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Chapter 1

Introduction

1.1 Overview
Nanotechnology is increasingly enticing attention and investments globally. Nanotechnology functions

at the nanoscale level, i.e., the first level of an atom and molecule body, which forms the starting point
for the definition of materials’ fundamental and functional properties [1]. Through nanotechnology, the
knowledge and understanding of the material can be acquired, leading to the discovery of fundamentally
new applications and the first steps towards industrial prototyping and commercialization. Therefore, the
control of materials at the nanoscale is necessary to achieve novel, wide-ranging and innovative
technologies, and platforms for different areas of interest, such as medicine, energy conversion, industry,
security, and food resources quality control. Particularly, nano-sensors have an increasing impact on
many aspects of everyday life as they act as an interface to obtain chemical information out of the
surroundings in real time [2]. With the obtained information, control systems will be able to give
feedback on a variety of chemical processes such as detection of explosives, and toxic gases, alarming
systems for gas appliances, security systems to identify chemical hazards, environmental monitoring,

health, and food security control.

However, for chemical sensors to be used in real applications, they should satisfy strict requirements
such as sensitivity, good selectivity, fast response kinetics, and reliability. These requirements are heavily
interrelated with the materials used and hence the importance of materials design as it is the basis of the
development of novel gas sensor technologies. For that reason, the control of material design in the

research and development of chemical sensors is vital.

Chemical sensors are divided into different classes based on the transduction principle: electrochemical,
optical, mass sensitive, magnetic, thermometric, and electrical [3]. Out of all these sensors, most research
attention has been fixated on electrical sensors; specifically, semiconductor metal oxide (SMO) based
gas sensors. SMO-based sensors are characterized by changes in resistance when in contact with gas
molecules. Changes in the resistance are caused by the release of electrons from the gas molecule to the
SMO sensing material or vice versa. Usually, electron transfer takes place when SMOs are operated at a
high working temperature. The optimum working temperature varies based on the sensing material used

and the target gas molecules. As much as SMOs are interesting, they suffer from poor selectivity, this
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means that they respond to different types of gas molecules, but with a different sensitivity per gas

species. Due to this character, SMO-based sensors can be applied to diverse applications [4,5]

One of the applications that can benefit from using SMO-based gas sensors is the food industry. There
are different shelf-life stages of food products including production, storage, shipment, and consumption.
Physical, biological, and chemical reactions can occur in a food product during the shelf life and these
reactions can cause modifications to the food product that can negatively affect the food product’s quality
and safety. So, it is very critical to have reliable sensors for accurate detection for use in different

applications in the shelf-life stages of food products.

Amongst the many SMO-based materials, spinel cobalt oxide (Co30O4) has been studied as a potential
material for gas sensing applications. Co3O4 has p-type conductivity with an indirect band gap of 1.6-2.2
eV [6]. Co304 has high catalytic properties which make it suitable for gas sensing applications [7].
Different strategies to modify and improve its sensing capabilities have been ventured into and these

include morphology control, formation of heterostructures, and doping.

This project aspires to venture into the use of Co3O4 based electrical gas sensors for application in the
monitoring of gases as per applications specific to the food industry sector. The focus will be on
optimization of the Co304 sensing layer for sensitive and specific detection of gases and Volatile organic
compounds (VOCs) with the drive of generating innovative solutions toward food quality assurance

throughout the entire supply chain in the food industry.

1.2 Problem statement
In many developing and established countries, the food industry is one of the industries that improve the

economy. Nevertheless, there is a rise in illnesses due to the consumption of spoiled, pathogenic infested,
adulterated, or contaminated foods. So, monitoring and detection of contaminants are very crucial in food
securityand this requires simple, less costly, and fast detection techniques which is currently a key
problem. Many foodstuffs release certain traces of gases and volatile organic compounds during
freshness deterioration, and such gases or VOCs can be used to monitor the freshness level. Owing to
their small size, portability, less cost, and easy modification and fabrication, chemical sensors especially
those fabricated from semiconductor metal oxides caught a lot of attention recently. Still, SMOs-based
chemical sensors have drawbacks like high operating temperature and poor selectivity. To overcome
these problems and enhance the SMO sensing performance, doping, noble metals sensitization and

formation of heterostructures have been found as viable solutions.
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1.3 Justification of the study

The food industry is considered one of the pillars of the economies of several developing and developed
nations. However, any contamination, adulteration, spoilage, or pathogenic infestation of
food/agricultural products can potentially reduce their nutritive values. In addition, the accidental
ingestion of contaminated food can lead to a variety of foodborne illnesses. Therefore, the development
of novel sensitive detection techniques capable of monitoring food and agricultural analytes using faster,
simpler, and less expensive detection methods continues to be a major challenge and is highly pursued.
By far, a substantial advancement of freshness detection has been achieved through the use of gas
chromatography-mass spectrometry (GC-MS) combined with headspace solid-phase microextraction
(HS-SPME), yet detection equipment such as GC-MS is costly, it requires a complex pre-treatment
process, and its real-time performance is poor. Thus, the gas sensor technology has become an imperative
implement to replace human senses and GC-MS technology for freshness preservation and food quality

status monitoring

Chemical sensors based on semiconductor metal oxides such as cobalt oxide have the potential to
complement or even replace the classical analytical methods due to their advantageous features such as
low cost, simple sample preparation, miniaturization, and portability. However, chemical sensors based
on Co30s suffer challenges such as poor selectivity and high power consumption. A powerful strategy to
bypass these challenges and improve the sensing characteristics of the Co3Os-based sensors relies on
increasing the specific surface area as the larger the surface area of a sensing material the higher its ability
to interact with the analyte gas. In this case, nanomaterials play an important role as they offer the
possibility of tailoring the material's size and surface functionalities thus improving the gas sensing
performance. Additives on the surface or lattice of SMOs have proven to be an effective way as they

improve the catalytic activity of the sensing material, thus improving the overall sensing performance.

1.4 Aim of the study

This project is aimed at the development of nano-enabled Co3z04-based gas sensors for the detection of
various gases in the agriculture and food industry space. The experimental development of the
nanomaterials will be coupled with theoretical studies through computational calculations for a better

understanding of the interaction between target gas molecules and the nanomaterials.

1.5 Specific objectives of the study

To achieve the aim of the study, the following objectives must be met:

1.1.1 Synthesis and characterization of nanostructured Co3Os4
3
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1.1.2 Sensitization of Co3O4 with metal additives (Sn/Zn)
1.1.3 Fabrication of Co304-based sensors and sensing test measurements
1.1.4 Computational calculations of response mechanisms on the Co3Os-based sensors

1.6 Hypothesis

If the addition of metal additives to nanostructured Co3;O4 can improve its microstructural and chemical

properties, then the gas sensing properties of nanostructured Co3O4 can be enhanced.
1.7 Chapters arrangement

Chapter 1: Introduction

Chapter 2: Literature Review
Chapter 3: Methodology
Chapter 4: Results and discussion

Chapter 5: Conclusion and future work
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Chapter 2

Literature review

2.1 Introduction

The search for extremely sensitive, reliable gas-sensing materials remains a top priority in the constantly
changing world of materials research and sensor technologies. Environmental monitoring, industrial
process control, medical diagnostics, and security are just a few of the fields in which gas sensors are of
great value. The core component of these sensors is the sensing material which can range from metal-
oxide semiconductors [1], conducting polymers and polymer composites [2-4], and carbon nanomaterials
[5]. Depending on the transduction mechanism, these materials convert chemical interactions with certain
gases into quantifiable electrical signals. Semiconductor metal-oxides (SMO) such as SnO,, ZnO, NiO,
CuO, and Co304 have emerged as the most exploited materials for gas-sensing applications [6-10]. The
reason for their appeal is their sensitivity towards a variety of gases, low cost, robustness, and ease of

incorporation into electronic devices [11].

SMO-based sensor transduction mechanism is on the change of the applied sensing material’s resistance
upon interaction with the target gas. This mechanism is a surface-based process that involves a catalytic
reaction between the gas and the sensor surface. The mechanism and overall gas sensing performance
are reliant on several factors such as the type of SMO (p-/n-type), type of gas (reducing or oxidizing),
morphology, surface area, porosity, defects, operation temperature, and humidity conditions of the
environment [12-14]. Thus, it is important to tailor the properties of the SMO material based on the

intended application.

In this chapter we seek to explain the present state of knowledge and research around Co30O4 through an
in-depth overview of the potential of Co3O4 to revolutionize the field of gas sensing technology through
a comprehensive exploration of its fundamental properties, synthesis techniques, and performance
characteristics. The complex mechanics underlying its gas-sensing behavior, highlighting the variables
affecting its sensitivity, selectivity, and stability will also be explored. This will be achieved by first
discussing the fundamentals of Co304, the design and fabrication of Co304 nanostructures and sensors,

followed by the gas sensing performance towards different gases as reported in recent literature.

© University of Venda



()
=

C) University of Venda
Creating Future Leaders
@)

2.2 The interest behind Cobalt oxide

SMO-based gas sensors, which come in both p-type and n-type variants, address the need for gas
detection. P-type SMO-based sensors often face limitations due to their high electrical resistance and
lower sensitivity to gases in dry air when compared to n-type oxides [7]. However, they do exhibit
excellent gas sensing performance, owing to their unique attributes, including robust conduction paths,
resistance to humidity, higher catalytic properties, and long-term stability [15]. Moreover, p-type SMO-
based sensors excel in adsorbing oxygen at low temperatures, leading to high oxidation levels on their
surfaces compared to surface lattice oxygen [16-18]. On the other hand, n-type materials are highly
sensitive to humidity, making them challenging to use in outdoor settings. Despite these initial
differences and challenges, both p-type and n-type SMO-based sensors offer distinctive benefits and find
applications in various fields. Understanding the strengths and weaknesses of each type is crucial for
selecting the right sensor for specific use cases. The gap between their study and application may close
as science and technology grow, stimulating breakthroughs and improvements in both types of gas

SENSOrs.

In the last decade, there has been some research interest in CozO4 due to its gas-sensing properties such
as being highly selective and stable when used as a sensing material. Co3O4 has a spinel crystal structure
and crystallizes in the cubic Fd-3m space group. Co?" is bonded to four equivalent O%" atoms to form
CoO tetrahedra that share corners with other tetrahedra to form a three-dimensional network. The
structure is based on a cubic closed-packing structure of oxide ions with a lattice constant of
approximately 8.08 A [19]. The interatomic distance that was first observed between the Col and Ol
atoms is 1.95 A [20]. Cossee et al. [21] showed from magnetic measurements that Co3O4 possesses the
normal spinel structure A[B2]O~, with the Co*" and Co*" ions occupying tetrahedral (A-site) and
octahedral (B-site) coordination sites [22], as depicted in Figure 2.1. The presence of both Co?* and Co**
ions in the structure allows for variable oxidation states which contributes to the effectiveness of spinel
Co304 gas sensing performance by allowing redox reactions to occur, making the material sensitive to

both reducing and oxidizing gases.

For instance, reducing gases can cause Co*" ions to be reduced to Co*" ions, leading to increased electrical
conductivity, while oxidizing gases can oxidize Co*" ions to Co** ions, causing a decrease in conductivity.
Lastly, the presence of cobalt ions can aid in tailoring the material's sensitivity through adjustment of the
ratio of Co?* to Co*" ions or by incorporating dopants, which increases the concentration of Co** ions that

7
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might enhance sensitivity to reducing gases, whereas increasing the concentration of Co?" ions could
enhance sensitivity to oxidizing gases. Giri et al [23] reported on a sensing mechanism for both oxidizing
and reducing gases using Co304 powders through Cu-doping towards CO as a reducing gas and O; as an
oxidizing gas. The Cu-doped Co304 nanoscale powders exhibited high sensitivity towards 6 ppm CO
compared to when exposed to O,. This was attributed to an increase in Co** as adsorption sites
contributed by Cu-doping that led to enhanced sensitivity towards CO gas. As a result of the higher
sensitivity, response, recovery, and stability even at low and high temperatures, scientific work on Co304

gas-sensing applications has gradually grown [24,25].

Figure 2. 1: Crystal structure of Co304 [23].

2.3 C0304 processing methods

Co304 nanostructures have been created using a variety of synthesis methods including hydrothermal,
electrospinning, solvothermal, thermal decomposition, and sol-gel [18,19,26]. Each technique allows for
the creation of Co30O4 nanostructures with a variety of morphologies, from zero-dimensional (0D) to
three-dimensional (3D) networks. The configuration and structure of the atoms or molecules within the
nanomaterial govern the classification of nanostructures into 0—3D. Nanoparticles and nanospheres are
examples of 0D nanomaterials, which have all dimensions at the nanometric scale. Nanowires, nanorods,
nanotubes, and nanofibers are examples of 1D nanostructures, which are made up of just one dimension

that is larger than a nanometer. Nanoprisms, nanoplates, nanodiscs, nanoflakes, and nanosheets are
8
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examples of 2D nanomaterials, while nanoflowers, nanocubes, and hollow nanospheres are examples of
3D nanostructures [27,28]. The choice of synthetic method of Co30O4 generally depends on the desired
properties as well as applications. For gas sensing applications, different aspects influence the overall
sensing performance such as morphology, size, porous structure, and defects, and all are dependent on
the synthesis method. The following are common methods used for the fabrication of Co304-based

sensing materials.

2.3.1 Hydrothermal/solvothermal synthesis

Any homogeneous or heterogeneous chemical reaction carried out at high temperatures and pressures
inside of sealed containers utilizing water (hydrothermal) or organic solvents (solvothermal), where the
reactants can dissolve but the products that are produced are insoluble, is known as a
hydrothermal/solvothermal process [29]. The formation of nanomaterials in hydrothermal/solvothermal
synthesis can occur at temperatures ranging from room temperature to extremely high temperatures.
Depending on the vapor pressure of the main composition in the reaction, either low-pressure or high-
pressure conditions can be used to control the morphology of the materials to be prepared. Using this
method, different morphologies of Co03O4 have been successfully synthesized. By regulating the
solvothermal reaction with cobalt acetate, Choi et al. [30] produced a variety of morphologies of cobalt-
containing precursors, including nanorods, nanosheets, and nanocubes. These Co030s nanosheets,
nanorods, and nanocubes exhibited respectively 10, 7, and 4.5 times higher response towards 100 ppm

C2H50H compared to Co3O4 agglomerated nanoparticles operating at 300 °C.

Sun et al. [31] synthesized almost monodisperse Co3O4 nanocubes around 20 nm in size using a
microwave-assisted solvothermal technique and then examined how well these nanocubes performed as
gas sensors for xylene and ethanol. By using facile hydrothermal synthesis, Qiao et al. [32] fabricated 3D
C0304 radial structure nanorods. This morphology was achieved through a subsequent change of
hydrothermal reaction time of 4 hours as depicted in Figure 2.2(a). Compared to intrinsic Co30s4
structures these 3D radial nanorods obtained the highest response of 21.4 towards 20 ppm acetone gas at
an optimal temperature of 200 °C, with a response and recovery time of 60/91 s. Figure 2.2(b) depicts
the solvothermal synthesis of Co0304 hierarchical porous nanosheets prepared by Guo and other
researchers [33]. The Co30O4 nanosheets sensor exhibited a higher response of 27.6 more than the rest of
the sensors towards 50 ppm acetone at 140 °C, with a response/recovery time of 70/64 s. Moreover,
Co304 nanosheets achieved superior selectivity, repeatability, and long-term stability out of all sensors.

9
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From these reports, it can be understood that varying the hydrothermal/solvothermal experimental
conditions such as temperature and reaction time can alter the characteristics of the Co3O4 nanomaterials.
From a gas sensing point of view, changes in material characteristics such as crystallinity and
morphology have a paramount influence on gas sensing performance. This will be discussed further when

the factors affecting gas sensing performance are discussed later in the review.

(a) Hydrothermal synthesis
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Figure 2. 2: (a) Schematic representation of the hydrothermal method re-used with permission from reference

[32] and (b) the schematic representation of the solvothermal method re-used with permission from [33].

2.4 Fabrication of gas sensor films

The resistive gas sensor fabrication involves making a paste using the sensing powder and a solvent
ground in a mortar. Owing to their compact size and ease of use, ceramic, silica, and alumina are the
types of substrates that are most used in the fabrication of resistive gas sensors. These substrates are
integrated with electrodes and heaters for the measurement of the output signal and modulation of heat,
respectively. For example, Li et al. [34] fabricated gas sensors based on C0304, TiO2, and Co304@TiOo.
Their sensing properties were measured using an instrument schematically depicted in Figure 2.6(a). 50
mg of sample and deionized water (5 mL) were used to create a paste that was subsequently drop-coated
on a 10 mm by 10 mm interdigital electrode. Ultimately, the gas sensor was firmly secured on the 15 mm

by 20 mm ceramic heating plate, having the ability to reach a 500 °C heating temperature. Furthermore,
10
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the graphics of Figure 2.6 display the electrodes' dimensions. Therefore, the intended gas sensor is
inserted into a quartz tube that is U-shaped and outputs a signal line and a DC heating line. The
electrochemical workstation (Shanghai Chenhua Instrument Co., CHI760e, Ltd., China) was used to
gather and store the resistance signal. The sampling voltage was set at 0.5 V. The MFC controller
completes the target gas at various concentrations (Alite Technology Co., DGD-III, Ltd., China). The
gas sensor's response indicates how the sensitive material's resistance changes in the control gas and the
target gas, respectively, and the response was calculated as a percentage of the ratio of resistance in gas
to resistance in air. On the other hand, Guo et al. [35] created a Sn-Co304-based sensor on an alumina
tube integrated with an Au electrode that was wired with Pt. This was achieved by annealing the alumina
tube coated with Sn-Co304 paste, made of Sn-Co304 powder and deionized water. The coated alumina
tube was subsequently thermally treated for 2 h in air at 300 °C. The operation temperature of the sensor
was modulated by a Ni-Cr coil micro-heater that was inserted in the alumina tube. Then the fabricated

sensor was fused to the six-foot socket as schematically shown in Figure 2.6(b).

