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ABSTRACT 

In this work, the Pt decorated ZnO nanoparticles layers are deposited on alumina 

substrate using the magnetron sputtering method (RF sputtering) and then analyzed with 

rapid detection of hydrogen gas for an extremely stable hydrogen detecting 

characteristics. AFM, XRD, and contact angle analysis were utilized to examine the 

impacts of the rapid thermal annealing (RTA) process at high temperatures. In 

comparison to the as-grown ZnO film, the XRD spectra of the samples after RTA 

treatment shows a significant improvement in the amplitude and a shrinking of the (002) 

diffraction peak's full width at half-maximum (FWHM). FE-SEM and XPS were used to 

characterize samples to determine the best material structure for stable sensing 

performance. In terms of higher operating temperature (300°C), stronger selectivity, and 

long-term durability are obtained from the ZnO-Pt system, which exhibited the best 

dynamic and transient gas sensing behaviors. The optimum sensor had a detection range 

of 100-1000 ppm, with response rates of 4.2 percent and 14.9 percent for 100 and 1000 

ppm, respectively. More importantly, the sensor shows highly stable base resistance 

(~132.5Ω) and sensing response (~14.9%) for a long-term period of the test. Sensitivity 

to 1000 ppm NO, CH4, CO, C3H8, and O2 gas was only -0.2%, -0.16%, 0.6%, 0.15%, 

and 0.4% respectively, showing excellent selectivity. In conclusion, the obtained ZnO/Pt 

nanoparticles layers on alumina substrate are indeed a worthy material for building high 

temperature working environments where high-performance H2 gas sensors are needed. 
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Introduction 
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The purpose of this chapter is to provide a general framework and 

introduction for the work presented in this Master thesis. This chapter is divided into 

three sections, addressing the research motivations, objectives, and thesis 

organization. 

 

1.1 Motivation 

Hydrogen (H2) is a colorless, odorless, and tasteless gas that, when blended 

with air, can pose a safety danger due to its wide flammability spectrum (4~75%), 

which raises the likelihood of high burning rates and explosive tendencies. It may 

also function as an asphyxiant at elevated concentrations. H2 is used as a reactant in 

the chemical industry to treat ammonia, petrochemicals, and methanol. It is also 

used as a source of electricity, with notable uses in fuel cell and rocket propulsion 

systems. The creation of a hydrogen economy fueled by sunlight is becoming more 

feasible, with renewed focus on the processing of H2 by photo catalytic water 

splitting. Furthermore, H2 extracted from renewable sources of sustainable energy 

can be used as a feedstock for catalytic hydrogenation reactions that turn CO2 into a 

usable fuel, which not only provides fuels with a higher energy density than H2, but 

also absorbs a harmful greenhouse gas. If such an energy system is to develop, it 

would need to be tracked by a network of sensors that can detect H2 levels where it 

is used, delivered, and processed. If dispersed H2 power generation systems become 

commonplace in this scenario, such point-of-use consumption can eventually render 

H2 sensors as important as carbon monoxide and smoke detectors. 
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1.2 Objectives 

This study reports the stability of nanoscale platinum (Pt) decorated ZnO 

nanoparticles formed on a rough alumina substrate was investigated. Ultra-high vacuum 

RF magnetron sputtering was used to deposit thin ZnO films, which were then subjected 

to a phase of rapid annealing process to induce the arrangement of NPs morphological 

and crystalline structures. To shape a sensing film, Pt was deposited on the ZnO 

nanoparticles using RF magnetron sputtering. The structure of nanomaterials ZnO 

particles allows for greater adsorption integration with the catalyst metal, Pt. 

Furthermore, the particle configuration is intended to have a permeated conductive 

pathway by increasing the supply of Pt metal at the nanometer scale and the structure 

that is exceptionally stable for high-temperature hydrogen sensors. The objectives of 

this work are illustrated below: 

o Stable hydrogenation and dehydrogenation properties 

o Good sensitivity 

o Wider detection range  

o Linearity in large detection range (100 to 1000 ppm) 

o Good repeatability in 1000 ppm 

o Elevated temperature (300˚C) 

o Light weight, small size 

o Highly hydrophobic catalytic substrate. 
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For evaluating the hydrogenation and dehydrogenation properties, we optimized the 

ZnO nanoislands structure and grew different nano sized ZnO particles by varying the 

deposition conditions and applied rapid thermal annealing process to connect the 

particles by coalescence mechanism. After coalescence, these modified nanostructured 

particles revealed islands structure, which later helped to use a percolated islands 

structure with improved ohmic conduction. The nanostructure of Pt metal to be 

deposited for hydrogen permeation and deportation was greatly aided by this percolating 

channel. Pt metal with a high surface-to-volume ratio was then deposited on top of the 

ZnO nanoislands. Finally, we investigated hydrogenation and dehydrogenation in a 

practical gas field by adding a bias voltage, which resulted in rapid reaction and 

recovery, as well as improvements in hydrogen stability. 

 

1.3 Thesis organization 

The aim of this study is to show how the author's analysis was presented both 

theoretically and experimentally. The fabrications, theoretical investigation, and 

characterization of Pt coated at ZnO nanoparticles over alumina substrate as a 

hydrogenation and dehydrogenation model were all examined in depth. Furthermore, 

evaluating the hydrogenation and dehydrogenation of the as-prepared model expands 

the capabilities of a stable hydrogen sensor for use in safety applications, allowing for 

greater sensitivity and selectivity. The thesis is organized as follows: 
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o Chapter 1. Introduction 

                A short introduction and motivation behind the study, and overall 

works contents are illustrated in this section. 

o  Chapter 2. Literature review and background 

                Backgrounds of this study along with nanomaterials familiarization 

and the state of the art are discussed elaborately in this section. 

o Chapter 3. Experimental procedures and evolution  

                All experiments steps and device fabrications processes along with 

experimental tools and their processes were explained elaborately in 

this section.   

o Chapter 4. Hydrogenation and dehydrogenation performance analysis of  

 Pt@ZnO nanoislands decorated over alumina. 

o Chapter 5. Conclusions and future work 

                The overall outcomes of this research are summarized in this section. 

Furthermore, some suggestions for the improvement of this model 

were also analyzed for the future work related to this research are 

discussed.  
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CHAPTER 2 

 

Literature review and background 
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Background and the necessity of this research, working mechanism, 

performance enhancing relative factors, and the state of the art relative to this 

research have been discussed in this chapter. 

  

2.1 Overview of the highly stable hydrogen sensor's importance 

It is well known that hydrogen (H2) is the most optimistic, pristine, and efficient 

combustible sources of energy due to its many advantages such as high calorific value 

of combustion, quick ignition time, and significant potential for future applications. 

