This 

work 

 350 10 27.3  

 300 10 9  

 250 10 3.3  

 200 10 1.3  
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Conclusions 

The study explored the morphology, structure, and gas sensing properties of WO3_P_1 and 

WO3_P_2. Notably, PEG 200 influences crystallinity, enhancing the sensitivity of WO3_P_2 to 

acetone. The inhibition of hydrate formation and the presence of ortho/mono n-n 

homojunction contributed to improve acetone adsorption in WO3_P_2. WO3_P_2 demonstrates 

consistent gas sensing performance at different humidity levels (40 to 95%), making it promising 

for breath analysis. The comparison with other sensors underscores the pivotal role of WO3 

nanostructure and crystalline modification in functional efficiency. 
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Introduction 

Focusing on enhancing the detection of NO2 below critical limits, the research explores the 

utilization of metal oxide nanostructures, with particular emphasis on CuO and the widely 

recognized sensing properties of ZnO. The study leads to the synthesis of CuO-ZnO composites 

using an innovative polyol technique, aiming to improve gas sensing performance through this 

structure formation. 

6.1 Morphological properties 

Figures 6.1a, b, and e−i present the distinct morphological characteristics of CuO, ZnO, CuO-

ZnO_95 (the specific atomic ratio Zn:Cu is 0.95:0.05), and CuO-ZnO_90 (the specific atomic ratio 

Zn:Cu is 0.90:0.10) observed by field-emission scanning electron microscopy (FESEM). The 

morphology of the CuO powder is illustrated in Figures 6.1a and b. The low magnification SEM 

image displays a hierarchical structure composed of microspheres with an average diameter of 

735.84 nm (Figures 6.1a and c). By examining high magnification SEM images, it is evident that 

microspheres consist of nanoparticles with an average particle size of 59.99 nm (Figures 6.1b 

and d). The morphology of the surfactant-free synthesized ZnO microstructure is shown in 

Figures 6.1e-g. The zinc oxide precursor powder before annealing is displayed in Figure 6.1e, 

while Figures 6.1f and g exhibit the porous structure of ZnO. Figure 6.1h demonstrates that the 

CuO-ZnO_95 powder morphology is similar to the ZnO one. On the other hand, CuO-ZnO_90 

exhibits a structure consisting of sphere-like CuO and porous ZnO nanoparticles (Figure 6.1i). 

The CuO structure consists of nanometer-sized crystals that are arranged into larger 

micrometer-scale structures called microspheres (Figures 6.1a and b). These microspheres form 

during the polyol process, which minimizes surface energy by forming spherical precipitates. As 

time passes, these spherical particles dissolve slightly and then reform, gradually altering their 

shape. With a relatively low precursor concentration, there are only a few nucleation centers. 

The growth of new particles on the sphere's surface occurs slowly through diffusion. As this 

slow growth process continues, tiny particles attach to the nucleation centers on the original 

spherical particles' surface, leading to a change in shape and the formation of particles [1-4]. 
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This 3D hierarchical structure offers a high specific surface area of CuO and facilitates the 

diffusion of analytes towards the surface. Figures 6.1f and g clearly show that the fabricated 

particles become porous structures after the thermal treatment. When ethylene glycol (EG) 

molecules are exposed to high temperatures, they produce OH- ions that react with Zn2+ to form 

Zn(OH)2 as an initial powder. During the phase transition from Zn(OH)2 to ZnO, pores are 

formed, resulting in a high surface-to-volume ratio [5]. The ZnO porous structure is achieved 

without the use of any additives, making it a cost-effective, simple, and environmentally friendly 

method. To synthesize composite materials, both bare metal oxide precursors were prepared 

using the polyol method under the same conditions before calcination. Then, CuO and ZnO 

were mixed by heating at 100 °C with isopropyl alcohol as a solvent. The morphological 

properties of the composite structures were not significantly affected by the second step in the 

synthesis method due to the short reaction time.  
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Figure 6.1 FESEM images of prepared (a) and (b) CuO hierarchical structure synthesized using 

the polyol method, (c) and (d) size distribution histogram of obtained CuO microsphere and 

nanoparticles, SEM images of resultant (e) ZnO micro rod using EG as a solvent before 

calcination, (f) and (g) ZnO porous structure annealed at 500 °C Synthesized composite utilizing 

isopropyl alcohol, where the proportions of Zn and Cu weight are (h) 0.95:0.05 (CuO-ZnO_95) 

and (i) 0.9:0.1 (CuO-ZnO_90). 

 

6.2 Structural properties 

The X-ray diffraction spectroscopy was employed to investigate the crystal structures of CuO, 

ZnO, CuO-ZnO_95 and CuO-ZnO_90 (Figure 6.2). The synthesis process of CuO involves a two-

step procedure: initially, copper acetate reacts with EG, producing organocopper precursors; 

subsequently, these precursors are annealed to prepare the CuO powder. It is noteworthy that 

the XRD pattern obtained from the calcinated sample of CuO confirms its crystallinity. 

Moreover, the diffraction pattern of the CuO structure corresponds to monoclinic (space group: 

C1 2/c 1, space group number:15, PDF No: 01-089-5897). Significantly, no additional peaks 

corresponding to secondary Cu or Cu2O phases were detected. 

The pattern of ZnO powder reveals its hexagonal crystalline structure (space group: P 63 m c, 

space group number: 186, PDF No: 01-079-2205). The diffraction peaks match well with the 

hexagonal structure and there are no secondary phases present. The diffraction peaks of CuO-

ZnO composites are similar to pure ZnO, but there are a few peaks that correspond to the 

monoclinic CuO in the XRD pattern. When the organocopper precursor is added to the Zinc 

acetate precursor solution (CuO-ZnO_95 and CuO-ZnO_90), a peak appears at 38.73°, which 

corresponds to the (111) crystal plane of monoclinic CuO. Additionally, there are peaks at 66.3°, 

68.03°, and 72.56°, which can be assigned to the (31-1), (220), and (311) planes of monoclinic 

CuO, as well as the (020), (112), and (004) planes of hexagonal ZnO, respectively. In the XRD 

pattern of CuO-ZnO_90, an additional peak at 35.46° was observed, which corresponds to the 

(11-1) plane of the CuO monoclinic structure. The intensity of the diffraction peak is enhanced 

as the organocopper precursor concentration increases. 
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Figure 6.2 XRD pattern of CuO, ZnO, CuO-ZnO_95 and CuO-ZnO_90. 