In contrast, Busacca et al. [36] prepared a Co3Os-based gas sensor on a 6 mm by 3 mm by 0.5 mm alumina
substrate containing Au electrodes and Au heater situated on the opposite side, utilizing the drop coating
technique. The film deposited had a thickness of 30 um with a 3 mm by 3 mm spatial dimensions Figure
2.6(c). Additionally, when the specimen holder is placed within the test chamber made of stainless steel
during the electrical analysis process, it can create a hermetic condition. By biasing the Au heater, which
serves as both a heater and a temperature sensor, to a maximum of 400 °C, the operational temperature
was established. The analysis of the sensor was conducted using an experimental setting shown in Figure
2.6 (d), which permits the performance of measurements in a controlled environment. Using Bronkhorst
mass flow controllers, the CO content in the carrier stream was changed to conduct sensing experiments.
With increments of 50 °C, tests were made at temperatures between 50 °C and 400 °C in a 100 cm® min™"
dry air flow stream, gathering resistance measurements in the 4-point method. The chamber's compact
size (10 cm?) and quick setting of the gas level were made possible by the chamber's small capacity. For
this, an Agilent 34970A multimeter data acquisition unit fitted onto a 20-channel (2 to 4 wires)
multiplexer board Agilent 34901 was utilized, and Agilent E3632A dual-channel power supply
equipment was utilized to bias the sensor's integrated heater to conduct measurements at extreme
surrounding temperatures. Deng et al. [37] on the other hand, fabricated Co3O4 with a paste made like the

aforementioned. Nonetheless, their basic component of a gas sensor was a 4 mm ceramic tube with two

Au indicator electrodes inside of it. Each electrode had two Pt wires attached to it and was covered by

11
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the prepared paste. The two output electrodes were separated by 1 mm. The dimensions were 1.2 mm for
the outer diameter and 0.8 mm for the inner one. A schematic drawing of the sensor as it was
manufactured, is shown in Figure 2.6(e), which shows the sensor's construction. The gas sensor acts like

aresistor in the circuit, and a heating Ni-Cr wire is positioned in the middle of a ceramic tube to transform

current into a source of heat.
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Figure 2. 3: Schematic representation of Co3Os4 based sensor on (a) ceramic plate with gas detecting apparatus
[34], (b) alumina tube [35], (c-d) alumina substrate and gas detecting apparatus [36], and (e) ceramic tube [37].

2.5 Gas sensing parameters and performance of Co0304

The gas sensing performance of Co30s, just like any other SMO-based sensor, is reliant on several
features of the sensing material. These features include the morphology, size, operation environment (dry

or humid), operation temperature, and others [38,39]. The parameters that are used to measure the gas

sensing performance of sensors include:

(1) Selectivity- is defined as the sensor's capability to detect a specific gas when it is surrounded

by other gases at similar concentration levels. An ideal gas sensor displays high selectivity,

showing its ability to primarily detect the target gas while ignoring interfering gases.

12
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Consequently, high selectivity ensures the sensor provides precise and accurate information
regarding the presence and concentration of gases [40].

Response kinetics (response and recovery time)- Response time is the duration needed to
reach 90% of the ultimate sensor signal, whereas recovery time is defined as the time taken by
the sensor to return to 10% of the baseline value after detection [41]

Repeatability or stability- is defined as the sensor's capacity to maintain its characteristics and
produce consistent, reliable results when continuously operated over an extended period [42].
Limit of detection- is the capability of a gas sensor to measure the least possible concentration
of the analyte gas with reliability under the given conditions [43].

Operating temperature- the specific temperature at which a gas sensor exhibits its maximum
response to a particular concentration of the analyte gas [44].

Response: When the sensor is exposed to an analyte gas, then the resistance of the sensor is

changed. This change in resistance as a function of analyte gas concentration is defined as a

response [45]. The estimation of response is defined differently:

R _Rg—Ral o0
esponse = Ra 0
@.1)
R _ Ra
esponse = Rg
2.2)
Rg
R =29
eSpOTlse Ra
2.3)

where R, and R, show the respective sensor resistances in air and analyte gas, respectively.

It is hard for one sensor to be able to fulfill all these parameters, hence the importance of tuning the

material for the parameters that are important for the application of interest. Table 2.1 displays research

works on the gas sensing capabilities of Co3O4 nanostructures looking at different parameters including

operating temperature, selectivity/gas detected best, response, and response kinetics. It can be observed

from the displayed data that different nanostructures yield different sensing capabilities. Also, most of

the research studies report operating temperatures from as high as 200 °C. High operating temperature is

13
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a huge concern for SMO-based sensors as this results in high energy consumption. A reliable sensor
should be energy efficient, hence recent research strives to develop room temperature sensors to address

this concern.

Table 2.1: Gas sensing performance of Co30O4 nanostructures synthesized with different morphologies.

Gas sensing properties
Morphology Ref
Temp. (°C) Gas, response Tres./Trec. (S)

Nanosheets 200 Toluene 1/9 [46]
Nanorods 200 Acetone,194% 3/5 [47]
Nanofibers 301 Ethanol,51.2 22.7/2.4 [48]
Nanofibers 255 Xylene 15/22 [49]
Nanofibers 25 NH3, 56.20% 717 [50]
Nanofibers 200 HsS, 194% 6/25 [51]
Nanofibers 100 CO,2.4 14/36 [36]
Nanofibers 250 H,S,2.1 75/258 [52]
Cuboid 320 Ethanol ,10.5 36/40 [53]
Microtubes 160 TEA, 126 5/7 [54]
Microspheres 150 TEA, 34.1 138/86 [55]
Nanorods 225 Acetone, 9.26 38/99 [56]
Nanoparticles 130 TEA, 28.48 113/37 [57]
Thin films 30 CO, 13.68 2/12 [58]
Thin films 200 CO, 2% 165/500 [59]
Nanorods 29 NH;, 14.18 25/8 [60]
Microspheres 210 Xylene, 64.9 203/226 [61]
Nanorods 200 CO, 655 4/6 [62]

2.6 Contributors to gas sensing performance of Co304 nanostructures

The gas sensing performance of SMO-based sensors relies on the type of sensing material, which takes

into consideration the morphology, size, structure, defects, surface area, and porosity characteristics. In
14
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the air, the SMO-based gas sensor adsorbs oxygen gas from the surroundings leading to charge transfer
between oxygen and the surface of SMO. The oxygen gas thus ionizes into O>~, O~ or O°~ corresponding
to operation temperatures less than 150 °C, between 150 °C and 400 °C, and more than 400 °C according
to equation (2.4) to (2.7). As a result, a layer of ionized oxygen gas forms on the surface of the SMO
subsequently making the surface active. Because the processes taking place on the SMO surface have an

impact on the gas adsorption and desorption on its surface, the temperature of operation of gas sensors

based on SMOs is crucial [63-65]:

0,(gas) - 0,(ads) (2.4)
0,(ads) + e~ = 05 (ads) (2.5)
0; (ads) + e~ - 207 (ads) (2.6)
20 (ads) + e~ - 0% (ads) (2.7)

In this section we will look at the gas sensing performance of Co304 nanostructures and their modified
counterparts with emphasis on the reasons behind the reported gas sensing performance. The influence
of morphology and size and the forming of composites through doping, surface functionalization, and

coupling with other materials will be investigated in detail.

2.6.1 Size and morphology control

The assembly and morphologies of Co3O4 nanostructures have a significant influence on their gas-
sensing performance. Different research studies about morphological control, inclusive of effects induced
by crystal size, shape, orientation, porosity, surface area, and even defects have been reported [33,66-71].
The development of solution-based chemical control synthesis of micro-/nanostructured materials has
expanded over the past few decades from monodispersed particles to nanowires, nanotubes, nanorods,
cables, and polygons [72-74]. Particularly, by adjusting the accessibility of functional components, the
curvature of interfaces, and the arrangement of the internal organizations, hierarchical micro-
/nanostructure design and synthesis enable the customization of material properties. Che et al. [75]
successfully synthesized hierarchical CozO4 flower-like microspheres using the solvothermal method.
The key step of this method was to construct flower-like microstructures of the cobalt-containing
precursors by manipulating the synthetic parameters in a facile ethylene glycol-mediated solvothermal
reaction. The produced Co3zO4 flower-like microspheres showed a good reaction and sensitivity to ethanol

gas when tested as a gas sensor, indicating their intriguing potential for use as gas sensors. This was
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attributed to open flower-like nanostructures made of nanosheets which are suggested to be favorable for
fast diffusion of gas molecules, resulting in the high rates of gas adsorption and desorption. Also, the
thickness of Co304 nanosheets was 5 nm which resulted in a larger surface area, providing more active

sites that increased the electron transfer associated with the chemical reaction between the active sites

and ethanol.

Alheshibri et al. [76]synthesized Co304 nanostructures with different morphologies using pulsed laser
ablation in liquid media (PLAL) using high-purity cobalt targets in several ethanol/water mixtures. The
morphology was controlled through variation of the ethanol as 0, 10, 20, and 70%. The obtained
morphologies ranged from spherical spheres to nanoparticles to sheets. The gas sensing performance
revealed good sensing characteristics to 200 ppm CO at 300 °C by the nanosheet structures. The good
sensing performance was attributed to the thin sheet morphology and high surface area. Patil et al. [62]
synthesized Co304 nanorods with a diameter of ~ 6—8 nm, and length of ~20-30 nm using a simple co-
precipitation/digestion method by calcinating cobalt hydroxyl carbonate in air. These nanorods obtained
a good response of 6.55 towards 50 ppm CO at 250 °C with a response/recovery time of approximately
3-4/5-6 s, compared to a response of 2.20 exhibited by commercial Co304 powder with the morphology
of nanoparticles. This observation was attributed to smaller size and higher specific surface area of the
nanorods which played a vital role in increasing the gas sensor response, overall enhancing the gas
sensing performance towards CO gas. The nanorods also responded to a low concentration of 5 ppm CO
at 250 °C, which suggested that they can be reliably used to monitor the concentration of CO gas over
the 5-50 ppm range. On the other hand, Guo et al. [33] prepared Co304-x (x=0, 1, 2,3) hierarchical porous
nanosheets through solvothermal synthesis, by simply varying proportions of cobalt nitrate and cobalt
chloride to observe the effects they have on morphology of the structures. The morphology changed from
loose and porous nanosheets to smooth and uniform nanosheets. The Co30s-> sensor exhibited a higher
response of 27.6 than the rest of the sensors towards 50 ppm acetone at 140 °C, with a response/recovery
time of 70/64 s. Furthermore, the Co30s-2 sensor also displayed superior selectivity, repeatability, and
long-term stability out of all sensors. This was credited to the porous nature of the structures prepared
with the N/C ratio of 4:2 which increased the electron transport channels, therefore improving gas
sensitivity. Lin and other researchers [68] synthesized three different kinds of morphologies namely
nanosheets, nanorods, and nanofibers through the hydrothermal and electrospinning methods. The
obtained nanosheets achieved the highest response value of 6.1 towards 100 ppm acetone at 160 °C

compared to nanorods and nanofibers which had responses of 2.7 and 4.0, respectively. This observation
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was attributed to the small size of the nanosheets with an average thickness of 20 nm, edge length of 120
nm, and highly exposed (111) planes, which might have unique surface reactivity or binding sites that
enhanced their sensitivity towards acetone molecules. These exposed planes could provide active sites

for the adsorption and reaction of acetone molecules, leading to a higher sensitivity even with a small

specific surface area.

Based on these works, morphology is a viable strategy to manipulate or optimize the gas sensing
performance to suit the specific gas sensing application desired. Control of morphology brings about
changes or tuning of other SMO characteristics such as size, exposed facets, surface area, and porosity
as well as defects. When it comes to size, which can be either the crystallite/grain or particle size, it has
been shown that reduction of the size has positive effects on the gas sensing performance as the smaller
the size, the higher the surface area, thus providing more active sites for gas adsorption. By monitoring
and controlling the morphology and size of the Co3O4 nanostructures, it is possible to optimize the gas
sensing performance towards the analyte gas of interest, for instance, Choi et al [30] prepared various
morphologies such as nanorods, nanosheets, and nanocubes shown in Figure 2.7 through the
hydrothermal method, to obtain these morphologies, the hydrothermal reaction was controlled using
cobalt acetate, L (+)-lysine, and oxalic acid. To test the gas sensitivity of each morphology-based gas
sensor, they were exposed to 100 ppm of C2HsOH at an operating temperature of 300 °C. The sensors
exhibited gas responses of 57.7, 25.7, 24.7, and 5.5 for nanosheets, nanorods, nanocubes, and pure
agglomerated Co304 nanoparticles respectively, it was observed that the responses of nanosheets,
nanorods, and nanocubes were 10.5, 4.7, and 4.5 times higher than that of the agglomerated Co304
nanopowders, thus an enhanced gas sensitivity was attributed to less agglomerated structures obtained.
On the other hand, Wang et al. [77] synthesised nanostructures with various morphologies and different
sizes, including rhombic dodecahedrons (1 um), flower-like assembly (1 pum), and octadecahedrons (200
nm and submicron) shown in Figure 2.8 through alteration of Co?" ions and 2-methylimidazole. The gas
sensing performance was tested towards 100 ppm of n-butanol at operating temperatures of 100, 115,
and 140 °C. The four sensors fabricated, Co3O4-1(dodecahedrons), Co3O4-2(flower-like), C030s-
3(octadecahedrons sized1 um), and C0304-4 (octadecahedrons size submicron) showed good responses
of'4.8, 12.8, 13.1 and 21.0, respectively with a response and recovery time of 127/15 s, 146/30 s, 148/19
s and 146/90 s. The Co304-4 based gas sensor exhibited high responses compared to other sensors. This
observation was influenced by the shape and the size of Co304 assemblies. Following, the surface area

effects and defects properties are discussed.
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Figure 2. 4: SEM images of the as-prepared cobalt precursors and the Co3O4 nanostructures, the latter resulting
from the heat treatment (HT) of the former at 400 °C for | h: (a) CL-18 precursors, (b) CO-1 precursors, (c) CO-
18 precursors, (d) CLO-18 precursors, (¢) CHO precursors, (f) Co3O4 nanosheets prepared by HT of CL-18
precursors, (g) Co304 nanorods prepared by HT of CO-1 precursors, (h) Co3;04 nanocubes prepared by HT of
CO-18 precursors, (i) Co304 nanocubes prepared by HT of CLO-18 precursors, and (j) Co3O4 powders prepared
by HT of CHO precursors [30].
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Figure 2. 5: Comparison of responses to 100 ppm n-butanol, specific surface areas, and morphology observed
from TEM images of (a) Co304-1 and C0304-2; (b) C0304-3 and Co304-4. Comparison of internal nanoparticles
(which are outlined in yellow) of (¢) Co304-1 and Co0304-2; (d) C0304-3 and Co304-4 [77].

2.6.2 Surface area and porosity effects

It is known that the surface area and porous structure play an important role in the sensing performance
of SMO. Specifically, porous SMO architectures having high surface area, and large pore volume can
ensure them as effective sensor materials for high-performance gas sensors. This is because a high surface
area provides a larger reaction contact area between the sensing material and the target gas by increasing
active sites for gas adsorption which can improve the sensitivity of the sensing material [39,78].
Furthermore, the sensitivity of SMO materials can significantly be affected by the porosity of the sensing

material as porosity increases diffusion and more active sites [79].

In their study, Hu et al. [80] successfully fabricated Bubble-like Co3O4 tubes using a ZIF-67 intermediate-
assisted thermal decomposition strategy. Furthermore, they carried out a systematic comparison of the
gas-sensing properties between Rod-like Co3O4 and Bubble-like Co304. Their findings revealed that the
inclusion of the ZIF-67 intermediate had a positive impact on the gas-sensing performance of Bubble-
like Co30s. Specifically, the sensor made with Bubble-like Co304 exhibited a response value around ten
times higher than that of the Rod-like C030O4 sensor when detecting 100 ppm triethylamine (TEA) at 180
°C shown in Figure 2.9(a-b), with a low detection limit of 55 ppb. Additionally, the gas sensor displayed
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exceptional selectivity displayed in Figure 2.9(¢) and stability against humidity, with minimal response
variation even after 30 days shown in Figure 2.9(d)), retaining approximately 98% of its initial value.
This impressive sensing performance can be attributed to factors such as the large specific surface area
as the Brunauer-Emmett-Teller specific surface area of Rod-like Co3O4 and Bubble-like Co3O4 was
determined to be 25.4 m?g! and 58.9 m?g!, respectively, depicted in Figure 2.9(e-f). Additionally, their
average pore sizes were measured at 6.8 nm and 8.5 nm, respectively. These results highlighted that
Bubble-like Co304 possessed a significantly larger specific surface area and higher pore volume
compared to Rod-like Co304. This difference provided an abundance of active sites and efficient electron
transfer channels during gas sensing reactions, ultimately contributing to the marked improvement in

sensing performance. The sensing performance was also attributed to the abundant oxygen vacancies,

and efficient Co®*/Co?" catalyzing on top of the high surface area.
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Figure 2. 6: (a-b) Response characteristics (b) selectivity, (c) stability and (e-f) N> isotherms of the

Rod-like Co304 and Bubble-like Co304 used with permission from reference [80].

Lu et al. [81] manufactured porous Co304 nanocubes through solid chemical transformation methods at
different temperatures, 300, 350, and 400 °C. Through this method, the porous nature of these structures
was influenced by calcining the Co-MOF precursors at 300 °C. As a result, the C0304-300 sensor
exhibited the maximum response towards 200 ppm ethanol at 300 °C with a response/recovery time of

less than 10 s. Furthermore, when compared to Co304-350 and Co0304-400 sensors; it possessed high
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sensitivity, stability, and good reproducibility. This observation was attributed to the porosity of the
structure and a large specific surface area of 120.9 m?-g™!, which resulted in more active sites on the
surface available for chemical or physical interactions. The increased number of active sites allowed for
a higher probability of interactions between the sensing material and the ethanol gas, which in turn leads
to better sensing performance. Xu et al. [82] reported on controlling the shape of Co304 nanostructures
from Co304 nanorods, nanosheets, platelets, and hexagonal Co(OH)> synthesized through precipitation
technique followed by calcination at 200 °C and 300 °C. The nanosheets sensor reached a maximum
response of 22.6 towards 1000 ppm ethanol at 240 °C with a response/recovery time of 145/128 s,
compared to acetone (1.35), in contrast to the rest of the sensors, on the other hand, cobalt hexagonal
sensor exhibited maximum response towards acetone than the rest of the sensors. The observed
nanosheet-based gas sensor performance was due to the large surface area of 131.52 m?g™!, which
provided more sufficient opportunity to react with ethanol molecules under a high gas concentration,
resulting in a higher response value. The cobalt hexagonal sensor responded better towards 100 ppm

acetone at 250 °C because of the structure’s largest macropore volume caused by calcination at 300 °C.