However, as the H2 is colorless and odorless gas, it can explosive and flammable at a 

low concentration of 4% in the atmosphere [1–3]. Therefore, reliable gas sensors are 

highly desirable for applications in high temperature areas (≥300ºC) such as metal 

productions, renewable energy supplies, fuel cells, space shuttle propulsion, 

environmental, agricultural, industries, etc. to detect the H2 leakage due to their 

harmfulness and the associated threat to the ecosystem. Hence, the detecting framework 

in need is relied upon to be a sensor combination with multidisciplinary detecting 

advancements. The high-temperature gas sensor is exceptionally wanted to screen the 

harmful gases at the higher working temperature (≥300ºC). The gas detecting 

component can be dictated by 3S factors (i.e., selectivity, sensitivity, and stability). All 

things considered, a couple of sensors are accounted for to show an adequate 3S 

execution for genuine natural application [4–6]. While a large portion of the gas sensors 

are accounted for to work at moderate working temperature (<300ºC) [3,7,8]. Due to the 

contradictory definition of high temperature and technological difficulties in the past, 

only a few studies have been found to present higher operating temperature gas output 
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(≥300ºC), despite the growing interest in harsh environment gas sensing due to the 

urgent need from industrial or nuclear power stations. Furthermore, the majority of the 

high temperature experiments were carried out in a laboratory setting [4]. 

Recently, various catalytic metal oxide semiconductor sensors such as TiO2 [9–11], 

SnO2 [2,12–14], WO3 [15–18], ZnO [19–23] and CNT [24] are investigated for their 

ability to detect hydrogen gas with strong working stability, high precision, and a quick 

manufacturing procedure. Among them, ZnO has unique characteristics and broad 

application expectations due to its wide and coordinate band gap of 3.37eV along with a 

significant amount of exciton binding energy (60 meV) and an oxygenated surface 

[21,25,26]. Also, ZnO has a broad range of utilizations in sensors, thin film 

semiconductors, LEDs, and sun-oriented cells [27–29], etc. It is commonly utilized as a 

gas detection substance because of its superior permeable electrical conductivity as well 

as outstanding mechanical stability under sensor operating environment. Among 

numerous gas-delicate substance, ZnO has pulled in the consideration of numerous 

scientists because of its huge explicit surface zone and evident surface impacts. 

Furthermore, Sensors made of ZnO were broadly utilized in the investigation of an 

assortment of combustible gases and destructive gases. Apparently, there are not many 

examinations on high temperature H2 sensors with a high reaction dependent on 

materials made of pure ZnO [30]. 
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Fig 2.1. Hydrogen sensor applications 

 

2.2 Specifications for stable hydrogen sensors 

o Safe performance i.e., sensor construction that is explosion proof, as well as a 

protective housing. 

o Low power consumption with easy device integration, and a user friendly 

o Sensitivity and precision at a higher degree of temperature (300°C) 

o Stable signal with smooth response and recovery cycles without any noise 

o High selectivity and low cross sensitivity 

o Less hysteresis and high repeatability 

o Small size, low expense, longer life span, and easy operation and 

maintenance 
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Fig. 2.2.  Applications for detecting hydrogen 

 

2.3 Types of hydrogen sensor 

Hydrogen sensor have been widely researched for their wide range of uses in case 

of catalytic, thermal conduction, electro-chemical, resistive, optical, and acoustic etc. 

However, the resistive type sensor have been demonstrate well for its high sensitivity, 

fast response, low cost, and power consumption. Table 2.1 summarizes the different 

type of hydrogen sensor. 
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Table 2.1. Different types of hydrogen sensor’s 

Sensor type Operating 

principle 
Physical 

change 
Advantages Disadvantages 

Catalytic Pellistor Temperature 
Resistance 

-Long lifetime 
 

-Wide temperature  

 & pressure range 
 

-Stable output with  

 aging  

-Not selective for  

 hydrogen 

 
-Poisoned by Si, P  

 compounds & S 

 
-High power  

 consumption 

 
-Requires 5-10%  

 O2 to oxidation  

Thermal 

conduction 
Thermal 

conductivity 
Temperature 
Resistance  

-Wide detection  

 range 
 

-Does not require  

 O2 
 

-Resistant to  

 poisoning 
 

-Long life 

-Can not detect  

 less than 1 %  

 
-Reference gas  

 needed 

Electro-

chemical 
Amerpometric Diffusion 

limited 
current 

-Wide temperature  

 range 

 
-Resistant to  

 poisoning 

 
-Long life 

-Less response  

 time 
 

-Additional gas  

 permeable   

 membrane needed 

Resistive Semiconducting 

metal oxide 
Resistance -High sensitivity 

 
-Fast response 

 
-Good lifetime 

 
-Wide temperature   

 range 

 
-Low cost 

-Cross selectivity 

 
-Humidity  

 influence 

 

-Contamination  

 susceptible to   

 aging 
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Work 

function 

 

Schottky 

diode(metal-

semiconductor) 

 

MOS field 

effect transistor 

 

Current-

voltage 

peculiarities 

 

-Small size 

 

-Mass production  

 

-Fast response 

 

-Highly sensitive  

 and selective 

 

-Small size 

 

-High temperature  

 operating needed  

 high band gape  

 based  

 semiconductor. 

 

-High power  

 consumption 

 

-Low detection  

 limit 

 

Optical 

 

Optrodes 

 

Changes in 

reflectivity 

-Operate in absent  

 of oxygen 

 

-Wide detection  

 range 

 

-Slow response  

 time 

 

-Susceptible to  

 poisoning  

 

Acoustic 

 

Surface acoustic 

wave 

 

Frequency 

 

-High sensitivity 

 

-Room  

 Temperature   

 operation 

 

-Wide detection  

 range 

 

-Unstable at higher  

 temperature 

 

-Humidity effect 

 

 

2.4 Hydrogen analysis using nanomaterials 

Nanomaterials have been widely researched for their wide range of uses in the 

pharmaceutical industry, medical fields, food technology, national security, and 

everyday life. Nanotechnology's exponential growth is propelling the world's 

technology to new heights. Complex nanomaterials research is used to create high-

performance electronics and sensors. Metal oxide, cement materials, 2D materials, 

ceramic materials, and other nanomaterials are among them. Nanostructured catalytic 

metals and metal oxide semiconductor materials are among them, and their interactions 
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with various gases in the atmosphere are being researched extensively. The ease with 

which they could be manufactured and the intriguing nanoscale impact on their physical 

and chemical properties made them ideal for analysis and analysis. Since ZnO, SnO2, 

WO3, and TiO2 have catalytic effects on hydrogen molecules, they need a higher power 

consumption (temperature greater than 300°C) to operate. Noble metals such as Pt, Pd, 

Au, Mg, Ni were used with metal oxides (ZnO, SnO2, WO3, TiO2) and carbon materials 

to boost hydrogenation and dehydrogenation reaction at an elevated temperature and 

comparatively lower power consumption. 