 

6.3 Optical properties 

UV-vis spectroscopy was employed to assess the optical properties of the samples, aiming to 

calculate the band gap energy values for CuO, ZnO, CuO-ZnO_95, and CuO-ZnO_90. Band gap 

energy values were determined by analyzing the absorption data (as shown in Figure 6.3a) using 

Equation 1, where A is a constant, α represents the absorption coefficient, and hν corresponds 

to the energy of the incident photon [6]. The band gap (Eg) was then derived from a Tauc plot, 

plotting (αhν)2 against hν. The Eg value was determined by extending the linear portion of the 

plot until α reached 0 in Figure 6.3b. The obtained result revealed a direct band gap of 

approximately 1.25 eV for CuO, consistent with the reported data in Table 6.1 [7]. The calculated 

Eg of ZnO in Table 6.1 was 3.09 eV, which differs slightly from the band gap range of 3.2−3.4 eV 

reported in the literature [8]. The slight variation could be attributed to defects in the pure ZnO 

structure [9]. The calculated band gap energy values for CuO-ZnO_95 and CuO-ZnO_90 were 
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2.92 and 2.81 eV, respectively. The band gap value decreases as the concentration of CuO in the 

composite increases. The presence of Cu atoms in the ZnO lattice introduces defects that 

influence the band structure, resulting in a lower band gap energy for the CuO-ZnO composite 

[10-12]. This reduction in the band gap is attributed to an increased carrier concentration, 

which leads to a narrower band gap [13]. Conversely, the addition of CuO to ZnO can create 

more active sites on the material's surface. These sites play a role in facilitating the transfer of 

mass (molecules and atoms) and electrons between ZnO and CuO. This enhanced electron 

transfer plays a crucial role in reducing the band gap of the composite compared to the pristine 

samples [13]. The decrease in band gap suggests a higher electron transfer, which can enhance 

the gas sensing performance of the composite [14]. 

αhν  =  A(hν − 𝐸𝑔)1/2                                                                                                                             (1)          

 

Figure 6.3 a) UV-vis absorbance spectra and b) Tauc’s plot for band gap estimation of CuO, ZnO, 

CuO-ZnO_95 and CuO-ZnO_90.  
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Table 6.1 The band gap of ZnO, CuO, CuO-ZnO_95, CuO-ZnO_90. 

Samples Band gap (eV) 

ZnO 3.09 

CuO 1.25 

CuO-ZnO_95 2.92 

CuO-ZnO_90 2.81 

 

 

6.4 Gas sensing performance 

The adsorption/desorption reaction on the gas sensing material surface in conductometric 

sensors is greatly influenced by the operating temperatures. To investigate the gas sensing 

performances of CuO microsphere, ZnO structure, CuO-ZnO_95, and CuO-ZnO_90 composites, 

tests were conducted at temperatures ranging from 250 to 400 °C and 40% relative humidity. 

The gas sensing response of ZnO, CuO, CuO-ZnO_95, and CuO-ZnO_90 towards 5 ppm of NO2 is 

shown in Figure 6.4. The results indicate that the gas sensing response increases as the 

operating temperature rises up to 350 °C, but decreases at 400 °C. Therefore, the maximum gas 

response occurs at 350 °C for ZnO, CuO-ZnO_95, and CuO-ZnO_90, while the highest response 

for CuO is observed at 250 °C. 
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Figure 6.4 Gas sensing properties of pristine materials and their composite toward 5 ppm NO2 

at various temperatures. 

Distinct behaviors in the dynamic responses of the four samples are evident in Figures 6.5a−d. 

The gas sensing measurements of materials were conducted toward various concentrations of 

NO2 (1, 2, and 5 ppm) at their optimum operating temperature and 40% RH. First, the gas 

sensing material was exposed to the surrounding air environment, and then NO2 was injected 

into the chamber. Finally, the test chamber was purified by restoring airflow. In Figure 6.4a, the 

conductance of ZnO, a typical n-type metal oxide, decreases upon exposure to NO2 and returns 

to its baseline after airflow restoration. Similarly, the CuO-ZnO_95 and CuO-ZnO_90 composites 

show similar behaviors to ZnO nanomaterial due to the high percentage of ZnO (Figures 6.5c 

and d). In contrast, the increasing conductance of CuO confirms its p-type metal oxide behavior 

towards NO2, which acts as an oxidizing gas (Figure 6.5b). Equations 2−5 demonstrate that 

oxygen molecules are adsorbed on the metal oxide surface, capturing electrons from the 

conduction band and forming oxygen ions on the material's surface [15, 16]. 

𝑂2(𝑔𝑎𝑠) ↔ 𝑂2(𝑎𝑑𝑠)                                                                                                                       (2) 

𝑂2(𝑎𝑑𝑠) + 𝑒− ↔ 𝑂2
−(𝑎𝑑𝑠)                                                                                                                     (3)                  

𝑂2
−(𝑎𝑑𝑠) + 𝑒− ↔ 2𝑂−(𝑎𝑑𝑠)                                                                                                                 (4)                     
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𝑂−(𝑎𝑑𝑠) + 𝑒− ↔ 𝑂2−(𝑎𝑑𝑠)                                                                                                                  (5)               

When exposed to NO2 gas, the nanostructures interact with the NO2 molecules on their surface, 

resulting in redox reactions as shown in Equation 6. The NO2 molecules that are adsorbed can 

capture electrons from the conduction band of the materials, leading to the formation of the 

species shown in Equation 7 [17, 18]. Furthermore, the NO2 molecules, which have a higher 

electronegativity than oxygen, can react with oxygen species present on the surface (O2- and O-), 

as demonstrated in Equations 8 and 9 [18-20].  

𝑁𝑂2(𝑔𝑎𝑠) → 𝑁𝑂2(𝑎𝑑𝑠)                                                                                                                           (6) 

𝑁𝑂2(𝑎𝑑𝑠) + 𝑒− → 𝑁𝑂2
−(𝑎𝑑𝑠)                                                                                                                (7) 

𝑁𝑂2 + 𝑂2
− + 2𝑒− → 𝑁𝑂2

−(𝑎𝑑𝑠) + 2𝑂−(𝑎𝑑𝑠)                                                                                     (8) 

𝑁𝑂2
−(𝑎𝑑𝑠) + 2𝑂−(𝑎𝑑𝑠) + 𝑒− → 𝑁𝑂2(𝑔𝑎𝑠) + 2𝑂2−(𝑎𝑑𝑠)                                                              (9) 

Figures 6.5a−d illustrate a significant increase in composite resistance (103 times) compared to 

the pristine material. This increase can be attributed to the band bending caused by the 

formation of a p-n junction at the surface of CuO and ZnO (the formation of a Zn–O–Cu bond) 

[21-24]. Additionally, the dynamic response of CuO-ZnO_95 and CuO-ZnO_90 shows a stable 

baseline and rapid recovery compared to the pristine materials. The addition of CuO 

nanospheres further enhances the response of the composite compared to CuO and ZnO shown 

in Figure 6.4. This enhancement can be related to the presence of more active sites, which 

increases the depletion layer and facilitates charge transfer [25, 26]. 
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Figure 6.5 Dynamic response of a) ZnO, b) CuO, c) CuO-ZnO_95 and d) CuO-ZnO_90 toward 1, 2, 

5 ppm NO2 at their optimal operating temperature. 