Wang et al. [83] synthesized dispersed and bundled Co3;0O4 nanowires using the nanocasting synthesis
method and used ordered mesoporous SBA-15 silica as hard templates. The gas response of Co3z04-
DNWs sensors in 100 ppm toluene gas at 210 °C was found to be 11.761, which was much higher than
the response of 8.437 for Coz04-BNWs. The observed difference in sensing performance was attributed
to the large surface area of 44.98 m’g! for Co304-DNWs as compared to 42.59 m?g™! for Co3;04-BNWs.
Further, Wang et al. [84] explored the porous Co3O4 cubes obtained by the calcination of Prussian blue
analogue (PBA) cubes. Comparing PBA Co304 smashed cubes and as-prepared porous Co3O4 towards
the exposure to 100 ppm n-butanol at an optimal temperature of 100 °C, the as-prepared porous Co3O4
sensor responded up to a maximum value of 80.8 with a response/recovery time of 318/31 s and the
smashed Co030O4 from PBA cubes responded up to a maximum value of 16.9. This observation was
attributed to the large surface area of the initial Co304 of 42.6 m?g™! and its bigger pores (>20 nm) that
accumulated from cubic assemblies, compared to the one of smashed Co304 of 39.4 m?g™! Bigger pores
made it easier for n-butanol to diffuse among cubes and then deep inside the sensing layer coated on the
sensor. Other works acknowledging the effect of porosity and high surface area can be obtained

elsewhere [85-87].
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2.6.3 Defects engineering effects

Surface electronic regulation proves to be a highly effective technique for manipulating the electron-
trapping capabilities, reducing reaction barriers, and optimizing the kinetics of surface adsorption and
desorption. These factors are pivotal in enhancing the overall performance of sensing materials. The
precise control of oxygen vacancies serves to facilitate gas adsorption behavior on the surface and
modulate the charge structures of sensitive materials, thereby contributing significantly to the outstanding
performance exhibited by the sensors [88]. Consequently, the strategic tuning of surface electron states
to induce defects and govern the micromorphology of the sensing materials holds substantial promise for
accelerating gas mass transfer rates, ultimately leading to a remarkable enhancement in gas sensor
performance. For example, Shi et al. [89]employed Co2(OH).CO;3 to synthesize Co3O4 nanosheets
through a hydrothermal process following controlled calcination. They demonstrated that by precisely
controlling the annealing temperature, the defect concentration within the Co3O4 nanosheets could be
fine-tuned, consequently influencing the gas sensing performance. The gas sensing studies showed that
the sensors based on the porous Ov-Co304 nanosheets exhibited excellent gas sensing performance with
superb selectivity and rapid response at low temperatures, toward TEA. They attributed the excellent gas
sensing performance to the presence of abundant oxygen vacancies, combined with a large specific

surface area of the Co3O4 nanosheets.

In another study, Liu et al. [90] synthesized flower-like (Co30s-f) composed of thin nanosheets and
C0304-p (nanoparticles) through the solvothermal and subsequent calcination. Their study further
compared the gas sensing performance illustrated in Figure 2.10(a-f) of Co304-f and Co304-p, revealing
that Co3z04-f outperformed due to several key factors. Firstly, the morphology of Co304-f, composed of
thin nanosheets with exposed (111) crystal planes, enhanced catalytic activity and facilitated gas
adsorption. The nanosheets also served as efficient carriers for rapid diffusion throughout the material.
Co0304-f's large specific surface area, confirmed by BET characterization, provided sufficient adsorption
sites. In contrast, the irregular crystal grains and smooth surface of Co3O4-p hindered gas sensitivity.
Secondly, XPS analysis in Figure 2.10(g-k) demonstrates that Co3O4-f exhibited more chemisorbed
oxygen displayed in Figure 2.10 (j), correlating with increased gas sensitivity. Lastly, both XPS in
Figure 2.10 (j) and EPR in Figure 2.10 (1) indicated higher oxygen vacancies in Co3O4-f. The assembly
of the nanosheets created numerous lattice oxygen defects, serving as active centers for improved gas
sensing. The resulting increase in donor density enhanced Co?" concentration, promoting additional

adsorbed oxygen and further elevating gas sensitivity.
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Figure 2. 7: The dynamic response curves of (a) Co304-f at room temperature and (b) Co3Os4-p; (c) response and
recovery times based on the transient resistance curve of the Co;Os-f sensor and Co3Os-p, (d) reproducibility of
Co0304-f sensor exposed to 100 ppm NOx for five-cycle testing at room temperature; (¢) Long-term stability to
100 ppm NOx of Co304-f and (f) Concentration-response relationship of Co3Os-f sensor; (g) XPS survey spectra
of, Co 2p spectra of (h) Co304-p, (i) Co30s4-f, O 1s spectra of (j) Co304-f and (k) Co3Os-p; and the (1) EPR

spectra of Co3O4-f and Reused with permission from [90].
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Cheng et al. [91] fabricated a metal-organic framework (MOF) derived Co304 nanospheres using
hydrothermal synthesis with subsequent calcination from 300-500 °C, to test gas response sensors were
tested towards 100 ppm of n-butanol at 140°C, Co3O4 nanosphere based gas sensor calcined 400 °C
showed an excellent response of 53.78, with response and recovery time of 153/53 s. This observation
was ascribed to the calcining treatment that created a lot of oxygen vacancies that resulted in increased
active sites improving the gas adsorption thus increasing the overall gas sensing. Hu et al. [80] reported
the successful fabrication of bubble-like Co3O4 tubes derived for ZIF67 through a thermal decomposition
technique for trimethylamine (TEA) gas sensing performance. Bubble-like Co3O4 -based gas sensors
were compared with rod-like Co3O4 gas sensors, and bubble-like Co304 gas sensors obtained a maximum
response of 3.8 towards 100 ppm of TEA at 180 °C with a response and recovery time of 48/25 s. for
stability measurement the sensor was further test for 30 days, and it was found that the response values
did not decrease significantly which displays good stability. this was attributed to the presence of
generous amounts of functional groups containing oxygen on the surface of the material that leads to
more active sites for increased gas adsorption, characterized by C-C, C-O, and C=0 from the XPS, as
the porous nature of the material derived from ZIF-67 played a role as it provided the material with

abundant oxygen vacancies.

2.7 Co304-based nanocomposites

Despite its high surface reactivity, the p-type gas sensor based on Co3O4 nanoparticles frequently suffers
from a low response to gas molecules due to high-temperature sintering and inefficient resistance
modulation. This means that at elevated temperatures, p-type Co3O4 has many hole carriers to participate
in electrical conduction. However, the higher the carrier concentration, the more difficult it is to change
through gas-surface interactions, thus resulting in a low sensitivity [92]. As a result, the design of
composites through the addition of a second constituent has been demonstrated as an effective way of
improving the gas sensing performance of Co30Os-based sensors in comparison to the corresponding pure

structures because of synergistic interactions between the different composite constituents [93].

Electronic effects such as band bending due to Fermi level equilibration, charge carrier separation,
manipulation of the depletion layer, and increased interfacial potential barrier energy; chemical effects
such as decreased activation energy, targeted catalytic activity, and synergistic surface reactions; and

geometrical effects [94-103] have all been implicated in the improved sensing performance of these
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composites. Understanding the mechanisms that govern sensing behavior in these composites is thus

critical for future advances in the gas sensor technology space.

This section investigates some of the Co3O4-based composites with a focus on doping, formation of p-n
heterojunctions, and loading with noble metals. The effects brought upon by these modifications will be

investigated in detail.
2.7.1 Doping

The incorporation of a second component as a dopant is emerging as one of the more intriguing
techniques for the optimization of gas-sensing capabilities, in addition to the preparation of diverse Co3zO4

morphologies and Co3Os-based composites.

According to Barreca et al. [104], adding F as a dopant to Co3O4 can lead to improved reversibility, higher
responses, and lower operating temperatures when compared to Co30O4 alone. On the other hand, due to
the catalytic activity and a large amount of oxygen absorbed by the Cr oxides, Cr-doping could
considerably improve the reactivity of Co3O4 to methyl benzenes while inhibiting cross-reactions to

interfering gases [105].

Zhang et al. [106] prepared hierarchical Co304 nanostructures doped with Fe through solvothermal
synthesis. Gas sensing performance was tested on pure and doped Co3O4 gas sensors at a working
temperature of 175 °C toward 100 ppm of Xylene. Amongst the six gas sensors including the pure one,
the 6 at% Fe-Co0304 gas sensor exhibited an optimum response of 18.7 with a response and recovery time
of 40/35 s. This behavior was ascribed to Fe doping, by substituting Fe™ for Co” which helped with the
enhancement of active sites for the generation of more oxygen vacancies on the surface that acted as
centers for oxygen adsorption thus increasing the sensitivity of low doped Co304 gas sensor to xylene.
Liu et al. [61] incorporated Co3O4 hierarchical microspheres with different Ti doping using the co-
precipitation method and sintering at a temperature of 450 °C. Pure and Ti-doped Co3O4 sensing
performance was tested towards 50 ppm of xylene and toluene at different temperatures shown in Figure
2.11 (a-d). Towards 50 ppm xylene, the sensors displayed their optimal operating temperature at 210 °C,
with the 3 at.% Ti-doped Co30O4 microspheres-based gas sensor obtained the highest response of 64.9
than the rest of the sensors. The sensor's performance towards 50 ppm of toluene revealed optimal
operating temperature at 240 °C, with the 1 at.% Ti-doped Co3O4 microspheres-based gas sensor
exhibiting the highest response of 57.2. These responses were attributed to Ti doping, With the

mechanism shown in Figure 2.11 (g-j).
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Figure 2. 8: Responses of (a) Ti-doped Co304-450 to 50 ppm of xylene and (b) Ti-doped Co0304-500 to 50 ppm
of toluene at different working temperatures; Responses of (c) 3 %Ti/Co0304 and (d) 1 %Ti/Co30;4 obtained at
different calcination temperatures to 50 ppm of xylene and toluene, respectively; Responses of (e) Ti-doped
C0304-450 to 50 ppm of various gases at 210 °C and (f) Ti-doped C0304-500 to 50 ppm of various gases at

240 °C. and the schematic diagram of the sensing mechanism of Co304and Ti-doped Co304 in (g-h) air and (i)

toluene and xylene [61].

Ru-doped Co304 flower-like hollow microspheres were successfully synthesized by Jin et al. [107]
through the hydrothermal method. The sensitivity of the Ru-doped Co3O4 microspheres based gas sensors
was investigated by exposing them to 10 ppm of acetone, the 1 at% Ru-doped Co304 sensor exhibited a
good response of 18.8 which was approximately 5.4 times bigger than the response of the pristine Co3zO4
sensor at an optimal working temperature of 137.5 °C The reason for this observation is because Ru
doping changed the charge carrier concentration and oxygen components which improved the response

of Ru-doped Co304 gas sensors.

Mehrabadi et al. [108] prepared Cu-doped Co30O4 cubic nanocrystals using sol-gel synthesis method. The
prepared Cu—Co oxide nanoparticles had different mole ratios of Cu/Co from 0 to 0.15 namely S1-S6
respectively. All six sensors were exposed to 3000 ppm, 4500 ppm, and 6000 ppm methane gas at 300 °C.
In all the concentrations S6 sensor achieved maximum sensitivity compared to the other sensors, with a
maximum sensitivity value obtained at 6000 ppm. This was due to doping Co3O4 with Cu, which
considerably improved the sensitivity by influencing the defect chemistry and decreasing the particle
size, thus increasing the sensitivity in general. Jincy et al. [109] also reported on the hydrothermal
synthesis of Cu-doped Co304 round-shaped nanoparticles. The doped and pure Co3O4 nanoparticles were
tested against 1-5 ppm of NH3 at room temperature. Cu-doped Co3zO4 nanoparticles exhibited high

sensitivity at 5 ppm for NH3 gas compared to pure Co304 nanoparticles, this observation was attributed
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to the doping effect of Cu. The impact of the Cu content on the surface oxidoreduction action was
connected to their microstructure, composition, and crystalline state. These properties influenced the

material's ability to adsorb and react with NH3; molecules, leading to the observed increase in sensitivity.

Yang et al. [110] incorporated pure and Mo-doped flower-like stacked Co3O4 nanosheets through a facile
wet-chemical method followed by annealing treatment at 400 °C. The nanosheets became more stacked
with increasing concentrations of molybdenum (Mo) dopant (0% Mo/C0304, 0.25% Mo/Co0304, 0.5%
Mo/C0304 and 1% Mo/Co304). The gas sensing capacity of pure and Mo-doped Co3z04 samples was
studied by exposing all four sensors to 100 ppm toluene vapor at a working temperature range of 90-
210 °C, 0.5% Mo/Co304 sensor displayed a maximum response of 44.56 towards 100 ppm toluene at
150 °C which was the highest response accumulated compared to the rest of the sensors. Furthermore, it
responded to a low concentration of 1 ppm of toluene as the lowest detection limit which could be
advantageous for Occupational Safety and Health. The reason behind this response was due to the
formation of more Co>" ions in Co3O4 through Mo-doping. When Mo®" ions were incorporated into the
Co304 lattice, the Co*"/Co’" were replaced with Mo®". This replacement led to a release of electrons
through this conversion (Co**—Co’*'+¢’) according to the electronic compensation mechanism. This
conversion promoted the Co®" content in the 0.5% Mo-doped Co30s4 sensor. As well known, Co®" could
act as an active site for catalytic oxidation of toluene in the sensing process, therefore the increase of
Co’" resulted in an improved sensor response. On the other hand, Sun et al. [111] synthesized 2-D spindle-
like pure and Sn-doped Co304 porous nanosheets using a solvothermal technique and subsequent thermal

treatment at 500 °C.

The Sn-doping molar ratios were 0%, 3%, 5%, and 7%. All four sensors were introduced to 100 ppm
TEA, the 5% Sn-doped Co304 sensor exhibited an excellent response of 70.7 towards TEA at a working
temperature of 180 °C with a fast response/recovery time of 1/17 s and good repeatability compared to
the pure Co304 sensor and other doped sensors. This observation was attributed to Sn doping, Sn*" was
incorporated into the Co304 lattice and replaced the Co site in the Co3zO4 crystal to produce more electrons

and introduced lattice defects which led to the enhancement of gas responses.

Furthermore, Cheng et al. [112] worked on the synthesis of pure and Ni-doped Co030O4 hierarchical
microflowers using a facile one-step co-precipitation technique. Four samples were carried out based on
Ni-doped Co0304 (Ni content: 1.03-9.04 mol. %) and the ratio of ethanol/water was also observed. 5.3
mol. % Ni-doped Co304 microflower sensor (R-E/W =3/30) displayed a maximum response of 8.34

towards 100 ppm n-butanol at 165 °C with a response/recovery time of 59/63 s, excellent anti-humidity
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performance and long-term stability in contrast to other sensors. This behavior was caused by doping of
Ni%* into Co304 which was conducive to the enhancement of sensing performance, the Ni%* sites acted
as catalytic sites promoting the occurrence of oxidation reaction. Fareed and other researchers [113]
reported on co-precipitation synthesis of Gd-doped Co3O4 nanoplates followed by calcination at 600 °C.
Four samples were prepared pure, 3%, 6%, and 9% Gd-doped, all the sensors were tested on different
concentrations of oxygen (1%,2%,3%, and 4%) at 240 °C. 6% Gd doped Co304 sensor displayed a high
response of 921% towards 4% of oxygen with a response and recovery time of 23/22 s compared to the
rest of the sensors. This was attributed to the decrease in particle size and an increase in oxygen
adsorption with Gd doping due to created oxygen vacancies. These vacancies acted as active sites for

oxygen.

Guo et al. [35] synthesized Sn-doped Co304 yolk-shell nanostructures derived from a metal-organic
framework through the hydrothermal method, Sn doping concentration ranged from 1-5 mol%. Gas
sensing sensitivity was measured for Co3Os yolk-shell nanostructures-based gas sensors towards 100
ppm of ethanol at a working temperature of 200 °C, and the gas sensor with 3mol% of Sn displayed a
good response of 13.4 with excellent response and recovery time of 18/22 s amongst the four kinds of
gas sensors. Not only did it show a good response but also good stability as it was tested for an extra 20
days, and the response decreased to 11.2. This observation was accredited to the suitable amount of Sn
doping which tempered with the Ov content of Co304 yolk-shell nanostructures, increasing Ov contents
created more active sites resulting in increased gas reaction and adsorption. Chen and colleagues [114]
synthesized 2D Cd-doped Co304 nanosheets using the microwave-assisted solvothermal method and
subsequent calcination.to explore the gas sensing performance of these doped sheets, sensors were
exposed to 10 ppm of NO; at room temperature, 5 %-Cd-Co30s-based gas sensor displayed a better
response value of 3.38 than the rest of the sensors with a recovery time of 620 s. This was attributed to
increased oxygen vacancies by a suitable amount of Cd dopant, which led to enhanced gas sensing

performance.

2.7.2 SMO n/p-p composites

The combination of Co304 with secondary SMO has also been reported as an effective way of improving
the gas sensing performance, and this is attributed to the effects brought upon the heterojunction
formation such as an increase in surface area, different sizes, and shapes of the nanoparticles that result
in enhanced gas sensing. For example, due to the formation of p-n heterojunction between ZnO and

Co304 nanograins, the 4:1 ZnO/Co304 composite sensor outperformed pure ZnO sensor in gas sensing
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to NOz. This was observed due to the synergistic effects between the constituent materials and a larger
potential barrier height modulation of the junction which generally made more significant contribution
to the response. Again, the gas sensing results showed that Co3O4 greatly improved the NO; gas sensing
properties of ZnO-based gas sensors due to the chemical effects such as the prominent catalytic property
of Co030s4, high oxygen adsorption property and creation of active adsorption sites by Co304
nanoparticles. The high catalytic ability of Co3Os expedited the reactions associated with NO2 gas
sensing [115]. Qu et al. [116] prepared a p-n heterojunction of hierarchical Fe3O4@Co304 microspheres
using the hydrothermal method. Fe3;04@Co304-based sensor obtained a maximum response value of
102.6 towards 100 ppm acetone gas at optimal temperature of 160°C and response and recovery of 5/15s
in comparison with the pure Co304 and other Fe3Os4-based sensors. The enhanced gas sensing
performance was probably attributed to the synergetic effect of Fe3O4 and Co3O4 as well as the assembled
heterojunction, making Fe3;O4@Co0304-based sensor a potential candidate for acetone gas sensing
applications. P-n heterojunction Co0304/In2O3 hollow microtubes were produced by Shi et al. [117]

through hydrothermal synthesis followed by annealing treatment.