2.4.1 Platinum's (Pt) advantages in hydrogen gas sensing 

Platinum (Pt) has been widely analyzed and investigated as a high-sensitivity 

and selectivity hydrogen sensing material. Platinum has proved to be a reliable catalyst 

for a wide range of oxidation and reduction reactions in both acidic and basic 

electrolytes, making it an excellent choice for process feasibility tests. This next-

generation catalyst is referred to as "HP," which stands for "High Power Catalysts." It is 

a fcc crystal structure-based metal with an atomic weight and number of 195.084 and 78 

respectively and electronic configuration of [Xe] 4f145d96s1 also its melting point is 

1768°C. At the time of physical absorption in hydrogenation, hydrogen molecules 

selectively absorbed in the Pt surface (fcc) and dissociated on the interstitial sites of Pt. 

2.4.2 Catalytic Pt based on hydrogenation and dehydrogenation 

motivation 

Two mechanisms could explain the observed rise in the response to H2 in Pt-

catalyzed ZnO films (Pt@ZnO NPs). One is based on oxygen spillover, and the other is 



 

15 

 

based on the regulation of the Fermi stage when Pt nanoparticles are present on the ZnO 

surface. Both contribute to accelerated oxygen chemisorption and dissociation: 

Pt+ ½ O2(g) (ambient)↔Pt : O 

The Pt:O complex thus formed is capable of dissociating to release oxygen singlets. 

Pt : O ↔Pt + O 

The labile oxygen atoms spillover from the Pt surface to the ZnO surface, creating 

additional O2- or O2- ions through the pathways outlined above, and resulting in a high 

electrostatic potential near the contact point. Additionally, the work functions of Pt 

(~5.60 eV) and ZnO (~4.09 eV) show a significant contrast. The degradation zone at the 

surface of the metal oxides and the ZnO film surface grows because of this. As a result, 

more electrons are attracted from the ZnO conduction band onto the Pt surface, resulting 

in a greater number of active sites than on the pristine ZnO surface. As a result, when 

H2 molecules react with these adsorbed oxygen compounds, the width of the depletion 

zone and the height of the surface barrier change. As a result, the Pt@ZnO sensor is 

more involved than the one that is not decorated. 
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The state of the art for metal oxide based hydrogen sensor has been summarized in Fig. 

2.3. 

 

Fig. 2.3. Hydrogen sensor state of art 

2.5 Summary 

In conclusion, owing to their material and structural properties, metallic ZnO 

structures are preferred for safe hydrogen sensing, as shown by the literature review. 

Furthermore, by preparing a scarcity current direction between two electrodes on their 

respective surfaces, decorated Pt/ZnO metal on alumina substrates improved hydrogen 

sensing characteristics. 
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CHAPTER 3 

 

Experimental procedures and 

evaluation 
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To develop ZnO nanoparticles on a highly rough alumina substrate, several 

experimental steps were carried out. The morphology of ZnO nanoparticles was crucial 

in improving the stable hydrogenation and dehydrogenation phenomena, as well as their 

reaction magnitude. Furthermore, it improved surface interaction at the nanoscale level 

by increasing the surface to volume ratio, which improved the synergetic effects of gas 

absorption and desorption. Despite the need for a high temperature of 300°C to 

completely dehydrogenate in 112 sec, a smooth hydrogenation period of 133 sec was 

measured for 1000 ppm hydrogen gas at 14.9% response magnitude. 

ZnO nanoparticles were created by depositing an optimized sheet of ZnO thin film on 

an alumina substrate using an ultra-high vacuum radio frequency magnetron sputtering 

technique, then rapidly thermal annealing the layer to induce surface diffusion. Later, 

using the RF magnetron sputtering method, a Pt catalytic structure was also deposited.  

3.1 Substrate selection 

The high roughness and hydrophobicity of commercially available alumina 

substrate is used to enhance the forming of nanostructured metal islands. First, an 

extremely rough alumina substrate (12×6 mm2) was washed for 5 minutes in ethanol, 

acetone, and isopropanol, then ultrasonicated for 15 minutes and dried with nitrogen 

gas, followed by heating in a hot plate at 100˚C.  

ZnO was sputtered on alumina substrate by RF magnetron sputtering before forming 

ZnO nanoparticles on it. 
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Fig. 3.1. Optical images of alumina substrate 

By varying the RF magnetron sputtering deposition state, different sizes of ZnO 

nanoparticles were deposited. An extremely pure ZnO target (iTASCO, 99.99% purity) 

was used in the experiment, and a gap of 6cm was held between the substrate and the 

target in the sputtering chamber. 

 

Fig. 3.2. (a) Optical image of ZnO target. (b) Distance between the substrate and target. 
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ZnO nanoparticles were deposited at a deposition pressure of 8 mTorr at a gas 

flow ratio of Ar:N2 =1:10 after the sputtering chamber was evacuated with a pressure 

of 10 mTorr using a high vacuum rotary pump. The rate of deposition was nearly 0.19 

nm/sec. The plasma was generated in the sputter chamber with a rf power of 100 W 

and vacuum conditions of (8 K). Table 3.1 summarizes the parameters. 

Table 3.1. Operating conditions of RF magnetron sputtering for ZnO target. 

Target ZnO (iTASCO, 99.99%) 

Target-substance distance 6 cm 

Base pressure 10 mTorr 

RF power 100 watt 

Deposition pressure 8 mTorr 

Deposition temperature 8 Kelvin  

Deposition rate 0.19 nm/sec 
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Fig. 3.3. RF magnetron sputtering system. 

 

3.2 Optimization of ZnO nanoparticles 

Optimizing the ZnO nanoparticles morphology, which serves as a blueprint for 

increasing the nanoparticles/catalytic structure, is important for developing ZnO 

nanoparticles and deploying an interfacial catalytic layer for hydrogenation and 

dehydrogenation. A Keithely probe station system was used to check the surface 

conductivity for optimizing the ZnO morphology, as it is thought that a highly 

agglomerated and bulk size nanoparticle can bind together tightly and increase the 

surface conductivity. Furthermore, a bulk morphology of highly dense metal 

nanoparticles has a higher surface energy, which can impede nanoparticle growth by 

reducing surface diffusion. 
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Fig. 3.4. Measurement of surface conductivity 

As a result, various sizes of nanoparticles were deposited by adjusting the deposition 

time in RF magnetron sputtering to optimize the ZnO nanoparticle morphology. Table 

3.2 summarizes the circumstances and optimized scale performance. 