Figure 6.6a demonstrates the gas sensing performances of CuO-ZnO_90 and CuO-ZnO_95 

towards various concentrations (0.1, 0.2, 0.5, 1, 2, and 5 ppm) of NO2 at a temperature of 350 

°C and a relative humidity of 40%. It is evident that the gas sensing response of the CuO-ZnO 

composites increases as the concentration of NO2 increases. The results reported in Table 6.2 

show a good response toward 100 ppb of NO2, with response values of 1.6 and 1.2 for CuO-

ZnO_95 and CuO-ZnO_90, respectively. Similarly, the response values of CuO-ZnO_95 and CuO-

ZnO_90 toward 200 ppb are 3.3 and 2.8, respectively. Detecting low concentrations of NO2 is 

crucial for environmental monitoring. Additionally, the threshold limit value (TLV) of NO2 is 

defined 5 ppm, while the guidelines established by the Scientific Committee on Occupational 
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Exposure Limits (SCOEL) of the European Commission, which defines an 8-hour time-weighted 

average (TWA) and a short-term exposure limit (STEL) of 0.5 and 1 ppm, respectively [27-29]. 

 

Figure 6.6 a) Response of CuO-ZnO_95 and CuO-ZnO_90 toward various concentrations of NO2 

(0.1−5 ppm) at an operating temperature of 350 °C, b) Gas sensing response of CuO-ZnO_95 

and CuO-ZnO_90 to 500 ppb of NO2 at different relative humidity levels (0-90%) and an 

operating temperature of 350 °C, c) Response of ZnO, CuO, CuO-ZnO_95 and CuO-ZnO_90 

toward various analytes (NO2, H2, NH3, CO2, acetone and Ethanol) at 350 °C (40% RH) and d) A 

magnified section from Figure (c) where the response of four samples toward interfering gases 

(H2, NH3, CO2, acetone, ethanol) can be seen. 
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Table 6.2 Response of CuO-ZnO_95 and CuO-ZnO_90 toward various concentrations of NO2 at 

350 °C. 

Concentration Response of CuO-ZnO_95 Response of CuO-ZnO_90 

0.1 1.6 1.2 

0.2 3.3 2.8 

0.5 5.7 4.9 

1 18.3 18.9 

2 25.3 26.7 

5 36.1 37 

 

This study aims to investigate the effect of humidity on the performance of CuO-ZnO_95 and 

CuO-ZnO_90 gas sensors toward 500 ppb of NO2 at an optimum operating temperature of 350 

°C. Gas sensors were studied at different relative humidity (RH) ranging from 0 to 90%. By 

comparing the response of CuO-ZnO_95 and CuO-ZnO_90 sensors at different RH levels (Figure 

6.6b), it is clear that humidity level has a slight effect on sensor performance. Increasing the RH 

from 0% to 40% resulted in a 27% increase in response for CuO-ZnO_95, while CuO-ZnO_90 

showed a 17% increase. Moreover, when the RH was increased from 40% to 80%, the response 

of CuO-ZnO_95 and CuO-ZnO_90 increased by 7% and 13%, respectively. The response 

enhancement continued as the RH reached 90%. Figure 6.6b demonstrates that CuO-ZnO_95 

had a 17% higher response. Similarly, CuO-ZnO_90 had a significant response enhancement of 

35% at 90% RH compared to CuO-ZnO_95. 

The influence of humidity on the electrical and gas sensing characteristics of materials is 

important, and this study contributes to a better understanding of this phenomenon. Examining 

the conductance behavior of composite materials at 350 °C (Figure 6.7a), it was observed that 

the conductance of CuO-ZnO_95 and CuO-ZnO_90 was slightly increased at 40% RH compared 

to dry air conditions. Remarkably, significant variations in conductance were not observed at 
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higher RH levels, ranging from 40% to 90%. These variations in response to humidity changes 

are ascribed to the dissociation of water molecules on the sensor's surface, leading to the 

formation of hydroxyl (OH-) and proton (H+) groups [30-32]. The presence of these protons can 

introduce additional electrons into the sensing mechanism, thereby influencing the response 

toward NO2. It is important to note that the interaction between water molecules, other 

gaseous compounds, and the material surface is a complex process influenced by various 

factors, including operating conditions. Additionally, water may act as a catalyst for the 

interaction between the analyte and the material surface [33, 34]. Figure 6.7a demonstrates the 

consistent electrical conductance stability of both composites at 40−90% RH, with a slight 

increase in conductance from 0 to 40% RH. At high operating temperatures (350°C), the 

influence of water molecules is not significant due to their evaporation. 

 

Figure 6.7 a) Conductance of CuO-ZnO_1 and CuO-ZnO_2 at different relative humidity (0-90%) 

and b) Response of CuO-ZnO_1 toward 1 ppm of NO2, 100 ppm of H2, 25 ppm of NH3, 400 ppm 

of CO2, 10 ppm of acetone and 25 ppm of ethanol. 

Selectivity is a critical parameter in gas sensors. Therefore, the responses of the four samples to 

different gases were conducted (Figures 6.6c and d). The responses of the CuO, ZnO, CuO-

ZnO_95 and CuO-ZnO_90 toward 100 ppm H2, 25 ppm NH3, 400 ppm CO2, 10 ppm acetone, and 

25 ppm ethanol were analyzed at 350 °C (Figure 6.6c). Figure 6.6d reveals that ZnO and CuO 

exhibited higher responses to hydrogen, ammonia, and carbon dioxide compared to the 
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composite. Furthermore, Figure 6.7b illustrates the response variation of the CuO-ZnO_90 

sensor at different operating temperatures. The sensor exhibits high selectivity to NO2 at 

various operating temperatures (250−400 °C) (Figure 6.7b). The remarkable selectivity of the 

four sensors towards NO2 can be attributed to following detailed explanations. Firstly, NO2, 

among various gases, shows remarkably low bond dissociation energy at 305.0 kJ/mol, 

compared to other gases (436 kJ/mol for H2, 391.0 kJ/mol for NH3, 532 kJ/mol for CO2, 798.9 

kJ/mol for acetone, and 441.0 kJ/mol for ethanol) (Table 6.3) [35-38]. This lower value justifies 

that the dissociation of NO2 molecules on the sensor's surface requires less energy than other 

interfering gases, providing a favorable reaction between gas sensing material and NO2. 