These hollow microtubes exhibited excellent gas sensing performance towards 50 ppm TEA at an
optimal temperature of 250 °C with a response of 786.8 compared to those of pristine In,Os. This sensing
behavior was ascribed to the combination of changing electronic materials, which led to enhanced charge
carrier separation and migration. This in turn improved the sensor's response and sensitivity towards TEA
gas molecules. Moreover, the combination of Co3O4 and In2O3 in the form of hollow microtubes created
a large surface area, providing ample sites for TEA molecules to interact with the material, further

enhancing the gas sensing performance.

On the other hand, Theka et al. [118] fabricated gas sensors based on MOF-derived Co304/Ti0O> and
MOF-derived Fe/Co304/Ti10, with varied Fe levels, i.e., 0.5 wt.%, 1.0 wt.% and 2.0 wt.% Fe/C0304/TiOx.
MOF-derived 1.0 wt. % Fe/C0304/Ti0;-based gas sensor exhibited a response of 3.1 towards 0.35to 1.5
ppm benzene operating at 175 °C, compared to other sensors shown in Figure 2.12(a). This sensor
showed selectivity towards benzene with minimal interference from other sensors, as shown respectively
in Figure 2.12(b), with 0.51 ppm™ sensitivity and 4.17 ppb limit of detection. They attributed surface
area, surface porosity, defects, and composition to the enhanced gas sensing properties displayed by the
MOF-derived 1.0 wt. % Fe/Co0304/TiO; based sensor. They furthermore explored the sensing mechanism
of this sensor, nn ambient air, the formation of this heterostructure resulted in electron flow from TiO»

to Co304, and hole flow from Co304to TiO», creating a wide depletion layer in Co3z04’s conduction band,
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after the system balances at the Fermi level, as shown in Figure 2.12(¢). This was due to the higher work
function of Co304 in comparison to Fe and TiO,. The oxidation of Fe into Fe?* and Fe*" increased the
depletion layer. The sensor based on 1.0 wt. %Fe/Co304/TiO2 had a greater amount of electrons
movement, making it more effective for the detection of benzene. Figure 2,12(d) shows a decrease in
the resistance of the sensor because of oxygen gas adsorption due to the rising hole accumulation layer
(HAL) when the sensor is in air. On the other hand, when the sensor was exposed to benzene gas, the
reaction between the adsorbed oxygen gas and benzene gas caused a transfer of electrons to the

conduction band, thus reducing the HAL (resulting in increased resistance), according to the equation:

Ce¢Hg + 150~ (ads) - 6C0, + 3H,0 + 15e~ (2.8)
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Figure 2. 9: (a) The response towards benzene by different sensors operating at 175 °C as a function of
concentration; (b) a radar selectivity map of the sensors against a variety of gases at an operating temperature of
175 °C. Schematic illustrating sensor based on Fe/C0304/TiO> (¢) energy band structure and (d) mechanism of

sensing towards benzene [118].

Furthermore Bai et al. [119] reported successful incorporation of rhombic dodecahedron Co3;04/TiO>
composites through pyrolyzes of a metal-organic framework (ZIF-67). These composites with different
ratios were tested for gas sensing performance towards 50 ppm of xylene at 120 °C, The composite with
a Co/Ti molar ratio of 4:1 exhibited the highest response of 6.17 which was 5 times higher than the pure

Co304. This observation was attributed to the formation of a p-n junction that exposed more active sites
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for easy adsorption of xylene gas and large modulation of resistance. Similarly, Ji et al. [120] reported on
p-n heterojunction effects based on Co304/In2O3 flower-like prepared by hydrothermal synthesis. The
gas sensing tests of the C0304/In203 and pure InoO3-based gas sensors were performed towards 10 ppm
TMA at 200 °C and 250 °C, respectively. 5% Co304/In,O3 showed a good response of 11.67, which was
123.14% higher than that of pure InoO;3 (5.23), with the shortest response and recovery time of 25/68 s.

The reason for enhanced sensitivity towards TMA of the p-n heterojunction depicted in it was because

of the expansion of the electron depletion layer width caused by the two materials.

Wu et al. [121] presented p-p heterojunction, CoWO4-Co0304 irregular spherical nanocomposites attained
from off-stoichiometric cobalt tungstate synthesized using a hydrothermal route, and the samples were
carried out as an atomic percentage of W/Co in the compositions 15, 25, 30, 40% and pure Co304. All
the sensors were exposed to 100 ppm xylene at 200 °C, the CoWO4-Co0304-based sensors all exhibited a
higher response towards xylene compared to the CozO4-based sensor with a response of 4.4 displayed
in Figure 2.13(a-b). Furthermore, the CoWO4-Co304 (W/Co = 30 at. %) sensor displayed the highest
xylene response of 51.6 compared to the rest of the sensors with a response and recovery time of 236/254
s depicted in Figure 2.13(c). In addition, the sensor displayed long-term stability and strong anti-
humidity in Figure 2.13(d-f). This is owing to the presence of p-p heterojunction which promoted
efficient charge carrier transport as shown in Figure 2.13(g-h), Consequently, increased the [W]:[Co]
atom ratio that influenced the quantity of p-p heterojunctions in the CoW04-Co304 nanocomposites,
thereby increasing the sensors' resistance. As depicted in Figure 2.13(i-j) when exposed to air, the
adsorbed oxygen molecules led to the formation of a Hole accumulation layer, when the Hole
accumulation layer is higher than the interior core parts of the materials it resulted in the charge carrier
migration, when exposed to Xylene the trapped electrons by chemisorbed oxygen molecules were
released and recombined with the holes in the valence band, resulting in a reduced Hole accumulation

layer and increased resistance, thus reflecting a better sensing response.
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Figure 2. 10: (a) Responses of the Co304 and CoWO4-Co304 based gas sensors vs operating temperatures to
100 ppm xylene; (b) The linear relationship between response and concentration of the Co304 and CoWOs-
Co304 based sensors (¢) dynamic resistance change transients of the CoW04-Co304 (W/Co = 30 at%) based
sensor to 100 ppm xylene (d) gas response of CoW04-Co304 (W/Co = 30 at%) to different concentrations of
xylene at 200 °C (e, f) Dynamic response of the CoW04-Co304 (W/Co = 30 at%) sensor to different
concentrations of xylene. (g-h) The energy band structures of p-p CoWO4-Co304 heterojunctions (g) before and
(h) after contacting; (i and j) the carrier transport model of Co304 and CoW4-Co30;4 sensitive materials in air

and xylene [121].

In another work, Zhang et al. [122] fabricated p-p sheet-like nanocomposites by forming a NiO/Co0304
heterojunction through hydrothermal synthesis and subsequent heat treatment at 450 °C. Five samples were carried
out, pure NiO, C0304, 3 wt.% NiO/C030s, 6 wt.% NiO/C0304 and 9 wt.% NiO/ Co30s4. The response values of
these sensors were tested towards 100 ppm xylene. 6 wt. % NiO/Co304 sensor exhibited a high response value of
12.27 at 140 °C with a response and recovery time of 30/53 s compared to the rest of the sensors including the
pure Co304 sensor (3.25) and NiO sensor which exhibited negligibly low response. The improved gas performance
was linked to the creation of a p-p, NiO/Co304 heterostructure. This occurred because the valence band energies
of C0304 and NiO differ. When the heterostructure formed, holes moved at the interface until reaching equilibrium.
Consequently, the p-p heterojunction created numerous grain boundary barriers, reducing hole concentration, and

increasing resistance. Previous studies indicated that this heightened baseline resistance enhanced gas sensing
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capabilities. Chen et al. [123] synthesized apple-like NiO/Co304 hetero-nanocomposites through a facile
two-step chemical route. The gas sensing performance of the composite was investigated towards 300
ppm of CO at 150 °C. The NiO/Co304 composite-based gas sensor responded better (approximately

150%) compared to pristine Co3Os. The significant response was attributed to better dispersion of

NiO/Co0304 nano assemblies as well as the catalytic nature of NiO.

2.7.3 Noble Metals loading

Noble metals, such as gold (Au), silver (Ag), platinum (Pt), and palladium (Pd), are often used to enhance
the gas sensing performance of SMO-based sensors as auxiliary materials by improving their catalytic
activity, increasing surface area, enhancing selectivity, ensuring stability, enabling operation at lower
temperatures, modifying electronic properties, and facilitating electronic sensitization and chemical
sensitization known as spillover effect. These factors collectively lead to sensors with higher sensitivity,

selectivity, and overall reliability in gas detection applications.

For example, Molavi et al.[124] used the co-precipitation method to synthesize Co3O4 nanoparticles for
the detection of CO gas, the pristine nanoparticles were tested towards 800 ppm CO gas at a working
temperature of 130 °C, and the maximum response value obtained was 60%. To enhance the gas
performance of these Co304 nanoparticle-based sensors, Ag nanoparticles were loaded on the pure Co304
nanoparticles by using the solution impregnation method. Ag-Co3O4 nanoparticles were then exposed to
the CO gas under the same conditions as the pristine Co3O4 nanoparticles and they exhibited a maximum
response value of 85%. This observation was ascribed to the improving effect of Ag on the sensitivity of
Co0304 through activation energy evaluation and electronic mechanism in the energy levels of Ag-Co304

heterocontact.

On the other hand, Koo et al. [125] produced Co304 hollow nanocages, Co3O4 powders, and PdO catalyst
functionalized Co30O4 hollow nanocages through precipitation and metal—organic framework (MOF)
templates. The gas sensing properties of all these sensors were evaluated by exposing them to 5 ppm
acetone gas at 350 °C. PdO Co304 hollow nanocages attained a high response of 2.51 compared to the
C0304 hollow nanocages (1,45) and Co304 powders (1.96). The enhanced behavior was attributed to the
effects of hollow structure and the nanoscale catalyst of Pd nanoparticles loaded on Co304. Furthermore,
Li et al. [126] reported on pure and MOF-derived Au-loaded Co304 porous hollow nanocages produced
by using ZIF-67 as a template. Responses of pure and MOF-derived Au-loaded Co3O4 sensors towards
100 ppm acetone at an optimal temperature of 190 °C were observed whereby pure Co304 sensor reached
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a maximum response value of 5.5 while MOF-derived Au/Co304-sensor reached its maximum response
value of 14.5 which was 2.6 times higher than that of pure Co304 sensor. The performance of improved
acetone-sensing was discussed due to the gas accessibility of nanocage structures and the catalytic effect
of Au. Moreover, Ma et al. [127] prepared Co30O4 nanocubes (NCs) and Pt-supported Co30O4 nanocubes
using free synthetic conditions, to examine the effect of Pt in gas sensing both sensors were tested towards
500 ppb acetone at 200 °C. The Pt—Co304 NCs-based sensors showed an enhanced p-type response of
3.1 compared to other Co30O4 sensors in the detection of acetone gas. The improved properties of the Pt—
C0304 NCs were attributed to their cubic shape with the exposed {100} planes of Co30s, these crystal
facets had distinct surface energies and reactivity compared to other facets. In addition to the loaded Pt
nanoparticles, Pt nanoparticles facilitated catalytic reactions, which increased the active sites available

for reactions, and enhanced the overall catalytic performance of the nanocomposite material.

Kruefu et al. [128] successfully synthesized Co30O4 nanoparticles loaded with 0.25, 0.50, and 1.00 wt.%
Ruthenium (Ru) using precipitation and impregnation techniques, gas sensing response was studied by
exposing the Ru-Co304 based gas sensors to 100 ppm of ethanol (C2HsOH), 0.25 wt.%Ru/Co304 sensor
obtained maximum sensitivity of 30 at 350°C with a response and recovery time of 4.8/600 s. Ethanol
sensing improvement was attributed to the catalytic nature of the Ru noble metal and the effects it has
on the surface area. It also acted as a catalyst that tempered with the C;HsOH oxidation state resulting in

a spillover onto adjacent Co3O4 surfaces.

Shin et al. [129] fabricated nano-grained Ag-Co30s4 Core-shell-based gas sensors through chemical
synthesis techniques. Gas sensing properties of these sensors were investigated towards 50 ppm of xylene
at 250 °C. The response curve displayed a response of 2.47 by Ag-Co304 Core-shell based gas sensors
more than that of pristine CozO4(1.26) with a response and recovery time of 1272/ 5989 s. This behavior
was ascribed to the porous nature of THE Co304 Core-shell and Ag catalytic effect which dissociated the
adsorbed oxygen molecules to “O” during the spillover mechanism demonstrated in Figure 2.14 (a-b)
to the neighboring Co304 surfaces which then led to increased oxygen gas/surface reaction. The spillover
effect is a crucial mechanism in gas sensing facilitated by noble metals with the chemical sensitization
part of it involving the migration of adsorbed species to different adjacent surface sites and changes in
surface states for improved adsorption and electronic sensitization involving an increment of the
depletion layer because of noble metals acting as electron acceptors. This effect is caused by the catalytic

ability of noble metals that affects the oxidation of the gases introduced [130].
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Yue et al. [131] synthesised Ag-Co304 nanowires using the nanocasting synthesis method with different
amounts of Ag concentration, for toluene gas sensing applications, both loaded and pristine CozO4-based
sensors were tested towards 100 ppm of toluene, at 210 °C for pure Co304-sensor and 190 °C for the
loaded sensor. Ag0.166-Co304NW gas sensor exhibited a maximum response of 15.32 with a response
and recovery time of 141/164 s, then the pure Co3O4 sensor reached a maximum response of 5.04 and
response/recovery time of 141/170 s. The observed results were due to the spillover effect mechanism as

depicted in Figure 2.14 (¢-d) and high surface area.
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Figure 2. 11: (a) Schematic illustration of the sensing mechanism of nanograined Ag-Co30O4 C-S structure gas
sensors. (b) Band diagram of Ag and Co3O4 before and after contact in the air [129], (a) Surface spillover

mechanism of Ag-anchored Co3O4 NWs sensors, (b) Energy band diagram and electron transfer in Ag-anchored

Co304 NWs before and after equilibrium [131].

2.8 Density Functional Theory (DFT)

Density Functional Theory (DFT) is a computational quantum modelling complementary method to the
experimental studies, used in gas sensing to gain atomic-level information about the gas sensor and its
sensing mechanism, this method simulates interactions between the gas molecule and the surface of the
sensing material. It can provide details such as atomic geometries and the nature of chemical bonding on
the surface-adsorbate interactions by outputting their energies and electronic properties, this highlights

its importance in gas sensing applications [132].

2.8.1 Fundamentals of DFT
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DFT is derived from the Hohenberg-Kohn theorems [133] and Kohn-Sham equations [134], DFT
calculations rely on the electron density rather than wave functions, with the theory being exact for
energy and electron density principle, knowing only the exchange-correlation functional. The theorems
given by Hohenberg-Kohn are exact, but they are not necessarily useful in real calculations. To help
transform DFT into a practical tool; Kohn-Sham equations were used, by simplifying the problem of
electrons interacting in an external effective potential (Vext) into non-interacting electrons in Ve,
allowing the determination of total energy for a system of interacting electrons in a fixed ground state.
Theorem 1 states that the external potential uniquely depends on the electron density. If two systems
with different potentials(Vi(r") and V2(r”)) but the same ground-state density(n(r”)) are compared, their
potential difference must be constant. This implies that the ground-state density uniquely determines the
potential and all system properties, including the many-body wave function. The Hohenberg-Kohn
functional:

F[n] = T[n] + U[n], (2.9)

is a universal functional of density, not relying explicitly on external potential.

Theorem 2 asserts that the functional providing the ground state energy yields the lowest energy only
when the input density is the true ground state density. For any positive integer n and potential V(r”),
there exists a density functional F[n] such that the total energy E(v, N) for a given density n and potential

can be expressed as the sum of F[N] and the integral of v(r)n(r) over space.

2.8.2 Exchange-correlation approximations

Exchange-correlation approximations are used in DFT to approximate the exchange and correlation
energies between electrons in a many-electron system. Figure 2.15 depicts different exchange-
correlation approximations, for a better understanding each one of them is explained in detail below:
The Local Density Approximation (LDA) [135], initiated by Kohn and Sham, states that the exchange-
correlation functional anywhere in space depends on spin density location. Even though LDA is the most
used, and quite correct for geometries [136], it has its drawbacks such as over-binding atoms and
molecules, making it less effective for thermo-chemistry. Another mostly used exchange-correlation
approximation is The Generalized Gradient Approximation (GGA) [137] which simply extends the LDA
component that includes terms that are dependent on density derivatives. Formation of other GGAs such
as the PW86 and PW91functional models [138,139] comes from real-space cutoffs applied by Perdew.
PBE [140] is the most widely used GGA to study materials today, whereas in chemistry BLYP and Lee-

Yang-Parr correlation [141,142] are generally employed GGA. A hybrid GGA combines a normal GGA
37

© University of Venda



()
=

C) University of Venda
Creating Future Leaders
@)

and a Hartree-Fock component, which uses the kinetic energy density to define the GGA component.
The GGA, Hartree-Fock, and kinetic energy density components are all combined in a meta-hybrid [143].
The Density Functional (DF) consists of a part of GGA, LDA, Hartree-Fock exchange or hybrids, and
meta-GGA, known as the exchange-and-correlation (XC) functional (meta-GGA or meta-hybrid).
Moreover, the addition of an orbital-dependent correlation may also rely on virtual Kohn-Sham orbitals

(double-hybrids) [144].
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Figure 2. 12: Exchange-Correlation functionals [145]

2.8.3 Gas-Sensing mechanism using DFT

Various processes in gas sensing mechanisms such as adsorption, chemisorption, and surface reactions
are important when gas molecules interact with the surface of the sensing materials. DFT is employed to
study and understand these processes by calculating adsorption energies, charge transfer, and reaction
pathways. adsorption energies indicate the spontaneity of the adsorption process, charge transfer provides
information about the electronic interactions during the adsorption process. Furthermore, reaction
pathways of gas molecules on the sensor surface, allow for a detailed understanding of the surface
reactions involved in gas sensing. These gas-sensing capabilities make DFT a powerful complementary

tool for investigating the fundamental mechanisms underlying gas-sensing processes.
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Li et al. [146] prepared Co304 surfaces with (111) and (110) facets exposed using VASP (Vienna Ab
initio Simulation Package) to study the adsorption capabilities of ethanol molecules. Co3O4 (110) had
five adsorption configurations based on the hydroxyl group of ethanol adsorbing between Co>" and Ox.,
Co**, and Os labeled S1-S4, and a methyl group of ethanol molecule adsorbed on top of Oz labeled S5.
adsorption energies obtained were — 3.44, -2.91, -2.18, and -2.85 eV for sites S1-S4, and -0.42 eV for S5
respectively, these adsorption energies suggested that the hydroxyl was more adsorbed on the surface
than the methyl group, moreover, suggested stable adsorption. The calculated adsorption energy on
Co0304 (111) was found to be -0.53 eV, compared to the adsorption energies obtained for Co3O4 (110),
the ethanol molecule was efficiently and more easily absorbed on the surface of Co3O4 (110).
Furthermore, the ethanol adsorption displayed a greater charge transfer of -0.11, -0.10, -0.12, -0.10, and
0.006 e for the Co304 (110) surface of site S1-S5, respectively, compared with that of Co304(111) for -
0.03 e. This observation was attributed to the chemical adsorption behavior of hydroxyl in ethanol with

Co and Oxc on the C0304(110) surface and the highly sensitive ethanol sensing capabilities.