Table 3.2. ZnO nanoparticle size optimization by RF magnetron system 

Average nanoparticle size 

(nm) 

Deposition time (min) Surface resistivity (Ω) 

171  ∼ 15 ∼ 29.3×103 

342 ∼ 30  ∼ 4.2×103 

510 ∼ 45  ∼ 132.5 
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The water interface angle of ZnO nanoparticles on an alumina substrate was measured 

after they were deposited. For 510 nm ZnO nanoparticles deposited on an alumina 

substrate, a contact angle of 108.7° was found, as well as a solid vapor interfacial 

energy of 40.11 mN/m. 

 

Fig. 3.5. Water contact angle of 510 nm ZnO on alumina 

Because of the optimized surface energy between the nanoparticles and the substrate, 

this morphology provides an optimized surface resistivity of ~132.5 Ω, which was 

enough to induce a thermal annealing diffusion process. The surface energy and water 

contact angle are summarized in Table 3.3. 

 Table 3.3. Water contact angle and surface energies of ZnO nanoparticles 

Average nanoparticle size 

(nm) 

Contact angle Surface energy 

𝜸𝑺𝑽(mN/m) 

171 87˚ 28.34 mN/m 

342  98.5˚ 36.79 mN/m 

510 108.7˚ 40.11 mN/m 
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3.3 ZnO nanoparticles development 

A thermal annealing method was used to create the ZnO nanoislands after 

depositing and optimizing the ZnO nanoparticles on the alumina. A vacuum chamber 

was created using a vacuum pump. The annealing was done in an argon setting, with a 

mass flow controller feeding a 50 SCCM gas into the annealing chamber through a 

channel. The annealing method was set up in three stages. The temperature in the first 

or initial stage stays about 5 degrees Celsius, rising to 1000 degrees Celsius at a rate of 

20 degrees Celsius per second in the second stage, where the time limit was set to 5 

minutes. After that, a phase down process (third stage) was carried out at a slower rate 

of 5°C/sec. 

 

Fig. 3.6. Rapid thermal annealing system 

After the rapid thermal annealing process, all the samples were cooled down at room 

temperature for a post sputtering process. 
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3.4 Pt metal deposition at ZnO nanoparticles 

For enhancing the hydrogenation and dehydrogenation catalytic phenomenon, Pt 

metal was deposited at ZnO nanoislands after the rapid thermal annealing process. Pt 

metal target of (99.99%) purity was deposited after ZnO deposition by varying the RF 

magnetron sputtering system’s operating conditions. The conditions are given in Table 

3.4. 

Table 3.4. Pt nanoparticle deposition conditions 

Target Pt (99.99%) 

Target-substance distance 8cm 

Base pressure 10 mTorr 

RF power 170 watt 

Deposition pressure 8 mTorr 

Deposition temperature 8 Kelvin 

Deposition rate 1.42 nm /Sec 

 



 

26 

 

  

Fig. 3.7. Pt target (iTASCO, 99.99% purity)  

3.5 Electrodes (Au) deposition 

After Pt metal deposition, Au target was used to put two electrodes at 2 mm apart 

from each other following rf magnetron sputtering. The sputtering condition and optical 

image of as fabricated device has been shown in Table 3.5 and Fig. 3.8 (a, b). 

Table 3.5. Au nanoparticle deposition conditions 

Target Au (99.99%) 

Target-substance distance 8cm 

Base pressure 10 mTorr 

RF power 150 watt 

Deposition pressure 8 mTorr 

Deposition temperature 8 Kelvin 

Deposition rate 1 nm /Sec 
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Fig. 3.8. (a) Au target (b) optical image of the as prepared device 

 

3.6 The device fabrication process 

An extremely rough alumina substrate (12 × 6 mm2) was washed for 5 minutes 

in ethanol, acetone, and isopropanol, then ultrasonicated for 15 minutes. ZnO (iTASCO, 

99.99% purity) target was used in sputtering with an RF magnetron in an ultra-high 

vacuum chamber for depositing nanosized ZnO nanoparticles over alumina. A rapid 

thermal annealing process was used in a sequential manner to shape a permeation-

supporting morphology and produce a stronger nanoparticles structure. Five different 

sensors were annealed at different temperatures (as-grown, 800°C, 900°C, 1000°C, and 

1100°C) for 5 minutes each using the rapid thermal annealing (RTA) method in an argon 

gas atmosphere (vacuum condition). The RF magnetron sputtering technique was then 

used to deposit a distinct thin film of optimized nanosized Pt metal with a high aspect 

ratio on the ZnO nanoparticles. And then again 300ºC annealing temperature was also 

used for the same time which has been done after the ZnO annealing procedure time. 

The RF power and deposition time were used to monitor the metal deposition rate. For 
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clarification, each device was labelled as S0 = Pt@as grown ZnO NPs, S1= Pt@800°C 

annealed ZnO NPs, S2 = Pt@900°C annealed ZnO NPs, S3 = Pt@1000°C annealed 

ZnO NPs, and S4 = Pt@1100°C annealed ZnO NPs. The SCS 4200 probe station 

framework was used to investigate the rotating ohmic transmission of 

nanoparticles/alumina produced by gold (AU) electrodes opposite to one another at a 

gap of 2 mm. The entire schematic diagram is depicted in Fig. 3.9. 

 

 

Fig. 3.9. Device fabrication process of ZnO-Pt hydrogen sensor. 

3.7 Evaluation methods: Pt@ZnO nanoparticles decorated alumina 

substrate for stable gas sensor 

After confirming the optimum condition for stable hydrogen sensor, the device 

has been prepared for several evaluation methods including material characterization 

which is listed in the Table 3.6. 
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Table 3.6. Evaluation methods 

SL No Methods 

1 Morphology evaluation 

2 AFM 

3 FESEM 

4 XRD 

5 Water contact angle 

6 XPS 

7 EDS elemental analysis 

8 EDS mapping 

9 For measuring electrical property check the dynamic response study 

10 Measuring hydrogenation and dehydrogenation response magnitude 

11 Transient response at different gas concentrations 

12 Long term stability check at higher operating temperature 

13 Selectivity check at different test gases 

 

3.7.1 Atomic force microscopy 

AFM is a high-resolution scanning probe microscopy that can photograph 

nanomaterials at fractions of a nanometer resolution, more than 1000 times greater than 

the optical diffraction limit. In this thesis, 3D atomic force microscopy (AFM, 

MultiMode V) was utilized to examine the roughness and RMS grain size of 

nanostructured ZnO nanoparticles. 
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3.7.2 FESEM (Field emission scanning electron microscopy) 

FESEM is a widely regarded microscopy instrument that can produce images 

with a resolution of less than 1 nm. A directed beam of electrons scans the sample's 

surface by communicating with its atoms, producing a variety of signals that can be 

observed, revealing details about the sample's topography and composition. In this 

thesis, Cold field emission scanning electron microscopy (Cold FE-SEM, SU8220) was 

utilized to study the surface morphology of ZnO/Pt nanoparticles on an alumina 

substrate under various annealing conditions.  