Furthermore, the increased reactivity of the four gas sensing materials to NO2 compared to 

reducing gases can be explained by the higher electron affinity of NO2 gas molecules (2.21 eV) 

[39], even larger than the electron affinity of CO2 as an oxidizing gas (0.6 eV) [40]. Finally, the 

excellent selectivity of gas sensors toward NO2 is attributed to the acid-base characteristics of 

the sensors. ZnO and CuO exhibit strong basic and weak basic properties, respectively [27, 41]. 

Generally, sites with acidic properties facilitate the adsorption of reducing gases (which are 

primarily basic), while sites with basic properties promote the adsorption of acidic gases like 

NO2 [27]. In all sensing materials, the dominant basic properties result in a higher response 

toward NO2. Hence, the sensors' high selectivity arises from the combination of the lower 

energy requirement for NO2 dissociation, the elevated electron affinity of NO2, and the basic 

properties of the sensor materials favoring the adsorption of acidic gases like NO2. The superior 

selectivity to NO2 confirms its potential practical application. Both composites effectively 

demonstrate higher response compared to other gases, even at higher concentrations than 

NO2, which is a desirable characteristic for NO2 sensors. 

Table 6.3 Bond energy of tested gas molecules [35-38]. 

Gas NO2 H2 NH3 CO2 Acetone Ethanol 

Bond O–NO H–H H–NH2 O–CO H–CH2COCH3 H–OC2H5 

Bond energy 

(KJ/mole) 

305.0 436.0 391.0 532.0 798.9 441.0 
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Table 6.4 illustrates the gas sensing performance of different materials toward NO2 at their 

optimum operating temperatures. Direct comparisons with other materials are challenging due 

to variations in measurement conditions. Nevertheless, these findings validate the excellent gas 

sensing properties achieved for NO2 at 350 °C. Notably, the developed gas sensors exhibit higher 

responses even at lower concentrations of NO2 compared to the outcomes reported in previous 

studies. 
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Table 6.4 Comparison of gas sensing response of CuO- ZnO_90 toward NO2 with literature. 

 

Sensing materials 

 

 

Operating 

temperature 

(℃) 

 

Concentration 

(ppm) 

 

Response 

 

 

Ref. 

 

CuO NPs 150 40 0.03 (R0−Rf)/Rf [42] 

ZnO/g-C3N4 nanocomposite 200 10 14.63(Rf−R0)/R0 [43] 

ZnO–CuO core–shell nanorods 300 10 1.5 (R0-Rf)/Rf [44] 

ZnO nanowire/CuO nanoparticle 150 100 1.75 (Rf−R0)/R0 [25] 

CuO-ZnO  laminated heterostructure 350 29 9.2 (R0/Rf) [45] 

CuO-ZnO nanocomposite 200 100 0.73 (Rf/R0) [11] 

hierarchical CuO-Co3O4 spheres 160 20 0.48 (Rf-R0/R0) [46] 

MoS2-ZnO nanowires 200 50 0.31 (Rf-R0/R0) [47] 

ZnO/rGO/Au hybrids 80 100 0.33 (R0−Rf)/Rf [48] 

nanoporous CuO@ZnO 
RT 5 3.37 (R0-Rf)/Rf [49] 

CuO nanowires/ZnO NPs 250 200 4.1 (R0/Rf) [50] 

Cu:ZnO thin film 200 100 3.26 (Rf -R0)/R0 [51] 

ZnO nanorods 200 1 1.31 (I0-If)/If [52] 

Ce doped ZnO nanoarray 250 10 34.3 (Rf/R0) [53] 

Pt/ZnO/g-C3N4 150 10 53 (Rf/R0) [54] 

CuO-ZnO_90 400 
1 9.2 (G0−Gf)/Gf 

This 

work 
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Note: I0: Current of sensor in air, If: Current of sensor in gas, R0: Resistance of sensor in air and Rf: Resistance of 

sensor in gas.    

Conclusion 

In summary, the study explores CuO-ZnO composites for gas sensing applications, detailing their 

morphological, structural, and optical characteristics. The sensors exhibited excellent selectivity 

to NO2 at 350 °C, demonstrating superior performance even at low concentrations. These 

findings confirm the potential of CuO-ZnO composites for practical environmental monitoring, 

offering enhanced gas sensing properties. 
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Chapter 7: The electrochemical properties of V2O5 as 
anode material of Li-ion batteries 
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Introduction 

This chapter explores the electrochemical properties of V2O5 microsheets, focusing on their 

potential as anode materials for lithium-ion batteries. Through structural and morphological 

characterizations and detailed analyses of charge/discharge behaviors, the study aims to 

elucidate the performance and mechanisms underlying the promising application of V2O5 

microsheets in high-performance energy storage devices. 

 

7.1 Structural properties 

The structural properties of vanadium oxide precursor, V2O5_60 and V2O5_80 were investigated 

using XRD (Figures 7.1a and b). The X-ray diffraction pattern in Figure 7.1a illustrates the crystal 

phase of the vanadium oxide precursor before annealing, revealing the coexistence of 

ammonium trivanadate (V) (NH4(V3O8)) and duttonite vanadium oxide (V4O10). The XRD pattern 

further demonstrates that most diffraction peaks can be indexed to the monoclinic NH4(V3O8) 

phase (Reference code. 98-005-0492, Space group: P 1 21/m 1, Space group number: 11). 

Furthermore, a few peaks match well with the monoclinic duttonite vanadium oxide (V4O10) 

(Reference code. 96-901-1015, space group: C 1 2/c 1, space group number: 15), but their 

diffraction intensity is weak compared to the monoclinic NH4(V3O8) phase. All diffraction peaks 

of V2O5_60 and V2O5_80 are assigned to the crystalline orthorhombic V2O5 phase (Reference 

code. 98-008-0861, space group: Pmmn, space group number: 59) without any further 

crystalline phase. As shown in Figure 7.1b, the narrow and sharp peaks exhibit a high 

crystallinity of the prepared samples.  