The overall excellent gas sensing capabilities of Co3zO4 (110) towards ethanol were ascribed to the
synergistic effect of adsorption shown in Figure 2.16(a). Ji et al. [147] employed DFT to investigate the
mercury (Hg?) adsorption mechanism on the Co3O4 (11 0) surface. Two different surfaces were prepared,
surface I had parameters of a = 8.125 A, b = 5.745 A, and Surface II had parameters of a = 8.125 A and
b = 11.490 A, this was performed to observe which model was best suited for research, it was gauged
through adsorption energy of Hg on each surface. For surface I adsorption energy was found to be -
74.037 kJ/mol and for surface II was found to be -74.179 kJ/mol. This observation suggested surface |
to be the most suitable model for research as it is large enough compared to surface II. Different Hg
adsorption sites shown in Figure 2.16(c) were studied in detail to find the most stable configuration on
the Co304(110) surface. Adsorption energies were found to be -63.037 kJ/mol for the Co’" site and -
74.037 kJ/mol for the O* site, from this results they indicated that the Co>" site is less stable compared
to the O* site, furthermore Hg’, on the top site of O*f, had the biggest charge transfer of 0.224 electrons
after adsorption, which emphasized that Hg has oxidized after adsorption consequently resulted in a very
stable state of Hg adsorption. Furthermore, Feng et al. [148] investigated acetone adsorption on the Co3O4
(111) surface through DFT. Three adsorption configurations were prepared for acetone, formaldehyde,
and butanone, adsorption energies were found to be 1.86, 1.10, and 1.28 respectively, and transferred
electrons of 0.16, 0.11, and 0.09 e. All the adsorption energies were positive indicating the exothermic

nature of the adsorption processes. with the adsorption energy of acetone being larger than the other two,
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it suggested that the acetone molecules were easily adsorbed on the surface. Furthermore, a high number
of electrons transferred for acetone adsorption was represented in Figure 2.16(b) by O atom and Co atom
regions which appeared darker red and blue respectively through Hirshfeld charge analysis. All the

observations suggested that acetone molecules were more easily adsorbed on the CozO4(111) surface.

Surface of (1 10) without ethanol
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Figure 2. 13: (a) Sensing mechanism of the Co304(110) without and with ethanol gas [146], (b) Differential
charge diagram of gas adsorption to Co3O4(111) surface: (i) Acetone; (ii) Formaldehyde; (iii) Butanone [148]
and (c) Top view and side view of clean Co3O4(11 0) surfaces [147].
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Chapter 3

Methodology

3.1 Introduction

In this section our aim is to describe in detail the synthesis method and various characterization
techniques used to investigate the structural, electronic, and optical properties of Co30O4 hierarchical
structures. Experimentally, the hydrothermal synthesis method was employed to synthesize the Co304
nanostructures with subsequent calcination and characterized them using techniques including X-ray
Diffraction (XRD), Transmission Electron Microscopy (TEM), Scanning Electron Microscopy (SEM),
Brunauer-Emmett Teller (BET), X-ray photoelectron spectroscopy (XPS), Ultraviolet-visible
spectroscopy (UV-vis) and Photoluminescence (PL). Computationally, Density Functional Theory
calculations were employed using Material Studio of Biovia for enhanced comprehension of the
interaction between target gas molecules and the nanostructures. Furthermore, the chapter discusses the
experimental setup and procedures used for gas sensing tests, including variations in working

temperatures and concentrations of gases.

3.2 Synthesis procedure: Hydrothermal method

Any homogeneous or heterogeneous chemical reaction carried out at high temperatures and pressures
inside sealed containers utilizing water, where the reactants can dissolve but the products produced are
insoluble, is known as a hydrothermal process [1]. With this method, nanomaterials are formed at various
temperatures, from room temperature to very high temperatures. The morphology of the nanomaterials
can be modified depending on the vapor pressure of the mixture in the reaction. From the literature, it
can be understood that varying the hydrothermal experimental conditions such as temperature and
reaction time can alter the properties of the Co304 nanomaterials. From a gas sensing perspective, these
changes in material characteristics such as crystallinity and morphology have a paramount influence on
gas sensing performance. In this work, using the hydrothermal method, Co3Os nanosheets were

successfully synthesized following the procedure in Figure 3.1.
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3.2.1 Synthesis of the pristine Co0304 structures

Urea (CO(NH:)2), and cobalt nitrate hexahydrate (Co(NO3)> 6 H>O) were used as starting materials
without further purification. Firstly, 0.84 g of urea was dissolved in 70 ml of distilled water, then 2.037
g of Co (NO3)2 6 H2O, was added under magnetic stirring for 5 minutes. The solution was then transferred
into a double-walled Teflon vessel and kept in an oven at 140 °C for 6, 12, and 24 hours. The resultants
were collected via centrifugation, washed with distilled water and ethanol, and then dried in the oven at
60 °C for 24 hours. The resulting products were further calcined at 600 °C for 2 hours at a 3°/h heating
rate. Black powders were obtained as final products and they were labelled as Co304 6 hrs, Co3O4 12

hrs, and Co304_24 hrs, for 6-, 12-, and 24-hours oven duration, respectively.

3.2.2 Synthesis of the Zn-/Sn-doped Co304 structures

Urea (CO(NH.)2), cobalt nitrate hexahydrate (Co(NO3)>'6H,0), Zinc nitrate hexahydrate (Zn(NO3),6H,0) and
tin(II) chloride dihydrate (SnCl,"2H»O) were used as starting materials without further purification. For Zn- doped
Co030; structures, 0.84 g of urea was dissolved in 70 ml of distilled water, then 2.037 g of Co (NO3)26H,O and
0.364, 0.728 and 1.460 g of Zn(NO3),6H,O were sequentially added in 3 different conical flask under magnetic
stirring for 5 minutes. The solutions were then transferred into a double-walled Teflon vessel and kept in an oven
at 140 °C for 6 hours. The resultants were collected via centrifugation, washed with distilled water and ethanol,
and then dried in the vacuum oven at 60 °C for 24 hours. The resulting products were further calcined at 600 °C
for 2 hours at a 3°/h heating rate. Black powders were obtained as final products and they were labelled as 0.5Zn-
C0304, 1.0Zn-C0304 , and 2.0Zn-Co304, for 0.364, 0.728, and 1.460 g of Zn(NO3),'6H,O respectively. For Sn-
doped Co304 structures, 0.84 g of urea was dissolved in 70 ml of distilled water, then 2.037 g of Co(NO3)>6H,O
and 0.364, 0.728 and 1.460 g of SnCI,2H,O were sequentially added in 3 different conical flask under magnetic
stirring for 5 minutes. The solutions were then transferred into a double-walled Teflon vessel and kept in an oven
at 140 °C for 6 hours. The resultants were collected via centrifugation, washed with distilled water and ethanol,
and then dried in the oven at 60 °C for 24 hours. The resulting products were further calcined at 600 °C for 2 hours
at a 3°/h heating rate. Black powders were obtained as final products and they were labelled as 0.5Sn-Co30s4,

1.0Sn-Co0304, and 2.0Sn-Co304, for 0.364, 0.728, and 1.460 g of SnCI>2H,0 respectively.

53

© University of Venda



()

o
- A
University of Venda

1.(Co(NO;), - 6 H,0) +urea 2.Transfer to 3.Heat at 140°C for 4.Wash

solution autoclave 6,12 and 24 hours l

— = = [

6.Calcine at 600°C 5.Dry overnight
for 2 hours

8.sheet-like hierarchical 7.C0;0, powder
structures

Figure 3. 1: Schematic illustration of the hydrothermal synthesis of Co3O4 sheet-like structures.

3.3 Characterization

3.3.1 X-ray diffraction (XRD)

X-ray diffraction is an adaptable characterization technique used to analyse the structure of fabricated
materials [2]. The working principle is dependent on the possible interference of monochromatic X-rays
of a distinct wavelength with the sample, Cathode ray tubes induce the X-rays as illustrated in Figure
3.2. to produce electrons and accelerate them in the direction of the target using a voltage and bombard
it to produce characteristic X-ray spectra, including K, and K components. Cu, Fe, Mo, and Cr are
examples of the target materials that help control these spectra components. Copper (Cu) target material
with CuKa radiation is the one that is mostly used for single-crystal emission. To achieve monochromatic
X-rays for diffraction, the use of filters through foils or crystal monochrometers is necessary. The X-rays
are then aimed at the sample, and the constructive interference takes place when the sample and detector

rotate, and the incident X-ray geometry satisfies the phenomenal law called Bragg’s law [3]:

nA = 2dsin© (3.1)
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where “n” is an integer, 4 is the x-ray’s wavelength, d is a vector presenting the displacement that
generates the diffraction, and O is the angle of diffraction. The importance of this law is to link the
electromagnetic radiation wavelength with the angle of diffraction and the displacement in a crystal. The
resulting intensity peaks are then detected by a detector and turned into a count rate as results to a
computer monitor. In this work, powder X-ray diffraction (XRD) Panalytical X'pert PRO PW3040/60
X-ray diffractometer was used with a Cu-Kal (A=1.5406 A) radiation.

Collimator
t 4

Slit

source

Figure 3. 2: Schematic illustration of X-ray diffraction [4].

3.3.2 Scanning electron microscopy (SEM)

The scanning electron microscope is a non-toxic instrument used as a characterization technique by
simply scanning the surface of the material to determine the morphology and the chemical mixture
properties of the sample analyzed [5]. The instrument uses an electron beam to scan the sample,
electrons are produced by the electron gun, and then accelerated and attracted by the anode. This electron
gun is sealed with a special chamber to maintain the vacuum and protect it from any destruction or
contamination. The importance of the vacuum is that it offers the privilege of obtaining high-resolution
images to the user, it also results in an increment efficiency collection of electrons through the detectors
control the movement and direction of the electrons, electromagnetic lenses are in used Electromagnetic
lenses are used to control the direction of electrons, together with apertures to dictate the size of the
beam. The manner in which these electrons interact inside the sample generates different types of

electrons such as backscattered and secondary electrons.

Both of the electrons result from inelastic and elastic interactions of the beam and the sample respectively
and they convey different information on the display of the images and also detailed facts about the

surface of the material detectors are used to detect BSEs and SEs [6], which then output the 3D image of
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the sample on the computer depicted in Figure 3.3. In this work, the morphology of the products were
characterized by a ZEIS-AURIGA field emission scanning electron microscopy (FESEM) at an

accelerating voltage of 3kV.
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Figure 3. 3: Schematic illustration of Scanning Electron Microscopy [5].

3.3.3 Transmission electron microscopy (TEM)
Transmission electron microscopy (TEM) is a powerful characterization instrument used to investigate
the internal structure of the sample providing important information such as the materials’s composition,
imperfections, and growth layers at the nanoscale through the transmission of a high-voltage beam of
electrons [7]. Figure 3.4 shows the schematic illustration on TEM. The working concept of TEM is that
an electron gun (source) produces electrons that travel through the vacuum tube. Just like SEM
electromagnetic lenses control the movement of these electrons into a thin beam transmitted through the
specimen. Rotating the sample and capturing images at each rotation allows the creation of a 3D

representation (tomography).
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For crystalline materials, electron diffraction helps analyse the crystal structure, through the interaction
of electrons within the sample, X-ray emission can be detected through an energy-dispersive
spectrometer that is embedded within TEM. The spectra obtained help identify the constituent elements
[7]. JEOL TEM-2100 high-resolution transmission electron microscopy (HR-TEM) with an accelerating
voltage of 200 kV was used in this work.
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Figure 3. 4: Schematic illustration of Transmission Electron Microscopy [5].

3.3.4 Brunauer-Emmett Teller (BET)
Brunauer-Emmett-Teller (BET) is a characterization tool used for measuring the surface area of the
sample [8]. The working principle of this technique is based on the physical surface assimilation of the
inert gas molecules on the material. Figure 3.5 (a) shows the BET apparatus and Figure 3.5 (b) shows
the volumetric method apparatus which illustrate the determination of surface area. Out of all inert gases,

nitrogen (N2) is mostly used due to its excessive purity and vigorous interaction with solid materials.
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Since gaseous and solid phase interactions are weak, liquid N> is used to cool down the surface to achieve
exposable proportions of the interactions of gas molecules onto the surface of the material. Amounts of
N2 gas are released into the materials cells, relative pressures are then fabricated by forming a conditional
partial vacuum which is less than atmospheric pressure, when the pressure is balanced adsorptions do
not further occur. Transducers are used to control the pressure fluctuations caused by adsorption, after
the adsorption layers are formed, the sample is transferred out of the N> environment followed by heating
treatment for the adsorbed N> to liberate from the material and gauged. The data collected is displayed
in the form of a BET isotherm [9]. In this work, N> adsorption-desorption isotherms were acquired at 77

K using a Micrometirics TRISTAR 300 surface area analyser.
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Figure 3. 5: (a) Schematic illustration of BET apparatus for specific surface area determination [10] and (b)

schematic illustration of volumetric method apparatus [9].

3.3.5 UV-visible spectroscopy (UV-Vis)

UV-visible spectroscopy (UV-Vis) is a versatile characterization technique that helps probe the visual
properties of the materials by gauging the amount of visible and UV light absorbed by the sample [11].
On the electromagnetic spectrum, the wavelength of the UV and Visible regions falls in the range of 200
— 900 nm. This basic working principle involves the emission of light source mostly provided by
deuterium lamps and halogen lamps. The light output is then directed to the diffraction grating and goes
through the entrance slit as a one-color beam, it is transmitted through a sample and then the remaining

light is detected by a detector such as a photodetector. The detector is used to gauge the strength of the
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transmitted light and turn the light into a current signal that is interpreted by a computer as illustrated in
Figure 3.6. The absorbance spectrum is obtained when the intensity of the transmitted light is compared

with the reference by the instrument. The law that satisfies this observation is Beer-Lambert Law [10]:
A= ¢glem (3.2)
where 4 is absorbance, ¢ is the molar absorptivity, / is the light path length, and c is the concentration.

In this work, optical properties were analyzed using a Varian Cary 500 UV-Vis NIR spectrophotometer

equipped with a Praying Mantis Diffuse Reflectance Accessory from Harrick Scientific Products.

source
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Entrance slit  Diffraction
grating W  Sample
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Figure 3. 6: Schematic illustration of UV-vis spectrophotometer [4].

3.3.6 Photoluminescence (PL)

Photoluminescence (PL) is a characterization technique used to measure the purity and crystalline quality
of materials, and also to determine the band gap, exciton lifetime, exciton energy, bi-exciton, etc
[12].Figure 3.7 (a) illustrate the bloc diagram of how the PL instrument works, just like UV-vis, the
working principle requires an external light source, in this case, lasers with high- energy are used, and
the light output gets absorbed through the impartation of the energy that is excess to the sample through
a phenomenon called photo-excitation. The sample releases the excess energy through light emission,
during photo-excitation the electrons of the material occupy the excited states and then return to their
equilibrium state (ground states) by dissipation of extra energy through radiative and non-radiative
processes shown in Figure 3.7 (b). The produced light is connected to the energy between excited and
ground states. In the form of spectra of wavelengths generated, they are then utilized to help identify
various atoms and molecules and to discover chemical structures. In this work, Horiba QuantaMaster
QMS8000 spectrofluorometer with a Xenon (Xe) source and a 325 nm fast pulsed laser source were used

to determine PL characteristics.
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Figure 3. 7: (a) Schematic illustration of photoluminescence (PL) spectrometer block diagram [13] and (b)
principle of PL [13].

3.3.7 X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) is a very powerful characterization technique, suitable to
characterize the contributing elemental compositions together with the chemical states within a material
[14]. Figure 3.8 describes the instrument's working principle that is based on the photoelectric effect
phenomenon. Using the photon source, the electrons are generated in a vacuum environment onto the
sample, penetrating only about 1-10 nm. The electrons are then ejected from the sample then collected
by the detectors. The variance between the energy of the photon, kinetic energy, and the work function
describes the electron binding energy which is then translated into understandable information. The
electron binding energy is characteristic of the elements, it is also affected by factors such as the oxidation
state, identification of the neighbouring atoms, and hybridization of the atoms. In this work, X-
ray photoelectron spectra (XPS) were obtained with a PHI 5000 Versaprobe X-ray photoelectron with
monochromatic Al-Ka radiation (hv =1486.6 eV).
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X-ray photoelectron spectroscopy

X-ray source
Al, Mg

Ll?etector A

Figure 3. 8: Schematic illustration of X-ray photoelectron spectrometer [14].

3.4 Gas sensing measurements

3.4.1 Sensor fabrication and measurements
Figure 3.9 depicts the Co3O4 sensors fabrication process. Ethyl cellulose in turpineol solution was added
to the Co304 powders to form thixotropic pastes, which were then pasted onto substrates made up of
alumina with interdigitated platinum (Pt) electrodes on the sensor part and a heater to control the working

temperature.

Computer-controlled KSGGAS 6S (Kenosistec) testing station was used to obtain the sensing
measurements. To have control over the working temperatures of the sensors the heating voltage was
modified, and a thermocouple was used to measure the resulting temperature to match with the
temperatures from room temperature to 200 °C. Specific concentrations of various test gases were
diversified at the flow rate ratios of methane (CH4), carbon monoxide (CO), ethylene (C2Ha4), ethanol
(C2H50H), acetone (C3HeO), and benzene (CsHs). Sensing measurements in the humid environment were
measured by introducing the desired concentration of the target gas balanced with wet air (30-90%
relative humidity (RH) set at 50°C) at the set operating temperature. The electrical resistance of the sensor
was measured in air (Ra) and the presence of the target gas (Rg) using a Keithley 6487

Picoammeter/voltage source meter. The response was determined as:
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R=F¢ (3.3)

Ra

whereby R, is the resistance of the sensor in gas, and R, is the resistance of the sensor in air [15].