3.7.3 X-ray diffraction analysis (XRD) 

The atomic and molecular composition of a crystal can be determined using x-

ray diffraction techniques. Because of the crystalline atoms, electron beams diffract at 

various angles and intensities, resulting in a three-dimensional image of the atoms in the 

crystal. A high-resolution X-ray diffraction (XRD, D/MAX2500V/PC, Ulsan, Korea) 

with Cu Kα (λ = 0.154 nm) radiation over a two-dimensional screening spectrum of 10–

90◦ was used to examine crystallite size and material composition of the nanoparticles. 

3.7.4 Water contact angle system 

The hydrophobicity and surface energies of the nanomaterials were checked by 

Goniometry of contact angles (Kruss DSA 100 drop form analyzer, Ulsan, Korea) was 

used to calculate water droplet contact angles using the sessile drop technique at room 

temperature. A micro-syringe was used to drop deionized water droplets (approximately 

5 µL) on the thin film surfaces. 
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3.7.5 X-ray photoelectron spectroscopy (XPS) 

XPS is a highly surface sensitive measurement technique that evaluates the 

elemental composition, chemical state, electronic state, of the material at the parts per 

thousand range. It simultaneously measures the kinetic energy of a beam of x-rays and 

number of electrons that escape from the top 0 to 10 nm of the material. The electronic 

and chemical state of the metal interface with ZnO nanoparticles was analyzed by x-ray 

photoelectron spectroscopy (XPS, Thermo Fisher K-Alpha) with Al Kα radiation as a 

medium of X-rays. 

3.7.6 EDS elemental analysis and mapping 

Dispersive of energy X-ray spectroscopy offers chemical characterization as well 

as elemental and compositional knowledge about nanomaterials. All of the atomic and 

weight percent of the nanomaterials are given by the interaction of the excited x-ray 

source and the sample. It also includes a detailed x-ray emission spectrum for each 

element. In this thesis, energy dispersive X-ray spectroscopy (EDS, JEOL, JEM-2100 F) 

was used to examine the textural properties of the as-prepared samples. 

3.7.7 Measuring gas sensing properties 

The hydrogenation and dehydrogenation properties were checked at a fixed 

temperature of 300°C against different H2 concentrations to determine smooth 

response/recovery and stability properties. For all measurements and data processing, a 

Keithley probe station (SCS-4200) was used with a specified switching voltage of 1V, 

and a configurable heater installed with the device holder in the gas chamber.  To 

control the concentration of hydrogen gas in synthetic atmosphere, an automated flow 
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rate monitoring system (GMC 1200, ATOVAC, Ulsan, Korea) was used. The gas 

mixture was maintained at a constant flow of 200 sccm on the fabricated device which 

was mounted on an integrated heater. 

 

Fig 3.10. Hydrogenation and dehydrogenation measuring setup. 

 

3.8 Summary 

In this chapter, the experimental steps, and evaluations of ZnO nanoparticles 

based on Pt metal on alumina were described in this chapter. The structure of ZnO 

nanoparticles was demonstrated using detailed laboratory procedures. The decoration of 

Pt metal @ZnO nanoparticles was also described in detail. A system for hydrogenation 

and dehydrogenation, as well as a gas measuring system, was introduced. 

Characterization techniques for analyzing the morphology of nanomaterials, crystal 

consistency, metal oxide defects, and stable hydrogenation and dehydrogenation 

properties were described. 
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CHAPTER 4 

 

Stable hydrogenation and 

dehydrogenation performance 

analysis of Pt@ZnO nanoislands 

decorated over alumina 
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4.1. Structural, morphological, and compositional characteristics 

AFM images are used to examine the surface roughness of as-grown and 

annealed ZnO nanoparticles, as shown in Fig. 4.1(a-e) using 300 nm × 300 nm scan 

area.  

 

Fig. 4.1. AFM analysis of ZnO nanoparticles (a) as grown; (b) 800°C; (c) 900°C; (d) 

1000°C; and (e) 1100°C, respectively. 

 

Table. 4.1 summarizes the average grain size and roughness of the surface. All films 

have various nanostructures at different proportions, as seen in the AFM micrographs. 
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Every sample's surface roughness was calculated in five different locations. The 

roughness increases after raise the annealing temperature along with grain size 

increasing due to the more activation energy to atoms at higher temperature. Higher 

annealing conditions will energize grain size migration and allow more grains to 

coalesce during the annealing process. [31]. From AFM analysis (Fig. 4.1(d)) it was 

observed that ZnO deposited uniformly over the entire Al2O3 surface. 

Table 4.1.  AFM Measurements for ZnO nanoparticles at different annealing conditions. 

Sample Roughness (nm) RMS Grain size (nm) 

ZnO@alumina (non-annealed) 5.83 4.70 

ZnO@alumina at 800ºC 8.15 6.67 

ZnO@alumina at 900ºC 11.61 9.38 

ZnO@alumina at 1000ºC 30.75 26.2 

ZnO@alumina at 1100ºC 10.53 9.43 

 

The average grain size of these nanoisland was 30.75 nm with 26.2 RMS roughness. 

Fang et al. [32] also reported that at higher annealing conditions, sufficient energy 

should also be required for the molecules to gain in order for them to disperse and hold 

the proper site in the molecular structure, resulting in particles with lower surface 

energy, which also confirms in our contact angle analysis. However, as consistent, and 

compressed materials of nanostructure are formed during the nanoparticles prepared 

over the alumina substrate, as seen in Fig. 4.1(e), the roughness declines. Also, 

recrystallization happens as the calcinated temperature exceeds 1000°C, and the 

roughness of the ZnO surface decreases due to agglomeration. The surface roughness of 

the nanoparticles that were annealed up to 1000°C increased significantly. The gradual 
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increase in surface roughness could be the result of significant grain growth. The 

propagation loss is influenced by surface roughness, which is a significant factor. As a 

result, films that have been annealed at higher temperatures (>1000°C) are insufficient 

for ZnO@alumina devices. 