The Williamson-Hall formula was employed to calculate the crystallite size of V2O5_60 and 

V2O5_80 [1], determining the crystallite sizes to be 40 and 49 nm, respectively. The results 

indicate an increase in crystallite size with higher synthesis temperatures, a phenomenon 

attributed to Ostwald ripening and oriented attachment [2].  
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Figure 7.1 The XRD pattern of a) Vanadium oxide precursor before calcination at the reaction 

temperature of 60 °C and b) V2O5_60 and V2O5_80 powder prepared at a reaction temperature 

of 60 and 80 °C, respectively. 

 

7.2 Morphological properties 

The morphologies of vanadium oxide precursor, V2O5_60 and V2O5_80 were characterized using 

field-emission scanning electron microscopy (FESEM) and transmission electron microscopy 

(TEM). As shown in Figure 7.2a, the NH4V3O8 and V4O10 powder, were initially prepared at 60 °C 

before the annealing step, consists of sheets without any pores. Figure 7.2b displays the porous 

V2O5_60 microsheet prepared at a reaction temperature of 60 °C. The obtained result exhibits 

the porous micro sheet structure for V2O5_80 synthesized at 80 °C (Figures 7.2c and d).  

The SEM analysis reveals that the morphology of synthesized vanadium oxide precursor is 

closely similar to the porous V2O5 microsheets. This suggests that heat treatment has a slight 

effect on the final morphology of sample. The annealing process primarily results in the 

conversion of NH4V3O8 to V2O5, leading to the formation of porous structures (Figures 7.2a and 

b). Throughout the transformation from NH4V3O8 to its oxide forms, internally generated NH3 is 

released. Initially, the vanadium oxide layers prevent gas release, but then they fracture, 

allowing the trapped ammonia to be released. Simultaneously, small voids and pores are 
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generated. These processes occur continuously, progressing from the outer to the inner regions 

of sheets until NH4V4O10 is entirely converted into porous V2O5. The decoration uniformity of 

V2O5 micro sheets is enhanced with an increasing reaction temperature from 60 °C to 80 °C, and 

the size of the sheet increases with the reaction temperature.  

 

Figure 7.2 SEM image of a) Vanadium oxide precursor before annealing, b) V2O5_60 synthesized 

at a reaction temperature of 60 °C following the calcination temperature of 500 °C, c) V2O5_80 

fabricated at a reaction temperature of 80 °C and annealed at 500 °C and d) A magnified section 

from Figure (c) ( the area marked in the red square). 

The TEM image representative of the V2O5_60 and V2O5_80 microsheets (Figures 7.3a and d) 

illustrates their porous structure. To examine the microstructure of both samples, high-

resolution transmission electron microscopy (HRTEM) was utilized (Figures 7.3b and c). The 

lattice fringes presented in Figures 7.3b and c reveal the (020) and (040) facets of the 

orthorhombic V2O5_60 phase, respectively. This result indicates the high crystallinity of the 
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prepared V2O5_60 microsheets. The HRTEM image, displayed in Figures 7.3e and f, reveals a 

lattice fringe measuring 0.57 and 0.26 nm, corresponding to the (020) and (130) planes of 

V2O5_80. The selected area electron diffraction (SAED), shown in the inset of Figures 7.3a and d, 

further confirms the polycrystalline nature of the fabricated V2O5_60 and V2O5_80, respectively. 

These results match well with the XRD structure shown in Figure 7.2b.  
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Figure 7.3 a) TEM images of V2O5_60, b and c) HRTEM images of V2O5_60, d) TEM images of 

V2O5_80, e and f) A high-resolution micrograph of V2O5_80 microsheet. The insets in (a) and (d) 

are selected area electron diffraction patterns of V2O5_60 and V2O5_80, respectively. 

 

7.3 Electrochemical properties of V2O5 

To further elucidate the charge and discharge characteristics of V2O5_60 and V2O5_80 

microsheet, we conducted initial four cyclic voltammograms (CV) at 0.1 mV s−1 and galvanostatic 

charge and discharge profiles at 0.1 A g−1 within the voltage range of 0.01–3.0 V vs. Li/Li+. 

Figures 7.4a and b depict CV curves of both samples during the initial, second, third and fourth 

cycles at a scan rate of 0.1 mV s-1. Notably, the CV curves exhibit a relatively stable state after 

the initial cathodic scan, attributed to overlapping profiles in all anodic processes [3]. 

Furthermore, the first cycle reveals different redox peaks that disappear after the initial cycle 

within the voltage range of 0.01 to 3.0 V, suggesting potential multiple-phase transitions during 

redox processes, the formation of solid electrode interphase (SEI) film, and the influence of 

electrolyte reduction [3, 4]. These transitions include the transformation from α-LixV2O5 (x < 

0.01) to ε-LixV2O5 (0.35 < x < 0.7), ε-LixV2O5 to δ-LixV2O5 (0.7 < x < 1), δ-LixV2O5 to γ-LixV2O5 (1 < x 

< 2), and γ-LixV2O5 to ω-LixV2O5 (2 < x < 3) between 0.01–3 V [5, 6]. Notably, the last redox peak 

exhibits high reversibility across all cycles, becoming the primary contributors to charge storage. 

Also, the overlapping curves from the second cycle indicate highly reversible electrochemical 

processes in the subsequent cycles and/or the establishment of a robust SEI layer. It is widely 

acknowledged that lithium storage primarily involves intercalation above 1.5 V, while below 1.5 

V, decomposition and conversion reactions dominate [7]. Furthermore, ω-Li3V2O5 may face 

challenges accommodating extra lithium ions while maintaining its high structural stability, and 

the additional capacity could potentially arise from a conversion reaction [7-9]. In contrast, 

recent research suggests that the disordered rock salt Li3+xV2O5 could reversibly insert two 

lithium ions at approximately 0.6 V vs. Li/Li+ [10]. Therefore, the reduction peak at around 0.5 V 

may be primarily attributed to either the conversion reaction or lithium insertion into Li3+xV2O5 

[10, 11].  
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Figure 7.4 CV curve at a scan rate of 0.1 mV s-1 a) V2O5_60 and  b) V2O5_80. 

In the initial discharge process at 0.1 A g-1, different lithiation plateaus appeared within the 

potential profile in the range of 0.01–3.0 V vs. Li/Li+, indicating the multistep electrochemical 

reaction between V2O5_60 (or V2O5_80) and Li+ due to multiple phase transitions (Figures 7.5a 

and b) [12]. These profiles demonstrate that the progression between the initial and 

subsequent charge/discharge curves matches the redox peaks observed in cyclic 

voltammograms. Voltage plateaus of both samples emerge at approximately 2.25 V, 2.15 V, 1.9 

V, 0.8 and 0.5 V during the initial discharge profile due to phase transformations [13]. This 

significant shift in voltage profiles between the initial and subsequent cycles primarily results 

from their differing electrochemical responses to applied voltages and corresponding to the 

redox peaks identified in cyclic voltammograms. The discharge-charge profile at 0.1 A g-1 reveals 

capacity fading in the second discharge profile, attributed to an irreversible phase transition. 