Exhaust | Power sourcel

o pUter

Gas mixer

& MFC

Gas Sensing strip \

Al substrate

Pt electrode

Figure 3. 9: Schematic illustration of the setup for the sensing measurement [16].

3.5 Computational method

Density functional theory (DFT) is a well-established research tool that relates and connects theory and
experiments that result in important interpretations of various properties being studied [17]. Using the
application Material Studio of Biovia, DFT simulations were ran with the Cambridge Serial Total Energy
Package (CASTEP) code as illustrated in Figure 3.10. In the calculation, the exchange-correlation effects
were described by the ultra-soft pseudopotential of the on-the fly-generated (OTFG) and the generalized
gradient approximation (GGA) together with formation suggested by Perdew—Burke—Ernzerhof (PBE)
for optimized calculations [18]. For optimizations of the bulk and surface geometry, Monkhorst-Pack k
point mesh of 2% 7 x 2 and cut-off energy for the expansion of the plane waves of 550 eV were used
[19]. The surface model with the C034036 cell formulation was created from the optimized bulk structure
of the Co304 crystal with a group space of F-43m and lattice parameters of a=b = ¢ =8.065000 A (a =

B =y =90°) and modeled as p (2x2x1) slab. To describe the reaction of gas molecules with the surface,
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the gas molecule was placed at position 1.990 A above the surface. To find the adsorption energy the

following expression was used [20]:
Eqas = mol—surf — Esurf — Enot (3.4)

Where Eoi-su7 18 the total energy of the gas molecule being adsorbed on the surface of the material, Eus,

and E.. are the energy of the material surface and the gas molecule, respectively.

51|
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Figure 3. 10: Schematic illustration of the computational method.
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Chapter 4

Fabrication, characterization, and gas detection

performance of Co30y sheet-like hierarchical structures

4.1 Introduction

Herein the fabrication of three samples consisting of Co3Os sheet-like hierarchical structures using the
hydrothermal method detailed in Chapter 3, section 3.2.1 is reported. The microstructural properties of
the Co304 sheet-like hierarchical structures such as crystallinity, surface area, and defects are studied in

relation to the gas sensing performance of the individual sensors towards C,Ha.

4.2 Results

4.2.1 Structural analysis

The phase purity and crystal structure of the obtained Co304 products were examined using XRD and the
resulting patterns are shown in Figure 4.1(a). The patterns revealed the Bragg reflections which can be
indexed to Co304 (JCPDS card no. 42-1467) [1], respectively. Sharp peaks in the XRD pattern were
observed indicating that the obtained products are highly crystalline. Other peaks due to crystallographic
impurities were not observed. A noticeable shift in the position of the diffraction peaks was noticed and
this shift can be demonstrated in Figure 4.1(b) using the (311) diffraction peak. This shift in peak position
could be due to several factors such as changes in the lattice parameters, lattice strain, or defects within

the crystal structure [2,3].
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Figure 4. 1: (a) XRD patterns and (b) enlarged (311) diffraction peak of the Co3O4 sheet-like structures.

The crystallite size (D) of the products was determined using the Debye-Scherrer formula [4] and the
values were found to be 33, 31, and 31 nm for Co304 6 hrs, Co304 12 hrs, and Co304 24 hrs,
respectively. It was observed that crystallite size decreased with increasing oven duration. These results
indicate that the mechanism for nucleation and small crystal growth is governed by organizing Co304
clusters composing the Co3Os crystalline structure. Once formed, the crystallites grow to a range
appropriate for the formation of a small Co304 single crystal. Thereafter, these small single crystals
undergo a process of aggregation to form a polycrystalline particle. The longer oven durations might lead
to increased aggregation of particles, causing the appearance of smaller crystallite sizes. This can be due
to particle interactions, such as coalescence or aggregation, which might result in larger apparent particle

sizes.

4.2.2 Morphological analysis (SEM and TEM)

Figure 4.2 (a-c) depicts the SEM images of the Co304_6 hrs, Co304_12 hrs, and Co304_24 hrs products.
The products exhibited a sheet-like morphology assembling to form a hierarchical structure. A closer
look at the structures (see Figure 4.2 (d-f)) revealed particles with an average size of 82, 109, and 115
nm for Co304_6hrs, Co304_12 hrs, and Co304_24 hrs joining together to form these sheet-like structures.
The joining of the particles leaves pores in between the particles thus making the sheet-like structures
porous. The porous nature of the hierarchical structure is advantageous for gas sensing as it provides gas
diffusion channels which allows for more access to active sites during the gas sensing process. Figure

4.2 (g-i) depicts the TEM images confirming the sheet-like structures, with interlinked particles forming
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the porous sheets. Further, HR-TEM images depicted in Figure 4.2 (j-1) revealed lattice fringes with d-
spacing of 0.24, 0.28, and 0.46 nm corresponding to (311), (220), and (111) planes of CozO4, respectively

confirming the XRD results.

Figure 4. 2: SEM, TEM, and HR-TEM images of the Co3O4 sheet-like structures obtained at (a, d, g, and j) 6
hours, (b, e, h, and k) 12 hours, and (c, f, I and 1) 24 hours.

4.2.3 Surface area analysis

Gas sensing is a surface phenomenon, and that makes the surface area of the material an important aspect
of gas sensing. Surface area helps facilitate gas diffusion and increase the sensitivity of the material to
different gases by providing active sites for gas adsorption [5]. To establish the surface area of the Co304

nanostructures BET measurements were performed and the resulting isotherms are provided in Figure
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4.3(a-c). The N2 isotherms are type IV with an H3 hysteresis loop at high pressures (P/Po > 1), which is
indicative of the presence of a mesoporous structure [6]. The surface area of the sheet-like hierarchical
structures decreased with increasing reaction time with values of 10.5967, 8.0869, and 7.4215 m?/g for
C0304_6hrs, Co0304 12hrs and Co304 24hrs, respectively. This observation could be due to
agglomeration resulting from extended reaction times. The closer packing arrangement of agglomerated
particles tends to result in a lower exposed surface area because of the effective surface sharing amongst
aggregates of particles [7]. The possible reactions involved in the growth of the Co304 sheet-like

structures can be summarized as:

CoNO; - Co** + 2NO™1 4.1
(HyN),CO + Hy0 — 2NH; + CO, 4.2)
NH, + H,0 —» NHf + OH- 4.3)
Co?* + 20H™ = Co(OH), (4.4)

cobalt hydroxide (Co(OH),) was then calcined in air at 600 °C to form Co3O4 through the reaction
between air oxygen and (Co(OH),) during the calcining process. Eq. (4.3) plays an important role in the
growth process, which can be influenced by the reaction time [8]. It might be expected that applying
more reaction time evolves the sheet-like morphology, but the morphology was maintained at an even
longer reaction time. However, the size of the interlinked particles that form the sheet-like structures
revealed an increasing trend with increasing reaction time, which can be attributed to Oswald ripening
[9]. Small particles have a larger surface area-to-volume ratio, which makes them more soluble than
larger particles. As a result, small particles dissolve and redeposit onto larger particles, resulting in a size
increase of the larger particles. Ostwald ripening can have a significant impact on the properties of
materials, in this instance, Oswald ripening has led to the formation of larger particles that reduced the
surface area of the sheet-like structures. This signifies that the hydrothermal reaction time plays an

important role in the effective growth of nanostructures.
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Figure 4. 3: Nitrogen adsorption-desorption isotherms for the (a) Co3O4_6 hr, (b) Co304_12 hr, and (c)
Co304_24 hr sheet-like structures.

4.2.4 Optical properties (UV-Vis and PL)

424.1  UV-Vis
Absorption spectral analysis is the most common technique used to confirm the nanoparticles formation.

The absorption spectra of Co304 Sheets-like structures obtained at 6,12 and 24 hours are shown in Figure
4.4. The optical properties of nanomaterials are dependent on the quantum confinement, which in turn is

controlled by the grain size and the defects present in them. In a typical UV-Vis spectrum of Co304, the
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transitions are present as per the ligand field theory, and the peak positions are often affected by the
morphology, size, and defects [10], There are two absorption bands in the Visible-light region,
approximately at 410-450 nm and 600-660 nm. This is because of the ligand-to-metal charge transfer
O—Co events [11].

UV-Vis spectra of Co304 Sheet-like structures
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Figure 4. 4: UV-Vis spectra of Co304 sheet-like structures obtained at different reaction times.

Meanwhile, the band gaps (Eg) of the samples, calculated by using the Tauc plot method [12], are depicted
in Figure 4.5. Co304 sheet-like structures at 6, 12, and 24 hours exhibit band gaps of 1.67, 1.53, and 1.65
eV, which correspond to O? (2p)—Co>" and O*(2p)—Co?" transitions, respectively [12,13].
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Figure 4. 5: Plots of (ahv)’ versus hy demonstrating the band energy of Co3;O4_6 hr, Co304_12 hrand Co;04_24
hr nanostructures.
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4.2.42  Photoluminescence
The presence, type, and density of defects in Co3O4 hierarchical structures can be manipulated through

synthesis conditions and post-processing treatments. Understanding the influence of defects on the gas
sensing behavior of C0304 is crucial for engineering materials with optimal gas detection capabilities. To
examine the properties of the defects for the Co3zO4 sheet-like hierarchical structures, PL studies were
performed at room temperature using an excitation wavelength of 325 nm, and the resulting spectra are
shown in Figure 4.6(a). As observed from the spectra, a broad emission band in the visible region
depicted between 380-600 nm was observed. The presence of defects in the material can create meta-
stable energy levels in the band gap, leading to a broadening of the emission spectrum [14]. The intensity
of the emission band was observed to be higher for Co30O4 6hrs and decreased with a further increase in
reaction time (Co304_12 hrs and Co3z04_ 24hrs). The decline in the emission intensity is an indication
of the reduction in the recombination rate of electron-hole pairs. The determination of PL spectra is
thought to be sensitive to the surface morphology and state of the synthesized nanostructures [15]. It
should be noted that in this case, the reaction time during the synthesis process has a prominent effect on
the intensity of the emission band. Further, the difference in emission intensity can be attributed to the
size distribution of the particles and the presence of defects (metal and/or oxygen vacancies and/or
interstitials) [4]. To gain a detailed understanding of the origin of the broad emission, the deconvoluted
PL spectra are displayed in Figure 4.6(b). Six peaks have been fitted at 3.2 eV (387 nm), 3.00 eV (413
nm), 2.8 eV (437 nm), 2.7 eV (460 nm), 2.5 eV (496 nm) and 2.3 eV (539 nm). The near ultraviolet
region peak centered at 387 nm (3.2 eV) is assigned to electrons and holes recombination in the edge
conduction and valence bands [16]. The violet emission at 413 nm (3.00 eV) can be attributed to the
transition of trapped electrons at the cobalt interstitial valence band [17]. The blue emissions at 437and
460 nm (2.84 and 2.70 eV) are assigned transition from the Co; to cobalt vacancy (V,) or from Co; to
the top of the valence band or from the extended Co; to the top of the valence band [18]. The green
emission at 496 and 539 nm (2.50 and 2.30 eV) are associated with the recombination of oxygen vacancy
Vo to V¢, or the recombination of the electrons in the singly ionized oxygen vacancy Vj+ in the photo-
excited holes in the valence band [18]. Since the intensity of Co304 6 hrs sheet-like hierarchical structures
is higher than the Co304_12 hrs and Co304_ 24hrs, this suggests that Co304_6 hrs sheet-like hierarchical
structures have the highest defects, particularly more oxygen vacancies which are advantageous to the
adsorption of more oxygen molecules on the surface of the material, so gas sensing performance will be
improved [19]. The reduction in the quantity of defects with increasing reaction time can be attributed to
the reduction of surface area with increasing reaction time, as a larger surface area has been reported to

result in an enhanced density of defects [20]. Therefore, Co304_12hrs and Co304_24hrs have reduced
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quantity of defects due to their lower surface area as compared to Co3zO4_6hrs. These results justify that
by varying the reaction time during the synthesis of Co3O4 nanostructures, the defects properties can be

tuned [32][21].
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Figure 4. 6: (a) PL spectra and (b) deconvoluted PL spectra of the Co304 sheet-like hierarchical structures.

4.2.5 Gas sensing performance

The sensor operating temperature is a fundamental factor that significantly impacts the practicality of gas
sensors in real-world applications as it influences the sensitivity, selectivity, and the processes of gas
adsorption and desorption on the surface of the material. Operating the sensor at the appropriate
temperature ensures that these processes are happening optimally, leading to accurate and reliable gas
detection [21]. Therefore, to determine the temperature dependence behaviour of the Co304 sheet-like
based sensors, the sensors were exposed to 100 ppm of C2Hg at various temperatures ranging from RT to
200 °C. Figure 4.7 displays the response of the Co30Os sheet-like sensors as a function of temperature.
The response of the sensors is observed to be low at RT and then increased with increasing temperature
until a maximum response was reached. Further increase in temperature resulted in the decline of the
response for all sensors. SMO based sensors normally need thermal activation energy to operate, so the
sensors have a low response at low operating temperatures due to the limited thermal activation energy
available, nevertheless, at higher temperatures, the response is decreased due to reduced target gas
molecule adsorption [22,23]. C0304_6 hrs reached a maximum response of response 49.6 at 100 °C, and
C0304_12 hrs and Co304 24 hrs-based sensors reached a maximum response of 21.6 and 16 at 120 °C,
respectively. The Co304 6 hrs-based sensor revealed the highest response at all the temperatures as
compared to Co304 12 hrs and Co304 24-based sensors, with the highest response at 100 °C. As a result,

all gas sensing measurements were performed at an optimal operating temperature of 100 °C.
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Figure 4. 7: Operating temperature determination for the Co3O4 sheet-like hierarchical structures-based sensors

using 100 ppm CyHa.

Figure 4.8(a, c, and e) displays the transient resistance response curves of the Co030s sheet-like
hierarchical structures-based sensors towards 5 to 100 ppm gas concentration of CoH4 at an optimal
operating temperature of 100 °C. The sensor resistance increased quickly upon the introduction of CoHy
and then gradually saturated until C2Hs4 was withdrawn and proceeded slowly to recovery/baseline,
demonstrating reversibility characteristics. It was also noticed that the sensor resistance increased with
increasing C>Hs concentration. This can be because the more gas molecules exposed on the surface of
the sensors, the more adsorption sites are covered, thus increasing the responsiveness of the sensors.
Further notice, the resistance of the sensors suffered from baseline drift with the Co304_24hrs-based
sensor showing greater drift in comparison to sensors based on Co304 6hrs and Co304_12hrs. Normally
for gas sensors, the baseline drift could be attributed to several factors such as a slowly changing
environment and other instability factors (structure transformation, phase transformation, poisoning,
degradation of contacts and heaters, bulk diffusion, errors in design, change of humidity, fluctuations of
temperature in the surrounding atmosphere, and interference effect) and prolonged high-temperature
operation [24-26]. In this study, we can base the contributing effect on the materials characteristics to be

able to interact with C2Hy at the specific conditions which are highly dependent on the reaction time.

Apart from sensitivity or response, the performance evaluation of gas sensors also considers response-

recovery time. Response time refers to the duration it takes for the sensor to reach 90% of its equilibrium
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resistance value after being exposed to the target gas. Conversely, recovery time is the time it takes for
the sensor's resistance to return to 10% below its initial resistance after the gas has been removed. These
factors play a vital role in assessing the sensor's capability to detect and quantify specific gases promptly
and accurately. The response-recovery characteristics of the sensors towards 100 ppm of C2Hs are shown
in Figure 4.8(b, d, and f). The estimated response time was found to be 27, 142, and 147 s, whereas the
recovery time was estimated as 42, 210, and 197 s for Co304 6hrs, Co304_12hrs, and Co304 24hrs,
respectively. Noticeably, the analysis revealed that the Co03O4 12hrs and Co0304 24hrs sheet-like
hierarchical structures-based sensors exhibited longer response and recovery times compared to the

C0304_6hrs based sensor which demonstrated swift response and recovery.
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The chemical makeup of the material, dimensions, growth direction, operating temperature, and
reactivity of the sensing gas all influence how selective a sensor is. So, to determine the selectivity of the
Co0304 sheet-like hierarchical structures, a selectivity study at 100 °C with 100 ppm of several gases
namely CHs, CO, C3HgO, C2HsOH and CsHs was conducted as shown in Figure 4.9. Interestingly, the
Co304_6hrs based sensor revealed high selectivity to CoHa, the Co304_12 hrs-based sensor showed high
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response to CoHsOH and Co0304 24 hrs demonstrated high response towards C¢Hs at 100 °C,
respectively. The observed selectivity to various gases per sensor may be due to the sensing material's
surface activation energy matching the target gas's lowest unoccupied molecular orbital energy level, low
dipole moment, and low activation energy. Also, the varying selectivity of the sensors could have to do
with the operating temperature, indicating that the sensor's surface strongly reacts with the target gas they
are responding high to in comparison to the other gases [27]. Nonetheless, the highest response was

obtained by the Co3O4 6hrs based sensor towards 100 ppm C2H4 gas with the highest response of 49.6.

Selectivity at 100 ppm gas analyte

m Co;0, 6hrs

B Co,;0, 12hrs

= 50
©
14
g B Co;0, 24hrs
14
= 30
9’ .

20
£ - = 0 |=
% 10 - o= -
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CH, CO C,H,0 CH, CgHy C,H,OH
Target gas (100 ppm)

Figure 4. 9: Responses towards 100 ppm of different gases of Co30s sheet-like hierarchical structures at 100 °C.

It is also important for the sensor to be able to produce the same output readings when the same gas is
detected multiple times under identical conditions, this property is called repeatability. The sensor's
repeatability was evaluated by subjecting the Co304_6hrs-based sensor to five cycles of 10 ppm C2Hy gas
at 100 °C and the resulting cycles are shown in Figure 4.10(a). Excellent resistance consistency of the
C0304 6hrs-based sensor towards 10 ppm C;Hs was observed, demonstrating the reliability of the
Co0304 6hrs-based gas sensor. The first cycle of the sensor has a slightly different appearance from the
subsequent cycles; this may be due to the conditioning/stabilization process, which involves exposing
the Co304_6hrs-based sensor to a C2Hj4 to stabilize. This can affect the sensor's sensitivity, resulting in a

different response cycle from the following cycles [28].