Fig. 4.2(1a-5a) illustrates the representative morphological structure of the non-

annealed sample (S0) and samples annealed at 800°C, 900°C, 1000°C, 1100°C (S1-S4) 

revealed by the Cold FE-SEM images in an inert gas environment. A typical high 

resolution SEM image shown in the inset picture confirmed the formation of thin film 

layers consisting of several nanoparticles. It can be seen from the SEM images, that that 

a non-uniform nanoparticle appears on the film (Fig. 4.2(1a)). These non-uniform thin 

film distribution can produce unstable performance for any device [33]. Rota et al. [34] 

stated that, RTA simplifies the dispersion process of the metal surface, which ultimately 

increases the range of interface, alloy formation and nanoisland uniformity. 

Furthermore, these individual metal NPs clusters continue to diffuse with increasing 

annealing temperature (Fig. 4.2 (2a–5a)). From the SEM images, it was clear that the 

diffusion of metallic nano-islands begins at 800°C and continues to increase as the 

temperature increases, forming more uniform grain boundaries (Fig. 4.2 (2a-5a)). In Fig. 

4.2 (4a), for the 1000°C annealed ZnO/Pt nanoparticles layers, thin layers of metal NPs 

were found to be uniformly distributed. Therefore, in Fig. 4.2 (4a) an improvement 

appears in the structural properties of the ZnO/Pt layers that is more homogeneous and 

simple than other samples, since at higher temperatures the molecules propagate and 

assume the right position in the crystal lattice and increase the grain size [35], which 

also confirms in the AFM images of Fig. 4.1(d). The radius distributions reported in Fig. 
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4.2(1b–5b) for the ZnO nanoparticles before annealing and ZnO annealed at 800°C, 

900°C, 1000°C and 1100°C respectively, indicate a Gaussian distribution around a 

radius mean value. It could be seen that the nanoisland aligned in random orientations 

and the average diameters of the nanoparticles were about 46.23 nm, 47.29 nm, 53.39 

nm, and 53.74 nm for sample S0, S1, S2 and S4, respectively. However, after the 

contacting with more energy at higher temperatures the nanoparticles are placed in a 

modified homogeneous nanoparticle, of which the average diameter changed to 

approximate 55.03 nm for sample S3 as shown in Fig. 4.2(4b).  

 

Figure 4.2. FE-SEM surface analysis for sample (S0-S4); (1a-5a) Surface morphologies 

of ZnO-Pt (inset higher magnification images) and (1b-5b) radius distribution for each 

sample. 
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At a temperature of 1100°C, ZnO nanoisland becomes unstable from the 

substrate and this phenomenon will become more apparent with increasing temperature. 

It is also conceivable that at high temperatures, the rough alumina substrate becomes 

incredibly soft, making it impossible to have a robust interface for ZnO molecule 

diffusion, as seen in Fig. 4.2 (5a). Thus, we conclude that the molecules of our ZnO 

nanoisland are higher than 1100°C enough to destabilize the rough alumina from the 

substrate, resulting in the aggregation of nanostructures on the substrate. 

A typical high resolution XRD spectrum technique scanned from 20° to 90° (2θ) 

continuously for the as grown and annealed ZnO thin films for 800°C, 900°C, 1000°C 

and 1100°C respectively as shown in Fig. 4.3(a) and Pt@1000°C annealed ZnO 

nanoisland over alumina substrate is depicted in Fig. 4.3(b) for the pre- and post-

annealing cases. It can be seen from the Fig. 4.3(a) that, the most intense peak located at 

2θ = 57.51° due to ZnO (110) diffraction planes of cubic phase which is in pm-3m space 

group (JCPDS: # 01-080-4983). Diffraction peaks at 2θ = 34.29° (JCPDS: # 01-075-

1533) are for ZnO (002) hexagonal wurtzite phase (Fig. 4.3(a); as-grown) which was 

discovered to be intensified for further annealed sample (Fig. 4.3(a); 800°C, 900°C, 

1000°C and 1100°C respectively) and 2θ = 66.53° is also for ZnO (112) phase are in the 

space group of P63mc. An increase in kinetic energy occurred due to annealing at 800°C 

to 1000°C which enhances the intensity of (002) peak.  
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Fig. 4.3. XRD analysis of (a) as-grown and annealed at 800°C; 900°C; 1000°C; 1100°C; 

ZnO NPs respectively (b) ZnO-Pt nanoparticles before and after annealing. 

 

At higher annealing temperature atoms mobility enhances which gives the better 

structure improvement by gaining additional kinetic energy for reducing the defects and 

achieving improve internal order [35]. However, the (002) peak intensity decreases after 

annealing at higher temperature (1100°C). In comparison to film grown before 

annealing, the full width half maximum of the (002) peak reduces after annealing, as 

seen in Table. 4.2. It confirms that annealing improves crystalline order by eliminating 

defects including vacancies and lattice disorders. The Scherrer formula can be used to 

measure the crystalline grain size from the FWHM of the (002) diffraction peak [36] : 

D =
0.9 λ

β cosθ
            (4.1)  

Where λ = 1.540 Å is the wavelength of the X-rays, β is the full width half maximum 

intensity of the distinctive peak, and θ is the Bragg’s angle. Diffraction peak at 2θ = 

25.61°, 35.15°, 37.76°, 43.38°, 52.55°, 61.32°, 68.23°, 77.24°, 86.5° and 88.99° are 
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from α-Al2O3 (012), (104), (110), (113), (024), (122), (300), (119) and (312) 

respectively (JCPDS: # 00-046-1212). There was no other diffraction peak is found 

from as grown to annealed sample which indicates that the ZnO has high purity and 

good crystallinity. Furthermore, after the deposition of sensing layer, it can be seen from 

Fig. 4.3(b) that there was a small peak at 2θ = 80.73° correspond to the Pt (114) planes 

of the tetragonal crystal structure which indicates the Pt coating over ZnO nanoisland 

has been successfully carried out. Peaks at 2θ = 57.51°, 66.53° are related to the (112) 

and (220) of platinum zinc for tetragonal crystal lattice of P4/mmm space group which 

maybe originated from the metal alloy and formation of Pt nanoparticles with Zn. The 

transformation of ZnO-Pt into PtZn alloy is done through the formation of Zn by 

hydrogen reduction, chemisorption on the surface of Pt nanoparticles and diffusion of 

Zn to the bulk Pt nanoparticles to produce larger PtZn nanoparticles [37]. 

Table. 4.2. XRD analysis of 002 peak of ZnO NPs prepared at different annealing 

conditions. 