Furthermore, Figures 7.5a and b exhibit the higher initial capacity for the V2O5_60 structure 

compared to V2O5_80. 
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Figure 7.5 Galvanostatic charge and discharge profile of a) V2O5_60 at 0.1 A g-1 within the 

potential profile in the range of 0.01–3.0 V vs. Li/Li+, b) V2O5_80 at 0.1 A g-1 within the potential 

profile in the range of 0.01–3.0 V vs. Li/Li+, and c) Specific capacity versus cycle number at 

different current density. 

Figure 7.5c illustrates the V2O5_60 and V2O5_80 performance at various current densities 

(ranging from 0.1 A g-1 to 2 A g-1) for each current density in five cycles. The V2O5_60 

microsheets exhibit a 2nd cycle capacity of 499.6 mA h g−1 at a current density of 0.1 A g−1, 

gradually reducing to 425.3, 347, 281.9, and 206 mA h g−1 at 0.2, 0.5, 1, and 2 A g−1, respectively. 

In contrast, the V2O5_80 microsheet demonstrates a capacity of 173 mA h g−1 at 2 A g−1, even 

though its discharge capacities at 0.1, 0.2, 0.5, 1 A g−1 are approximately similar to those of 

V2O5_60 nanosheets. Following the high-rate measurement, the V2O5_60 and V2O5_80 
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microsheet electrode achieve a capacity of 415 and 452 mA h g−1 when the current density 

returns to 0.1 A g−1 in the 31st cycle. The reduction in capacity values at higher current densities 

is primarily attributed to limited ionic penetration [14]. The consistent performance over 

multiple cycles at each current density indicates good reversibility, with the V2O5_60 Li-ion 

anode showing better performance at 2 A g-1 compared to V2O5_80. 

Figures 7.6a–d illustrates the cycling performance of V2O5_60 and V2O5_80 at 0.5 and 1.0 A g⁻¹ 

within the potential range of 0.01–3.0 V vs. Li/Li+. The initial capacities of V2O5_60 and V2O5_80 

at 0.5 A g⁻¹ were 462.4 and 426.6 mA h g⁻¹, respectively.  Furthermore, the capacities of 

V2O5_60 and V2O5_80 at 1.0 A g⁻¹ were 492 and 375.1 mA h g⁻¹, respectively. The capacity had a 

gradual decrease for the initial ∼90 cycles at 0.5 A g⁻¹ and ∼160 cycles at 1.0 A g⁻¹, followed by a 

steady increase until stabilization. This behavior is commonly observed when using transition 

metal oxides as anodes for lithium-ion batteries and is often attributed to the formation of 

electrolyte-derived surface layers, interfacial charge storage, and/or surface redox reactions [15, 

16]. Notably, the reversible specific capacity of V2O5_60 and V2O5_80 reached 340.7 and 351 mA 

h g⁻¹, respectively, after 505 cycles at 0.5 A g⁻¹, with a coulombic efficiency of >99%. Even after 

1500 cycles at 1.0 A g⁻¹, V2O5_60 maintained a high capacity of 303.9 mA h g⁻¹ with a coulombic 

efficiency ranging from 99% to 100%, while V2O5_80 exhibited a capacity of 149.4 mA h g⁻¹. The 

high Coulombic efficiencies demonstrate good reversibility between the discharge and charge 

processes.  
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Figure 7.6 Capacity and coulombic efficiency of a) V2O5_60, b) V2O5_80 at 0.5 A g-1
, c) V2O5_60 

and d) V2O5_80 at 1.0 A g-1. 

These results demonstrate the excellent Li+ storage performance, higher cyclic ability, and good 

reversibility of the V2O5_60 nanosheet electrode at a high current density of 1 A g⁻¹. A 

comparison of the electrochemical performance of our porous V2O5 microsheets with reported 

V2O5 nanostructure materials is presented in Table 7.1. The outstanding cycling stability 

exhibited by the Li-ion battery anode using the V2O5 structure at 1 A g⁻¹ within a voltage range 

of 0.01–3.0 V represents the best-reported performance to date. This remarkable achievement 

can be attributed mainly to the unique  V2O5 microsheet structure.  
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Table 7.1 comparison of the electrochemical performance of lithium-ion batteries using V2O5-

based anode. 

Structure Current density 
(A g⁻¹) 

Specific capacity 
(mA h g⁻¹) 

Number of cycle Ref. 

V2O5 hollow sphere 0.5 416 200 [11] 

3 260 400  

Hollow porous V2O5 
microspheres 

1 408 700 [17] 

V2O5-SnO2 0.25 673 50 [6] 

Amorphous V2O5 films coating 
on graphene 

1 519 200 [7] 

V2O5 sheet network 0.1 600 40 [18] 

Triple-hollow-shell structured 
V2O5 

0.1 600 250 [19] 

Core-shell structured 
V2O5@VO2@V2C@VC 

0.5 252 200 [20] 

Amorphous V2O5 
0.1 600 50 [13] 

V2O5 microspheres 
 

1 206 500 [21] 

V2O5 (Defect engineering) 
2 175 500 [22] 

V2O5 hierarchical structures 
0.2 542 200 [23] 

V2O5 micro sheet-60 

0.5 340.7 505 This work 

1 303.9 1500 

V2O5 micro sheet-80 

0.5 351 505 This work 

1 149.4 1500 
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The influence of this structure on the rate capability is further explained by comparing the 

results of the electrochemical impedance spectrum (EIS) of the prepared porous V2O5_60 with 

V2O5_80. The Nyquist plots of both electrodes exhibit a high-frequency semicircle and a low-

frequency line (Figure 7.7a). The intersection point on the Z’ axis in the high-frequency region 

corresponds to the resistance of the electrolyte (Rs), while the diameter of the semicircles in the 

spectra represents the charge transfer resistances (Rct) at the interface between the electrolyte 

and the electrode [24]. The Rct value of V2O5_60 (111 ohms) is lower than that of V2O5_80 

(137.8 ohms), indicating faster charge transfer in the V2O5_60 electrode. Therefore, reduced Rct 

at the electrode/electrolyte interface can be attributed to an increased surface area between 

the active site and the electrolyte, facilitating a better ion diffusion and faster charge transfer in 

the V2O5_60 electrode compared to the V2O5_80 sample [5]. The porous structure of the V2O5 

microsheet also proves beneficial for accommodating the change in volume during 

discharge/charge processes [25, 26].  
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Figure 7.7 a) Nyquist plots of V2O5_60 and V2O5_80, b) CV curve of V2O5_60 at different scan 

rate and c) Logarithmic relationship between peak current intensity (i) and scan rate () of 

V2O5_60. 