Further, humidity continues to be one of the most important factors in determining the full detection
capability of the sensor. Therefore, the relative humidity (RH) of the Co304_6hrs-based gas sensor varied
from 30%, 60%, and 90% at an operating temperature of 100 °C. As shown in Figure 4.10(b), the
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response declines with increasing RH, which is due to water molecules occupying the adsorption sites of

C2Hjs on the surface of the Co304, thus the response of the sensors decreases [29].

500
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Figure 4. 10: (a) Response repeatability of the Co3O4 6hrs-based sensor towards 10 ppm and (b) Relative
humidity influence on the response of Co3O4 6hrs based-sensor towards 100 ppm C4Hs at 100 °C.

4.3 Gas sensing mechanism

Gas sensing is a surface phenomenon that depends on many factors, such as morphology, surface area,
quantity of defects, etc. Generally, large surface area and abundant defects particularly oxygen vacancies
are beneficial to gas sensing properties. By comparison of the morphology of Co3z04_6hrs, Co304_12hrs,
and Co304_24hrs, it was established that all three products exhibited a sheet-like morphology assembling
to form a hierarchical structure with interconnected particles. However, gas sensing performance towards
C,Hy still varied despite the similar morphology. This indicates that the morphology does not play a key

role in the gas sensing performance in this study.

In this study, it was observed from the BET N isotherms that the surface area of Co304_6hrs is larger
than that of Co304_12hrs and Co304_24hrs. The surface areas were measured to be 10.5967, 8.0869, and
7.4215 m?/g, for Co304 6hrs, Co304 12hrs, and Co3O4 24hrs, respectively. The surface area of
Co0304_6hrs is larger than Co304_12hrs and Co304_24hrs. Consequently, gas performance for CoHy gas
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of the Co304_6hrs based sensor is higher than that of Co304_12hrs and Co304_24hrs based sensors. This

indicates that the specific surface area plays a key role in the gas performance in this study.

Further, it was observed from the PL spectra that the PL intensity of the Co304_6hrs is higher than that
of Co304_12hrs and Co304_24hrs. PL intensity and defect concentration in a material can be related, but
this relationship is complex and depends on several factors. The density of defects is one of the factors
that can influence PL intensity, but other material properties, reaction time, and the specific type of
defects involved can also play a role. Deconvolution of the PL spectra revealed the origin of the defects
which included Co;, V., and V,. The sensor based on Co304_6hrs showed better CoHs performance in
comparison to sensors based on Co304_ 12hrs and Co304_ 24hrs. This indicates that the gas sensing

performance in this study is influenced by the number of structural defects.

The gas sensing mechanism of SMO based sensors takes place on the surface of the material, which
involves the interaction between the target gas and the surface of the material. For a typical p-type Co3zO4
with holes as major charge carriers. when Co304 is exposed to the air environment (Figure4.11(A)), the
electrons from Co304 are captured by the adsorbed oxygen molecules to form oxygen ions which are
temperature dependent such as 0; generated below 100 °C, O~ formed between 100 to 300 °C and 02~
above 300 °C [30]. Herein O~ is the stable and dominant oxygen species since 100 °C was used as an
optimum operating temperature. A hole-accumulating layer (HAL) is then formed on the surface of

Co0304 following equation (4.5).

1
502 < 02(_ads) + h+ (45)

The thickness of the HAL directly influences the resistance of the Co3O4 based sensor. Based on the
sensing performance observed, Co304 6hrs showed better sensing performance, indicating that the
oxygen ions chemisorbed on the surface of Co304_6hrs were higher in quantity than that of Co3O4_12hrs
and Co304_24hrs, thus the HAL was thicker for Co3O4_6hrs.

Upon Co304 contact with CoHg environment (Figure 4.11(B)), the Co:H4 molecules get oxidized by the
oxygen ions into COz and H20 and at the same time electrons are released back into the Co3zOg4 as per
reactions (4.6), and decrease the concentration of holes, therefore, increasing the sensor resistance as per

reaction (4.7).
C,H, +30; = 2C0, + 2H,0 + 3e” (4.6)
h* + e~ = null 4.7)
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The amount of chemisorbed oxygen significantly affects the gas sensing reaction, the greater the amount
of chemisorbed oxygen, the greater the response. From the sensing performance results, Co3O4_ 6hrs
showed a higher response in comparison to Co304_12hrs and Co304_24hrs, indicating that the reaction

time influences how the Co304 based sensors convert oxygen to oxygen ions and the quantity of the

chemisorbed oxygen, thus influencing the overall performance of the Co30O4 based sensors.

£ =electrons

h* =holes

0O - Oxygen molecule
02_ = Oxygen ion

Figure 4. 11: Proposed gas sensing mechanism between Co304 and C>Ha.

The gas sensing performance of SMO can be influenced by many factors including morphology, surface
area, porosity, defects, and working temperature. In this case, a better response by Co3z04 6hrs based
sensor towards CoHy at 100 °C in comparison to Co304 12hrs and Co304 24hrs based sensors can be
attributed to a few factors including the surface area and defects. Despite the sensors being comprised of

similar morphology, their properties still differed. BET revealed that the surface area of the Co304
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products reduced with increasing reaction time, indicating that adsorption sites for Co3O4 12hrs and
Co0304 24hrs based sensors were less in comparison to that of Co3O4 6hrs based gas sensor. Further, PL
studies demonstrated that the Co3O4 6hrs sample had more oxygen vacancies than the rest of the samples,
this contributed greatly to the better sensing performance of the Co3zO4 6hrs based sensor, as oxygen

vacancies provide adsorption sites for gas adsorption, thus enhancing the gas sensing performance of the

material.
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CHAPTER 5

Sn- and Zn- doped Co3;04: Synthesis, characterization, and

gas sensing performance through DFT

5.1 Introduction

This chapter reports the analysis of Sn-doped and Zn-doped Co3O4 sheet-like hierarchical structures. The
fabrication of the structures is well explained previously in Section 3.2.2 of Chapter 3. Properties of these
structures such as crystal structure, morphology, surface area, and defects are studied to observe the effect
of doping. The changes in adsorption energies of C2Hs on the surface of Co304 are further explored by
employing density functional theory (DFT) calculations.

5.2 Results

5.2.1 Structural analysis

The crystalline structure and phase purity of the obtained products were analysed through XRD, and the
resulting patterns are displayed in Figure S5.1. The XRD pattern for the pristine Co304 revealed
diffraction peaks located at 26 values of 19.05°, 31.36°, 36.94°, 38.63°, 44.82°, 55.75°, 59.42° and
65.30° corresponding to (111), (220), (311), (222), (400), (422), (511) and (440) planes of the cubic
structure of Co304 (JCPDS card number 14-0673) with a space group number Fd-3m [1]. Upon addition
of Sn dopant (Figure 5.1(a)), extra peaks started appearing at 20 values of 26.65°, 33.95°, 51.85°, 57.88°,
61.93°, and 71.35° for all doping levels (0.5-2wt%) which can be indexed to (110), (101), (211), (002),
(310), and (202) planes of tetragonal SnO> (JCPDS card number 41-1445) [2,3], moreover, splitting of
the (222), (422) and (440) planes of Co304 into doublets were observed, which can be attributed to the
formation of an additional (200), (220), and (112) planes [3] due to the presence of Sn dopant.

On the other hand, doping with Zn (Figure 5.1(c)), the cubic Co304 pattern was maintained up to doping
level of 2 wt%, whereby extra diffraction peaks at 20 values of 31.89°, 34.49°, 47.57°, 56.67°, and 62.93°
started appearing which belong to (220), (300), (340), (142) and (450) planes of the ZnO wurtzite
structure (JCPDS card number 89-0511). The appearance of these diffraction peaks indicates that the
Co0304 lattice exhibited its maximum solubility limit without the presence of the Zn, as the dopant
concentration increased the percentage of the Co3O4 phase in the products decreased, hence the formation

of extra peaks. Furthermore, splitting of the (311) plane into a doublet was observed at higher doping of
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2 wt% Zn, suggesting the formation of an additional (101) plane [4] due to the presence of Zn dopant.
Compared to Zn the emergence of Sn peaks at a concentration of 0.5wt%, suggests incorporation of Sn
into the Co304 lattice has a more significant impact on the crystal structure even at lower concentrations.
For Zn-doped Co304, the delay in the appearance of new peaks until 2wt% suggests that a higher
concentration of Zn is needed to induce similar structural changes [5]. It was noticed that the intensities
of the diffraction peaks belonging to Co3O4 deteriorated following the addition of the dopants, indicating
deterioration of the crystallinity of Co304. Contrary to this, the intensity of the extra peaks belonging to

the SnO> increased with increasing Sn concentration.
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Figure 5. 1: (a and ¢) XRD patterns and (b and d) enlarged (311) diffraction peaks of the (a, b) Sn-doped and (c,
d) Zn-doped Co304 structures.

Figure 5.1(b and d) illustrate the magnified diffraction peak corresponding to the (311) plane for the
Co0304, respectively. The peak shifted to a higher 26 angle for the Sn-doped Co304 products (Figure
5.1(b)), whereas the peak shifted to a lower angle for the Zn-doped Co304 products (Figure 5.1(d)). Peak
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shift to higher and lower angles indicates the shortening and elongation of the interplanar spacing (d),
which in turn leads to compression and expansion of the Co3O4 lattice through the doping of larger ionic
radii of Sn** (0.69 A) and Zn** (0.74 A) to the small ionic radii of Co (0.63 A), respectively. The observed
shifts agree well with previous reports of doped Co30s, thereby confirming that these shifts strongly

depend on the dopant concentration [6,7]. This behavior also suggests that the incorporation of Sn and

7Zn ions induces lattice strain in the Co3QO4 lattice.

Peak broadening was also observed, suggesting a reduction in the crystallite size (D) which was

confirmed by using the Debye-Scherrer equation [8]:

kA
- Bcos @

(5.1)

Where D is the crystalline size, & is the shape factor (1), 4 is the wavelength, £ is the full width at half
maximum, and @ is the reflection angle. The obtained values are listed in Table 5.1. The crystallite size
of the Co304 structures was shown to decrease with increasing Sn and Zn concentration. This can be
attributed to the unmatched incorporation of Sn and Zn cations onto the Co3O4 crystal structures reducing
the concentration of Co, which results in suppressed grain growth of the doped Co30j4 structures [9]. A
similar trend was observed by Wang et al. [10] for Sn-doped Co304, respectively. Further, the presence of
strain inside the Co3O4 lattice is considered one of the important parameters contributing to the observed
shift in diffraction peak positions as highlighted above, so the micro-strain (¢) has been estimated using
the equation [11]:

__B
€= 4(tan@) (5.2)

Where ¢ is the micro-strain, £ is the full width at half maximum, and 6 is the reflection angle. The micro-
strain values were found to increase with increasing doping concentration for both dopants as shown in
Table 5.1. The increase in micro-strain for doped Co304 is accounted for the distortion of the Co3O4
lattice created by the dopant ions due to the incompatibility or mismatch between the ionic radii of Sn**,
7Zn**, Co*"/Co**. Moreover, peak shifts tempers with the lattice interplanar spacing estimated from

Bragg’s law [12]:
nd = 2dsin 6 (5.3)

Where n is the order of diffraction (n = 7), 4 is the Cu-Ka wavelength (1.540598) and 6 is half the position
of the peaks. In this case, the lattice d-spacing varied with the different levels of both dopants as displayed

in Table 5.1. All changes in the host structure such as peak shifts, broadening, crystallinity change, and
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the formation of new peaks can be attributed to the lattice parameter variations. The lattice parameter
variations are linked to the dopant ions concentration, atomic radii, defects, and generated strains, the
lattice parameter for the pristine cubic structure of Co304 was found to be a=b = ¢ = 8.078 A using the

equation [13]:
a=dvVk?+hz+12 54

Where, a is the lattice parameter, 4, k, and / are Miller indices and d is the interplanar distance. The lattice
parameters obtained because of Sn and Zn doping are listed in Table 5.1, where it is obvious that the

lattice parameter a varied upon dopant concentration.

Table 5.1: XRD properties of the Sn and Zn doped Co304 products.

Product 20 (deg.) | d-spacing (nm) D (nm) | a(A) Microstrain (£)
Co304 36.872 0.243 33.314 8.078 0.0004062
0.5Z:n-Co304 26.940 0.244 26.932 8.094 0.0005013
1.0Zn-Co304 25.986 0.244 25.979 8.097 0.0005195
2.0Zn-Co304 10.653 0.244 10.648 8.112 0.0012645
0.5Sn-Co0304 36.902 0.243 31.095 8.072 0.0004234
1.0Sn-Co304 36.885 0.243 29.290 8.076 0.0004622
2.0wt%Sn-Co304 36.867 0.243 30.380 8.079 0.0004454

5.2.2 Morphological analysis (SEM and TEM)

The morphology and microstructure of the as-prepared pure and Sn and Zn-doped Co304 samples in
Figure 5.2 were investigated through Scanning Electron Microscopy (SEM). In Figure 5.2(a) the as-
prepared pure Co304 sample exhibited 2D uniform porous nanosheets morphology, the presence of pores
is important for gas diffusion processes resulting in enhanced gas sensing performance [14]. Upon
addition of Sn dopant, (see Figure 5.2(b-d)) the samples displayed hierarchical flower-like morphology
consisting of many small nanosheets, as the Sn doping concentration increased the more the flower-like
structures became denser. It is apparent that addition of the Sn dopant resulted in the sheet-like structures
to assemble in flower-like structure. The change in morphology observed was attributed to the difference
in Sn and Co ions, which altered with the surface energy of the Co304 surface leading to the formation

of hot spots that acted as nucleation sites for second growth of Co304, hence the formation of the special
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C0304 nanostructures [15]. Addition of Zn dopant in Figure 5.2(e-g) revealed the flower-like shape
morphology form doping level of 1wt% but displayed aggregation due to altered conditions for the
nucleation and growth of Zn-doped Co0304[16,17], as well as the combined effect of van der Waals forces
and electrostatic interactions between the particles encouraging self-aggregation of nanoparticles to form

nanoplates like morphology [18].

Figure 5. 2: SEM images of the (a) pristine and (b-d) Sn- and (e-g) Zn-doped C0304 nanostructures.

For an in-depth analysis of the microstructural characteristics of Co304 nanostructures doped with Sn
and Zn, Transmission Electron Microscopy (TEM), High-Resolution TEM (HR-TEM), and Energy
Dispersive X-ray Spectroscopy (EDS) were employed. Specifically, the investigation focused on the
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pristine Co304 and the doped variants, namely 2.0Sn-Co304 and 2.0Zn-Co0304. The TEM micrographs
presented in Figure 5.3(a, b, and c¢) depict the sheet-like structural morphology of C0304, 2.0Sn-C0304,
and 27Zn-Co304 nanostructures, respectively. The HR-TEM micrographs, displayed in Figure 5.3(d, e,
and f), further illustrate the microstructural details of Co030s4, 2.0Sn-Co304, and 2.0Zn-Co3Os4
nanostructures. Examination of these micrographs revealed distinct lattice fringes with d-spacing values
of 0.24 and 0.29 nm for the pristine Co304, corresponding to the (311) and (220) planes of C030s4,
respectively. In the case of 2.0Sn-Co30s4, lattice fringes with d-spacing of 0.28, 0.33, and 0.34 nm,
correspond to (220) and (110) planes of SnO> and Co30s, respectively. Meanwhile, lattice fringes
observed for 2.0Zn-Co0304 nanostructures were 0.29 and 0.47 nm, corresponding to (220) and (111)
planes of Co030s, respectively. These findings are consistent with the XRD results. To validate the
presence and distribution of Sn and Zn in the Co304 nanostructures, EDS elemental maps were acquired
and are presented in Figure 5.3(g, h, and i). The EDS maps confirm the existence of Co and O in the
pristine product, while Co, O, and Sn are observed in the 2.0Sn-Co304 nanostructures, and Co, O, and

7Zn are evident in the 2.0Zn-Co304 nanostructures.
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Figure 5. 3: (a-c) TEM, (d-f) HR-TEM images and (g-i) EDS elemental maps of the pristine, Co304, 2.0Sn-
C0304 and 2.0Zn- Coz0; structures.

5.2.3 Surface area analysis

Previous studies have shown that doping reduces crystal size which may enhance the surface area of the
nanostructures [20], so to establish the relationship between the crystal size and the surface characteristics
of the pristine and the Sn and Zn doped Co304 nanostructures, BET measurements were performed.
Figure 5.4(a-g) illustrates the nitrogen (N2) adsorption-desorption isotherms for both pristine Co3zO4
nanostructures and those doped with Sn and Zn. All presented isotherms exhibit characteristics consistent
with the type IV isotherm, as defined by the International Union of Pristine and Applied Chemistry
(IUPAC) [21]. Notably, each sample displays a discernible H3 hysteresis loop at relatively elevated
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pressures across all isotherms, indicative of the capillary condensation-driven filling and emptying of
mesopores within the 2-50 nm diameter range [22,23]. Furthermore, the observed hysteresis loop for all
products approaches P / Po = 1 suggesting the presence of macro-pores exceeding 50 nm [24]. The
pristine Co304 nanostructures exhibited a specific surface area value of 10.5967 m?/g. Upon Sn doping
at levels of 0.5, 1, and 2 wt%, the specific surface area values demonstrated an increase, reaching
11.1365, 13.1787, and 15.0528 m?/g for 0.5Sn-Co304, 1.0Sn-Co304 and 2.0Sn-Co30s, respectively.
Similarly, the Zn-doped Co304 nanostructures exhibit an enhanced surface area, with values of 17.7512,
19.2681, and 18.5647 m?*/g for 0.5Zn-Co30s, 1.0Zn-Co3Os and 2.0Zn-Co3Os nanostructures,
respectively. The enlarged surface area resulting from Sn and Zn doping implies the development of more
active sites. This increase in surface area in the Sn and Zn-doped Co0304 nanostructures holds significant
promise for gas sensing applications, as a larger surface area provides more active sites, ultimately

improving sensitivity.
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Figure 5. 4: Nitrogen adsorption-desorption isotherms for the pristine (a), (b, ¢, d) Sn-doped, and (e, f, g) Zn-
doped Co30;4 nanostructures.