Phase Sample Peak 

Position (2θ) 

FWHM Crystallite 

Size (nm) 

d-spacing 

(Aº) 

 

 

ZnO (002) 

as grown 34.29 0.65 12.78 2.62 

800°C 34.46 0.34 24.46 2.60 

900°C 34.46 0.33 25.20 2.60 

1000°C 34.46 0.32 25.99 2.60 

1100°C 34.47 0.31 26.83 2.59 

 

To investigate the surface energy and solubility of various ZnO nanoparticle 

morphologies, contact angle were measured by diiodomethane (Fig. 4.4 (a, c, e, g, i, k)) 

and DI water (Fig. 4.4 (b, d, f, h, j, l)) droplets as per Young’s theory who suggested a 

normalization equation of three intermolecular surface energies.  
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Fig 4.4. Contact angle analysis of ZnO nanoparticles; (a, b) as grown; (c, d) 800°C; (e, 

f) 900°C; (g, h) 1000°C; (i, j) 1100°C and (k, l) sample S3; for diiodomethane and 

water, respectively. 

 

It is widely known that a surface is hydrophobic if the contact angle is greater than 90 

degrees, and hydrophilic if the contact angle is less than 90 degrees. As a result, all the 

samples are hydrophobic. Therefore, the molecules of water do not stick to the surface 

and the reaction size can be slowed down, so stable performance can be provided with 

H2 gas [38]. It is interesting to note that the contact angle is proportionate to the 

roughness of the surface but inversely proportionate to the strength of the surface. From 

AFM measurements it is observed that during annealing, the root mean square grain size 

is found to increase, which also includes a gradual increase in RMS roughness (Table 

1), which can also be used to determine the samples hydrophobicity. Contact angle 

measurements show a gradual increase in hydrophobicity with increasing annealing 

temperature. Furthermore, hydrophobicity is inversely proportionate to the film surface 

energy [39]. The following equation (Fowkes theory) [40] was used to calculate surface 

energy, which is outlined in Table. 4.3. 
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𝛾𝑙(Cosθ+1)/2 = √(𝛾𝑙
𝑑)(𝛾𝑠

𝑑) + √(𝛾𝑙
𝑝)(𝛾𝑠

𝑝)       (4.2) 

Initially diiodomethane is used, with a total interfacial tension of 50.8 mN/m and no 

polarization part, this material has a comparatively high total surface tension. The 

contact angle and dispersion element obtained by the diiodomethane liquid can thus be 

used to calculate, 𝛾𝑠
𝑑. 

𝛾𝑠
𝑑 = (𝛾𝑙/4) (Cosθ+1)/2         (4.3) 

Later, water with a non-scattered (polar part) such as 𝛾𝑙
𝑝
 = 46.4 mN/m, and 𝛾𝑙

𝑑 = 26.4 

mN/m can be used in conjunction with the contact angle on the solid sensor’s surface to 

find the 𝛾𝑠
𝑝
. Finally, Eq 6 can be used to quantify total surface energy. 

𝛾𝑠 =  𝛾𝑠
𝑑 + 𝛾𝑠

𝑝
           (4.4) 

Where  𝛾𝑙 , 𝛾𝑠 ,  𝛾𝑙
𝑑 , 𝛾𝑙

𝑝
, 𝛾𝑠

𝑑 , 𝛾𝑠
𝑝

 represents the energies at the surface of liquid, solid, 

dispersive, polar components of liquid and solid, respectively. 
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Table 4.3. Calculation of contact angle and surface energy for various annealing 

surfaces of ZnO nanoparticles. 

Sample Contact angle 

(Diiodomethane) 

Contact 

angle 

(Water) 

𝛄𝐬 

(mN/m) 
𝛄𝐬

𝐝 

(mN/m) 

𝛄𝐬
𝐩
 

(mN/m) 

ZnO@alumina  

(non-annealed) 

46.8° 123.9° 40.73 36.04 4.69 

ZnO@alumina 

at 800°C 

32.1° 100.3° 43.66 43.33 0.33 

ZnO@alumina 

at 900°C 

37.5° 103.4° 41.36 40.85 0.51 

ZnO@alumina 

at 1000°C 

41.3° 108.7° 40.11 38.95 1.16 

ZnO@alumina 

at 1100°C 

35.8° 102.6° 42.14 41.66 0.48 

Pt@1000°C 

annealed ZnO 

nanoparticles on 

alumina 

45.7° 110.1° 37.75 36.63 1.11 

 

Table 4.3 shows that the minimal quantity of surface energy (37.75 mN/m) was 

observed for Pt@1000°C annealed ZnO nanoparticles at a maximum contact angle of 

110.1°. This is consistent with the ratio of hydrophobicity to contact angle. The energies 

of the sample surface gradually decrease as the annealing temperature increases as the 

contact angle gradually increases. The improved rough surface of the ZnO NPs thin 

layer may result in reduced surface energy. The size of the RMS grain size illustrates the 

increasing trend of higher annealing temperatures, which also confirms in AFM and 

SEM measurements. 

XPS calculations were used to validate the existence of Pt and the direction of 

electron transfer through the ZnO-Pt interface on samples after synthesis (S0-S4). In 

Fig. 4.5 shows the corresponding doublets of the nuclear core levels Pt 4f, O 1s, Zn 2p, 

which are deconvoluted into Pt 4f5/2, Pt 4f7/2, O 1s, Zn 2p3/2, Zn 2p1/2 by the 
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adjustment method Gauss-Lorentz after linear subtraction from the background. For 

sample S0 (Fig. 4.5, (1a-1c)) XPS spectra of the central level of Pt 4f5/2; 69.05, Pt 

4f7/2; 72.41, O 1s; 529.04, Zn 2p3/2; 1019.19, Zn 2p1/2; 1042.30 eV is observed 

[41,42]. It was discovered that the center scales binding energy of Pt, O, Zn in samples 

S1-S3 (Fig. 4.5) is shifted from a lower binding energy to a higher binding energy 

(Table. 4.4). 

Table. 4.4. Study of XPS measurements for sample S0~S4. 

Sample Pt 4f5/2 (ev) Pt 4f7/2 (ev) O 1s (ev) Zn 2p3/2 (ev) Zn 2p1/2 (ev) 

S0 69.05 72.41 529.04 1019.19 1042.30 

S1 69.28 72.67 529.06 1019.30 1042.38 

S2 69.61 72.97 529.28 1019.45 1042.52 

S3 70.62 73.98 530.73 1020.93 1044.04 

S4 69.21 72.60 528.98 1019.23 1042.30 
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Fig. 4.5 XPS analysis for the sample S0 (1a, 1b, 1c); S1 (2a, 2b, 2c); S2 (3a, 3b, 3c); S3 

(4a, 4b, 4c); S4 (5a, 5b, 5c), respectively. 
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Maximum displacement at higher binding energies for Pt 4f5/2; 70.62, Pt 4f7/2; 73.98, O 

1s; 530.73, Zn 2p3/2; 1020.93, Zn 2p1/2; 1044.04 eV was observed for sample S3 

annealed at 1000°C (Fig. 4.5, (4a-4c)). Therefore, the BE in terms of positive 

displacement changes, We assume that as electrons come into contact with each other, 

they pass from ZnO to Pt [43]. However, at a higher annealing temperature (1100°C) for 

sample S4, the binding energies decrease for the Pt, O and Zn spectra (Fig. 4.5, (5a-5c)), 

which may be due to weak coupling of ZnO nano-islands with Pt nanoparticles, since 

the separation caused by temperature diffusion is greater [44]. Overall, XPS 

measurements confirm that nanoparticles are tightly bound to each other at 1000°C, 

increasing the permeation pathway [39]. 