To elucidate the mechanism of charge storage in V2O5_60, involving pseudocapacitive or 

faradaic behavior, we examined cyclic voltammograms at different scan rates, as illustrated in 

Figure 7.7b. All reduction peaks exhibited a negative shift, and the corresponding oxidation 

peaks shifted to a positive potential as the scan rate increased, accompanied by an increase in 

peak intensity. Previous reports have shown that the recorded peak current (i) in CV curves 

follows a power-law relationship with the scan rate (), expressed as i=ab or log(i)=log(a) + b 

log(), while the value of b serves as an indicator for interpreting the storage mechanism. Two 
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distinct conditions were established: the pseudocapacitive mechanism (b = 1.0) and the 

diffusion mechanism (b = 0.5) [27]. As illustrated in Figure 7.7c, derived slopes (b values) of 

0.626 and 0.777 were obtained, differing from the well-defined conditions. This suggests the 

coexistence of the charge-storage mechanisms mentioned above during the electrochemical 

process. The CV curves are subjected to a theoretical model proposed by Dunn et al. This model 

demonstrates that the current density (i) at a given voltage is related to the two terms of the 

scan rates () through the following equation [28]. 

𝑖(𝑉,) = 𝑘1(𝑉)  + 𝑘2(𝑉) 1/2                                                                                                             (1) 

 Dunn's method explains the capacity contribution by separating the cyclic voltammogram into 

diffusion (k21/2) and pseudocapacitive (k1) components (Equation 1) [29]. Figure 7.8a presents 

experimental CV analyses at a scan rate of 0.1 mV/s, with the light blue curve representing the 

experimental data. The diffusion contribution at this scan rate is depicted in grey. Bar plots in 

Figure 7.8b illustrate the capacitive and diffusion contributions. Pseudocapacitive behavior 

predominates across the explored scanning rates, exhibiting an increase with the scanning rate 

(Figure 7.8b). At the lower scanning rate of 0.1 mV/s, the device shows a minimal capacitive 

contribution of only 24%, while the predominant diffusion contribution makes up the remaining 

76%. As the scan rate increases, there is a notable rise in the capacitive contribution and a 

decrease in the diffusion contribution. At the highest scan rate of 1 mV/s, the capacitive 

contribution is recorded as 56%, whereas the diffusion contribution measures 44%. This 

observation suggests that at lower scan rates, sufficient time is provided for the positive 

electrode (battery-grade) to complete the redox reaction, resulting in a larger diffusion 

contribution to the overall device capacity. Conversely, at higher scan rates, the capacitive-type 

electrode (negative) has enough time for the physical adsorption of charges at the 

electrode/electrolyte interface, leading to a more substantial capacitive contribution to the 

overall device performance. These findings provide insight into the possibility of a 

supercapattery concept, offering its ability to integrate characteristics from both 

supercapacitors and batteries [28, 30, 31]. 
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The correlation between the peak current and the CV scan rate can be described using the 

Randles and Sevcik equation: 

                                                                                                                                                                      (2) 

Here, ip denotes the peak current (A), n represents the charge-transfer number, A is the 

geometric area of the electrode (cm2), C0 is the molar concentration of Li+ in the electrode (mol 

cm-3), and  is the scan rate (V/s). By analyzing the slope of ip vs. 1/2 plots in Figure 7.8c, the 

calculated diffusion coefficients (DLi
+) for oxidation and reduction processes are 4.9 × 10–12 cm2 

s−1 and 2.2× 10–12 cm2 s−1, respectively. These values are comparable to, or even superior to, the 

diffusion coefficients of V2O5 electrode structure in literature [32, 33]. The good DLi
+ values 

observed in V2O5_60 played a significant role in enhancing the rate capability of the material, as 

they facilitated the diffusion of Li+ ions. They are approximately one order of magnitude higher 

than those obtained for the hollow structured  Li3VO4  anode (2.37 × 10-13 cm2 s-1) [34], 

confirming the high rate capability of the V2O5-60 anode from a kinetics perspective.  

𝑖𝑝 = 2.06 × 105𝑛
3
2𝐴𝐶0𝐷

1
2𝑣

1
2 
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Figure 7.8 a) Experimental CV of the prepared V2O5_60 at 0.1 mV/s, b) Bar plots showing the 

capacitive and diffusive percentage at different scan rates and c) Relationship of the peak 

current (ip) and the square root of scan rate (1/2) for V2O5_60. 

Conclusion 

In summary, this chapter investigated the electrochemical properties of V2O5 microsheets as an 

anode material for Li-ion batteries. The results demonstrated the superior performance of 

V2O5_60, characterized by excellent rate capability, cycling stability, and enhanced charge 

transfer kinetics, positioning it as a promising candidate for high-performance lithium-ion 

batteries. 
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Chapter 8: Conclusion 
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This comprehensive research addressed diverse aspects in the synthesis and applications of 

metal oxide materials. The first study demonstrated the synthesis of WO3 nanopowder using an 

environmentally friendly method, employing water as the solvent and vitamin C as a surfactant. 

The morphological analysis revealed that vitamin C plays a dual role as a mild reducing and 

capping agent, facilitating the formation of WO3 nanoparticles without agglomeration. Although 

the influence of potassium sulfate on particle formation was investigated, the experimental 

results indicated that vitamin C was more effective as a capping agent. Furthermore, careful 

control of the reaction time was essential to prevent particle agglomeration and ensure the 

desired morphology. Compositional and structural analyses confirmed the formation of WO3 

monoclinic, which is crucial for the material's high and selective response to acetone. The 

sensor response is significantly enhanced with increasing operating temperature, attributed to 

improved adsorption of environmental oxygen on the WO3 surface and the high activation 

energy required for the chemisorption of acetone and its subsequent decomposition into CO2 

and H2O. Remarkably, the fabricated sensing structure demonstrated the ability to detect 200 

ppb of acetone without the need for doping or functionalization with specific materials, as well 

as without the addition of noble metal catalysts. Even at 90% relative humidity, the sensor 

exhibits a considerably good and stable response to acetone, highlighting its robust 

performance in various environmental conditions. Overall, the results presented in this study 

offer valuable insights into the green synthesis of WO3 nanomaterials and the development of 

acetone sensors. These findings not only contribute to the advancement of sensor technology 

but also hold promise for addressing environmental and health-related challenges associated 

with acetone detection in industrial and clinical settings. 