5.2.4 Chemical analysis (XPS)

XPS analyses were performed to validate the pristine, Zn-, and Sn-doped Co304 formation. Additionally,
to investigate the oxidation states of the elements in both pristine and doped Co304, and to confirm the
impact of chemisorbed oxygen species on the sensors' detecting capabilities. Figure 5.5(a-c) displays the
XPS survey spectra of Co3z04, 2.0 Sn-Co304, and 2.0 Zn-Co304. The photoelectron signals of Co, O, and
C were identified in all the products, indicating their existence in Co304 and Sn and Zn doped Co304.
Furthermore, the photoelectron signals of Sn and Zn were identified respectively in 2.0 Sn-Co304 and
2.0 Zn-Co030y4, indicating their existence, respectively, (Figure 5.5(b and c)). The notable C 1s signal
detected may have originated from the adsorbed carbon on the surface of the products or from the carbon-
based strip employed in the analysis. The Co 2p XPS spectra, as seen in Figure 5.5(d-f), exhibit Co 2p3
peak at approximately 780 eV binding energy and a Co 2pi» peak at approximately 796 eV binding

energy. The existence of Co304 in every product is verified by these peaks along with the Co 2p3/; satellite
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peak located at around 787 eV binding energy and Co 2pi, satellite peak located at around 804 eV
binding energy. Subsequently, the Co 2ps2 peak and Co 2pi» peak were further fitted to provide a
thorough examination of Co's oxidation state. The Co 2p3» peak was split into peaks corresponding to
Co** and Co?" oxidation states, respectively located approximately at 779 eV and 782 eV. Moreover,

peaks located at approximately 794 eV binding energy and 797 eV binding energy, which correspond to

Co®" and Co*" oxidation states, respectively, were found in Co 2pi,, peak.

Figure 5.5(g) depicts the XPS Sn 3d spectrum. It is clear that some of the Sn metals oxidized to Sn*".
The peaks at approximately 485 eV and 487 eV confirm respectively the presence of Sn metals and SnO-
in 2.0 Sn-Co0304. On the other hand, the peaks located approximately at 1021 eV and 1022 eV binding
energies designate the presence of Zn metal and ZnO respectively in 2.0 Zn-Co0304, (Figure 5.5(h)).
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Figure 5. 5: XPS survey spectra for (a) pristine, (b) Sn- doped, and (c) Zn- doped Co3;04. HR XPS Co 2p spectra for (d)
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Furthermore, the status of the oxygen species in the products was verified by the HR XPS O 1s spectra
shown in Figure 5.5(i-k), which were de-convoluted into fitted peaks. For the pristine CozO4, three peaks
were fitted and were located at 529.6, 530.9, and 531.1 eV, respectively. As for the 2.0 Sn-Co0304, the
fitted peaks were observed at 528.6, 530.3, 531.4, and 532.9 eV, respectively. On the other hand, fitted
O 1s for 2.0 Zn-Co304 revealed peaks at 528.9, 530.4, 531.7, and 532.8 eV, respectively. The peaks in
the lowest binding energy (529.6, 528.6, and 528.9 eV) correspond to a Co-O bond and the second peak
at 530.3 and 530.4 eV shows a Co-O bond with a higher oxidation state [25,26]. The peaks at 530.9,
531.4, and 531.7 eV correspond to bonds between carbon and oxygen, e.g. C-O or O=C-O components
[26,27]. The peaks at the highest binding energy are due to the water adsorbed onto the surface [27,28].
Table 5.2 lists the content percentages that correspond to the various oxygen species. The binding energy
increases respectively for Co-O, Oy, and Oc i.e., the binding energy of O, < Oy < Oc, this was previously

seen in other reports [29-31].

Table 5.2: A summary of the Co-O, Oy, and Oc content percentage (%) for Co30s, 2.0 Sn-Co304, and
2.0 Zn-Co0304.

Products Co-0 (%) Ov (%) Oc (%) Ov/Co-O
Co304 52.8 37.8 9.4 0.71
2.0 Sn-Co0304 42.9 50.4 6.7 1.17
2.0 Zn-Co0304 77.2 14.5 8.3 0.18

The incorporation of Sn in Co304 prompted the ascent of Ov consequently prompting a descent in Co-O
and Oc. On the other hand, Zn doping prompted a descent in Ov and Oc contents while increased Co-O
was observed (see Table 5.2). The sensing mechanism of a gas sensor depends on Ov, as such, the higher
the Ov the better the sensing properties. As a result, a gas sensor based on 2.0 Sn-Co304 stands as a

promising gas sensor contrasted to its counterparts.

5.3 Gas sensing performance: Computational calculations

This section investigates and analyses the in-depth gas adsorption phenomena between the C2Hs gas and
Co0304 (311) surface, as well as the doping effect of Sn and Zn, by employing the DFT calculations from
the material studio of Biovia. This helps gain deeper insights into the atomic scale that is challenging to
observe experimentally. The computational method used in this study is explained in detail in Chapter 3

section 3.5.
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5.3.1 Electronic properties

The classification of materials into metals, semiconductors, and insulators is based on their electronic
properties, particularly the width of the energy band gap between the conduction band (CB) and the
valence band (VB) [32]. This gap is small enough that, at higher temperatures or with the application of
external energy, valence electrons can gain sufficient energy to jump into the conduction band, allowing
for the conduction of electricity of the material, this is valid for semiconductor materials only. Figure
5.6 illustrates the density of states indicating the elemental contribution towards the formation of the
band gap of 0.3 eV of the (a) bulk structure (b) Pristine Co3O4 (311) surface and of Chemisorbed (c)
C2Ha/ Co304 (311) surface, (g) CoH4/Sn-Co304 (311) surface, (h) CoH4/Zn-Co304 (311) surface. and of
Physisorbed (d) C2H4/Co304 (311) surface, (e) CoHa/Sn-Co304 (311) surface, (f) C2Ha/Zn-Co304 (311)
surface. Compared to the experimental value of 1.6 eV obtained from the UV-Vis in Chapter 4 (Figure
4.5) the computational band gap is severely underestimated due to the GGA/PBE function used [33,34].
A noticeable broadening in the density of states is related to covalent bonding and a change is due to the

energy levels corresponding to ionic bonding [35].

In both the DOS analysis for physisorption and chemisorption in Figure 5.6(c,d), it was observed that
new states appeared near the lower end of the conduction band, effectively overlapping with the Fermi
energy in the direction of the valence band. This phenomenon leads to the transformation of the
semiconducting material into a semi metallic material. The density of states (DOS) showed additional
peaks in the lower part of the valence band (VB) between -8 and -17 eV, like those obtained when the

states of CoHs molecules were found in the VB.
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Figure 5. 6: Density of States of the (a) bulk structure (b) pristine Co304 (311) surface and of Chemisorbed (c)
C,H4/ Co304 (311) surface, (g) C2H4/Sn-Co304 (311) surface, (h) C2H4/Zn-Co304 (311) surface. and of
Physisorbed (d) C;H4/Co0304 (311) surface, (e) C.H4/Sn-Co304 (311) surface, (f) C:Hsa/Zn-Co304 (311) surface.

Upon introduction of Sn and Zn, a change in the electronic behavior of the doped systems due to the
impurity states introduced by Sn and Zn dopants is observed as illustrated. During the physisorption
approach (Figure 5.6(e-f)), the Sn peak appeared between -21 eV and -20 eV and re-appeared again
around -10 eV in the valence band region, during chemisorption (Figure 5.6 (g-h)) it reappeared around

4 eV in the conduction band region. Zn peaks appeared at around -6 eV near the fermi level in both the
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adsorption approaches. The considerable overlaps of the dopant’s peaks suggest orbital hybridization

[36].

5.3.2 Adsorption properties

The adsorption process and the way the gaseous molecule C2H4 is exposed to the surface were studied
by determining the adsorption energy. The calculated Eags of the C2Ha/C0304 (311) system and the
equilibrium surface-molecule distance values (d, defined as the shortest atom-to-atom distance) are
shown in Table 5.3. The adsorption approaches used are physisorption and chemisorption. Physisorption
is an adsorption without forming a bond between the molecule and the surface, and chemisorption is the
opposite of physisorption. The observed negative values of the adsorption energy (Eads) indicate strong
thermodynamic stability and the exothermic nature of the system [32], and also indicate that the Co site
is energetically favourable for the adsorption of C;Hs, which means that the CoHs molecules are
spontaneously adsorbed at all sites without additional energy, highlighting the applicability of Co3zO4
sheet-like structures to detect CoHs. Transitional metals such as Sn and Zn can enhance gas adsorption
by creating chemically active sites on the surface which results in a change of adsorption energy and

charge transfer between the molecule and the surface [37,38].

The adsorption energies for both physisorption and chemisorption of the Sn-doped system increased
more than the pristine system, however, the adsorption energies of the Zn-doped system decreased more
than the pristine system (Table 5.3). C:H4/Sn-Co0304(311) system displays strong and stable adsorption
capacity towards CoH4. Compared to Zn, Sn doping can improve Co304 gas sensing capabilities when
introduced as a dopant onto the pristine surface to explore the gas adsorption behaviour of C,Hs more
significantly. The smaller Eags value due to Zn doping results in the possibility of self-desorption of CoHa
on the surface, suggesting that C2Hy is more likely to detach from the surface on its own. This increased

self-desorption improves the sensor's response to changes in the gas environment [39].
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distance (d, defined as the shortest atom-to-atom distance).

System Adsorption techniques
Physisorption Chemisorption
C:2H4/Co0304 (311) dcco=1.990 A dc.co=2.000 A

C:H4/Sn-Co0304(311)

C:H4/Zn-Co0304(311)

Eas =-1.440 eV
dc.co=1.973 A
Eas =-1.526 eV
dcco=2.826 A

Eas =-1.407 eV

Eas =-1.428 eV
dc.sn=3.198 A
Eas =-1.457 eV
dczn=2.6114A

E.is =-0.689 eV

Full geometry optimisation was performed to investigate the effects of exposure to C2Hs on the surface
of C0304 (311), as it helps to minimise the total energy of the system by adjusting the positions of the
atoms to find the most stable configuration. Figure 5.7 depict Physisorption technique on (a) pristine
Co304 (311) surface, (c¢) CrHa/Sn-Co3z0s4 (311) surface, and (d) C,Hs/Zn-Co3O4 (311) surface,
Chemisorption technique on (b) pristine Co304(311) surface, (e) C2H4/Sn-Co304 (311) surface, and (f)
C2Ha/Zn-Co304 (311) surface. The adsorption interaction configuration of the Co304 (311) is led by the
bonding of C atoms. A potential adsorption configuration is that in this work, the carbon atom of C>Hy
can form a coordinate bond with a surface cobalt atom, resulting in the formation of a Co-C bond of
1.990 A and 2.000 A. The double bond of the C2H4 molecule can break, and one carbon atom interacts
with the surface while the other carbon atom retains its original bonding. Similarly, the C2Hs4 molecule
can also interact with oxygen atoms on the surface of Co304 (311) through weak van der Waals forces.
These interactions may involve the m-electron cloud of the C2Hs molecule and oxygen atoms on the
surface [32]. In addition, optimised doped systems with chemisorption approach, forms C-Zn and C-Sn

bonds.
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Figure 5. 7: Physisorption technique on (a) pristine Co3O4 (311) surface, (c) C,H4/Sn-Co304(311) surface, and
(d) Co:H4/Zn-Co304 (311) surface, Chemisorption technique on (b) pristine Co3O4 (311) surface,(e) C2H4/Sn-
Co0304 (311) surface, and (f) C;H4/Zn-Co304 (311) surface.

5.4 Gas sensing mechanism
Metal oxide semiconductors-based gas sensors operate based on the change in electrical properties due

to the presence of gases. Their primary chemiresistive property is associated with adsorption and
desorption interactions between the gas molecules and the surface of the sensing materials. The detailed
gas sensing mechanism below helps understand why the introduction of C2Hs gas changes the electrical

properties of a Co3O4-based gas sensor [35].

When the Co304 sensor is introduced to the air environment as depicted in Figure 5.8(a) oxygen
molecules are adsorbed on the Co304 surface, and the electrons found in the material are captured by

these oxygen molecules to form oxygen ions species (05,0 and 027), resulting in the formation of a
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hole accumulation layer on the surface. The formation of these oxygen ions depends on the working
temperature used, below the working temperature of 100 °C, O, forms because of low activation energy,
when the temperature is between 100 and 300 °C, O~ ions dominate. In this study, the working
temperature was set to 100 °C therefore O~ ion species is the one formed after extraction of electrons by

oxygen molecules, which acts as active sites for efficient gas adsorption The processes of how these

oxygen molecules adsorb on the Co304 surface are defined by formulas (5.6) - (5.8).

0,(gas) = 0,(ads) (5.6)
0,(ads) + e~ - 05 (ads) (5.7)
05 (ads) + e~ = 207 (ads) (5.8)

When the sensor is introduced to the CoH4 environment as depicted in Figure 5.8(b) C2Hs4 molecules
react with oxygen ions, which makes the electrons trapped to be released back into the Co304 material,
because of this reaction the hole accumulating layer becomes smaller as the electron concentration
increases, and the processes of the reactions between the C2Hs4 molecules and oxygen ions are given by

equation (5.9)
C,Hy(gas) + 60~ (ads) — 2C0,(ga) + 2H,0(gas) + 6e~ 5.9

Doping is one of the techniques used to enhance the sensitivity and selectivity of gas sensors, the effect
of doping depends on the type of dopants used and the sensing material [40]. In this work, transitional
metals are used as dopants, and distinct behaviours were observed through DFT calculations.
Computationally doping significantly improved the adsorption energies for each dopant. The Zn and Sn
doping atoms have been turned into ZnO and SnO; respectively in the Co3O4 lattice, which was
confirmed by XRD and XPS data hence the surface of the sensor contains ZnO-Co304 and SnO2-C0304
p-n junctions. Both experimental and computation data point out Sn dopant to improve Co304 gas sensing
capabilities, as such Figure 5.8(¢c,d) delves into the SnO2-Co304 p-n Heterojunction mechanism, which
constructs an electronic junction at the interface between n-(Zn/Sn) and p-(Co304). The difference in
fermi level causes electrons from SnO, with a big band gap of 3.6 eV and holes from Co304 with a low
band gap of 1.6 eV to flow in opposite directions to equilibrate the fermi level, when the sensor is exposed
to air the reaction processes of equation (5.6)-(5.8) takes place on the SnO>-Co0304 hierarchical structures.
The flow of electrons from SnO> decreases, resulting in a decrease of the hole-depletion layer on the

C0304 side. When the sensor is introduced to the CoHs environment, process reactions following equation
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(5.9) take place on the SnO>-Co0304 material, leading to an increase of the hole-depleting layer, which

results in resistance change.

In Air In Ethylene gas
CH, + CO, + H,0

A

T
Hole accumulation layer

C,H, + CO, + H,0

@ = Oxygenion T
) § Depletion layer

Figure 5. 8: Schematic diagram of the gas sensing mechanism and band energies of Co3;04exposed to (a) air
environment, (b) C,H4 environment, and (c) SnO,-Co304 in air environment and (d) SnO»-Co030s4 in C;Hy

environment.
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Chapter 6

Conclusion and future work

6.1 Conclusion

In summary, pristine Co3O4 sheet-like structures were successfully synthesized through hydrothermal
technique by varying the oven duration as 6, 12 and 24 hours and the products were labelled Co304_6hrs
C0304_12hrs and Co304_24hrs, respectively. Gas sensing tests revealed high response and selectivity to
ethylene (C2H4), with the Co30O4 6hrs sensor exhibiting the highest response of 49.6 and rapid
response/recovery times of 27/42 s. The good gas sensing performance of Co30O4_6hrs was attributed to

the combination of high surface area and significant defects observed from BET and PL characterizations.

The doping effect of transitional metals namely Sn and Zn on Co304 structures was further investigated.
Both dopants were successfully incorporated on the Co3zOj4 crystal lattice with evident presence of new
extra peaks on the XRD at doping levels above 1wt% for Zn doped products, and new extra peaks at
doping level from 0.5wt% for Sn doped products. SEM studies revealed that the incorporation of these
dopants led to a change in morphology from uniform sheet-like structures morphology to hierarchical
flower like morphology and exhibited increased surface area from BET. Further, XPS studies confirmed
incorporation of these dopants and revealed high oxygen defects for Sn doped Co304 hierarchical
structures. High surface area and large number of defects is beneficial for gas sensing as they provide
more active sites for gas molecules adsorption/desorption processes. Some of the processes involved in
gas sensing mechanisms such as adsorption cannot be studied experimentally, hence DFT calculations
were employed for a better understanding of gas-surface reaction, detailing the gas sensing mechanism
between Co304 (311) plane surface and C2Hs gas. Pure Co3z04 (311) surface was cleaved and optimised
together with CoHy gas molecules and adsorption simulations were ran. The adsorption energies of -1.440
eV and -1.428 eV for the pristine system were obtained for both physisorption and chemisorption
approaches respectively. The observed negative values of the adsorption energies (Eags) indicated strong

adsorption interactions and stability.

Furthermore, the pristine Co304 (311) surface was doped with Sn and Zn, and their doping effect was
investigated in both adsorption approaches. Their successful incorporation into the Co304 lattice led to

increased adsorption energies to -1.526 eV (physisorption) and -1.457 eV (chemisorption) for Sn and
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reduced adsorption energies to -1.407 eV (physisorption) and -0.689 eV (chemisorption) for Zn. The
introduction of these dopants revealed distinct behaviors associated with each dopant which were
attributed to the complex reactions between the material properties, surface structure, defects, and dopant

effects. Sn has shown possible capabilities of enhancing gas sensing performance of Co304 for CoHa

detection.

6.2 Future work

This work has laid a solid foundation by combining both experimental and computational approaches,
based on the findings and insights obtained several aspects for future research still need to be explored

including:

» Consider lower Sn doping concentration to investigate the threshold concentration at which
formation of new extra peaks start occurring, as Sn samples displayed two phases on the XRD
,not showing exactly at what concentration does Sn phase start from.

» Explore gas sensing studies experimentally to compliment the DFT studies and determine the
effect of doping concentration.

» Usage of advanced computational modeling can be considered, by using advanced applications
such as VASP and extending beyond DFT by looking at advanced methods such as molecular
dynamics, this could provide more accurate results and representations of gas-surface
interactions, assisting with a deeper understanding of the gas sensing mechanism.

» Another aspect to delve into is the long-term stability of Co3zO4-based gas sensors over extended

periods, this will help determine the durability and reliability these sensors.
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