Another study investigated the synthesis and gas sensing properties of WO3_P_1 and WO3_P_2 

nanostructures. By employing a sol-gel method with benzyl alcohol as the solvent and WCl6 as 

the precursor, we successfully synthesized WO3 nanostructures with and without the presence 

of PEG 200 as a surfactant. Through comprehensive morphological and structural analyses using 

FESEM, TEM, XRD, Raman spectroscopy, and ATR-IR spectroscopy, we gained insights into the 

crystalline structure, morphology, and chemical composition of the synthesized materials. Our 

findings revealed that the presence of PEG 200 in the synthesis process significantly influenced 
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the crystallinity and morphology of WO3_P_2, leading to the formation of larger aggregates with 

an irregular shape compared to WO3_P_1. The XRD and Raman spectroscopy results confirmed 

the coexistence of orthorhombic and monoclinic phases in WO3_P_2, whereas only the 

monoclinic phase was detected in WO3_P_1. Additionally, ATR-IR analysis indicated the 

presence of residual PEG 200 in WO3_P_2, which may have contributed to the enhancement of 

its conductivity. Regarding gas sensing performance, WO3_P_2 exhibited superior sensitivity to 

acetone compared to WO3_P_1, particularly at elevated temperatures (300−400 °C). The 

enhanced sensitivity of WO3_P_2 to acetone can be attributed to the inhibition of hydrate 

formation and the presence of ortho/mono n-n homojunctions, which facilitated improved 

acetone adsorption. Furthermore, both WO3_P_1 and WO3_P_2 demonstrated consistent gas 

sensing performance at different humidity levels (40−95%), indicating their potential for breath 

analysis applications. The comparison with other semiconductor gas sensors highlighted the 

significant impact of WO3 nanostructure and crystalline modification on gas sensing 

performance. Overall, the findings presented in this study contribute to advancing our 

understanding of the synthesis and gas sensing properties of WO3 nanostructures, paving the 

way for the development of high-performance chemical sensors for various applications, 

including environmental monitoring and healthcare. While our study offers important insights 

into material synthesis and characterization, further investigation is needed to understand the 

formation and effect of ortho/mono heterojunctions on sensitivity. Our collaborators are 

conducting UPS, XPS analysis, and DFT calculations, which will provide a deeper understanding 

of sensor mechanisms.  

Furthermore, another study presents a novel approach utilizing ethylene glycol as both a 

solvent and capping agent to control the morphology and crystallization of bare metal oxides, 

specifically focusing on hierarchical copper oxide (CuO) structures, porous zinc oxide (ZnO), and 

their composites. Through a straightforward and environmentally friendly polyol process, 

hierarchical CuO structures and porous ZnO were successfully synthesized, with CuO-ZnO 

composites also being fabricated via a simple procedure involving the dissolution of an 

organocopper precursor in isopropanol followed by heating after mixing with a prepared zinc 

oxide precursor. The morphological analyses using scanning electron microscopy (SEM) revealed 
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distinct properties of CuO, ZnO, and CuO-ZnO composites, with CuO exhibiting microsphere 

hierarchical structures and ZnO displaying a porous rod-like morphology. CuO-ZnO composites 

showed a combination of CuO sphere-like components and porous ZnO particles. Structural 

investigations confirmed the formation of crystalline monoclinic CuO and hexagonal ZnO, with 

CuO-ZnO composites closely resembling pure ZnO in their diffraction patterns, albeit with 

additional peaks indicating the presence of monoclinic CuO. The determination of band gaps 

using Tauc's method yielded values of 1.25 eV for CuO and 3.09 eV for ZnO, with the presence 

of CuO in the composite reducing the band gap, suggesting enhanced gas sensing performance. 

Gas sensing measurements conducted for NO2 at various temperatures and humidity levels 

demonstrated the significant influence of both parameters, with CuO-ZnO composites showing 

enhanced responses at higher humidity levels. Selectivity studies further indicated excellent 

selectivity toward NO2, highlighting the potential of CuO-ZnO composites as materials for NO2 

gas sensing. Overall, the findings of this study underscore the potential of CuO-ZnO composites 

as efficient and reliable materials for NO2 gas sensing applications, contributing to the 

development of advanced gas sensors for industries and environmental monitoring. Moving 

forward, further research could explore optimization strategies to enhance the sensitivity and 

selectivity of these composites, as well as investigate their performance in real-world 

environments for practical application. 

The final study explored the application of V2O5 as a promising anode material for lithium-ion 

batteries. Through the synthesis of V2O5_60 and V2O5_80 via the precipitation method at 

various reaction temperatures, coupled with comprehensive characterization techniques 

including XRD and morphological studies, crystalline V2O5 with distinct porous microsheet 

structures was successfully fabricated. Electrochemical measurements, including cyclic 

voltammetry (CV) and galvanostatic charge-discharge cycles, elucidated multiple phase 

transitions within the materials. Comparative analyses against other V2O5 nanostructures 

underscored the exceptional cycling stability achieved by V2O5_60 microsheets, particularly at 

1.0 A/g, positioning it as one of the highest-performing V2O5-based anodes reported to date. 

Electrochemical impedance spectroscopy (EIS) further unveiled faster charge transfer kinetics in 

V2O5_60, facilitating enhanced ion diffusion. Further exploration into the charge storage 
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mechanism revealed a delicate interplay between pseudocapacitive and diffusion-controlled 

behaviors, suggesting the potential for a supercapattery that combines the characteristics of 

supercapacitors and batteries. This research not only highlights the promise of V2O5_60 as a 

high-performance anode material but also underscores the pivotal role of microstructural 

engineering in advancing efficient energy storage systems. The research proposed future 

research directions, including optimization strategies and the exploration of doping effects. 

Overall, this research makes noteworthy contributions to the field of energy storage 

technologies. 

Furthermore, ZnWO4-ZnO and CuWO4-WO3 composite materials were also successfully 

synthesized via the sol-gel method. The ZnWO4-ZnO composites were prepared with various 

concentrations of ZnWO4 and reaction times. Similarly, CuWO4-WO3 composites were 

synthesized with different copper precursor concentrations (10%, 15%, and 20%). These 

composite materials will be further investigated for their gas sensing properties in future work, 

exploring their potential applications in gas sensing technology. 

In summary, this thesis provides valuable insights into the synthesis, properties, and 

applications of advanced materials, contributing to the fields of gas sensing and energy storage. 

The findings underscore the significance of environmentally friendly synthesis methods and 

microstructural engineering in enhancing the performance of functional materials for various 

technological applications. 
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