An analysis of the elemental composition of EDS Fig. 4.6(a) was performed for 

samples S3, which confirms the mass and atomic percentages of metallic nanoparticles 

(Al, O, Zn, Pt). The presence of aluminum oxide (Al), oxygen (O), zinc (Zn), platinum 

(Pt) and the lack of contamination-related peaks indicates the development of a surface 

structure of high purity to stabilize the detection properties of hydrogen gas. The EDS 

mapping for sample S3 is seen in Fig. 4.6(b), indicating high purity of a properly 

prepared sample with uniform ZnO-Pt distribution across the substrate. 

 

Fig. 4.6. EDS (a) elemental (b) mapping analysis for S3 sample 
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4.2. Gas sensing properties of ZnO/Pt NPs: 

The sensing measurement setup for highly stable high temperature (300°C) 

hydrogen gas properties is shown in Fig. 4.7. The sensing properties of ZnO-Pt NPs 

layers on an alumina substrate have been observed because of resistance shift when 

exposed to various concentrations of hydrogen (H2) gas. Previous studies have reported 

that gas detection characteristics can be affected by operating temperature and catalytic 

load [45]. For example, the interaction at the surface of hydrogen and chemisorbed 

oxygen on ZnO-Pt NPs sensors can be influenced by working temperatures. 

Furthermore, a small volume of catalyst is insufficient for effective catalytic correction. 

However, due to the saturation of the catalyst sensor and the accumulation of the 

catalyst, an excess of the catalyst may cause a deterioration in the gas measurement 

activity [46]. Hydrogen molecules are physiosorbed on the surface of Pt in synthetic air 

and eventually dissociate into hydrogen atoms, which are chemisorbed in Pt's lattice 

structure to form Pt hydride (PtHx) as follows: 

H2 (g) → 2H (ads) 

Pt + H (ads) → PtHx 

The introduction of hydrogen atoms into the Pt lattice induces a lattice 

expansion in PtHx, and the H atoms serve as electron-scattering sources, disrupting the 

free electron movement in Pt atoms and altering the resistance, enhance the stability and 

reliability of a hydrogen sensor. Platinum has been described as a good catalyst for the 

formation of hydrides, a reaction that limits the rate of reaction of hydrogen under 

maximum thermal conditions (≥100°C) [47]. Selecting the most appropriate hydrogen 

sensor and determining its stability at a constant operating temperature (300°C), the 
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responses of non-annealing and varying the annealing parameters Pt loaded 

ZnO@alumina was measured. Fig. 4.8 shows the representative dynamic response 

(conductivity vs. time) of five different sensors S0-S4 (a-e) to 1000 ppm H2 at an 

operating temperature of 300°C. The S3 device provide repeatable and responses that 

are consistent throughout the transformation between H2 exposure and air, as seen in 

Fig. 4.8(e). As the S3 sensor is subjected to various concentrations of H2, the resistance 

scale drops dramatically, which is congruence with the n-type semiconductor gas sensor 

characteristic. While removing the H2 flow from the gas chamber and replacing it with 

just air, the resistance factor returns to its original value after a significant period, which 

then continues for repeated gas exposure cycles.  

 

Fig. 4.7. Schematic setup of high temperature (300°C) hydrogen sensor testing. 

 

In addition, the ZnO/Pt (S3) stabilized nanoisland sensor has a lower initial resistance 

(~132.5 Ω) and faster response (133 s)/recovery (112 s) than other sensors, that is to say 

the distribution of the nanoparticles influenced by deposition layer, plays a key role in 
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the sensory efficiency. On the nano-porous sensing surface (S3), the hydrogen-induced 

lattice expansion (HILE) mechanism allows for a rapid charge transfer between 

absorbing H2 gas and metal atoms. When performing charge exchange, because of 

synergistic effects and the large active surface, a strong coulomb scattering mechanism 

will build up charges inside the metal ZnO/Pt lattices. These observations are consistent 

with surface analysis by AFM and SEM (Figs. 4.1 and 4.2). We believe that a small 

number of ZnO/Pt nanoinslands, located at closer distance from each other, with a good 

interispiatic catalytic structure enhance the synergistic effect regarding the absorption 

and desorption of hydrogen gas. Due to percolating channels with a good interface 

morphology, high degree of optimization is formed that can eventually enhance the 

Coulomb diffusion process (Figure 4.8(d)). Therefore, a faster absorption and 

desorption of hydrogen occurs, and this phenomenon concludes that the connectivity 

between the ZnO nanoparticles and the metal particle is decreased because of the 

annealing temperature-induced diffusion mechanism. In addition, the highly stable 

ZnO/Pt NPs layers facilitate to separate H2 atoms very quickly and broaden the 

diffusion of scattered electrons within the metal lattice. This charge dispersion process 

is carried out continuously by H2 residues within the metal lattice, while the metal is 

replaced by an insulating phase change [39,48]. 

Nanoparticle facilitated polymers or responsive thin films are well known for 

having low reaction diffusion coefficient. As a result, it aids in the improvement of H2 

gas adsorption and raises the reaction strength on the sensor surface. As a result, it is 

advantageous for rising H2 adsorption process and the amount of the response on the 

sensor surface. However, in this case non-annealed ZnO/Pt membranes such as S0 may 
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reduce the gas response and transient base impedance, since the main conduction path 

through the Pt membrane is much higher than that of the diverse ZnO nanoislands [49]. 

On agglomerated sensing surfaces (S1, S2), (at 800°C and 900°C annealed), the 

hydride-induced expansion of the volumetric network might not be designed enough to 

bind the percolation paths and adjust the surface resistance quickly. Therefore, the 

opaque and weak catalytic interaction on bulk permeated surfaces can reduce the speed 

of overall detection process. In the sensor (S1, S2), a limited catalysts reaction was 

performed because the aggregation between Pt, ZnO NPs, which cannot provide higher 

hydrogen detachment. 

 

Fig. 4.8. Response-recovery time and stabilize sensor performance analysis of the 

samples S0-S4 (a-e) at 1000 ppm at high temperature (300°C) hydrogen gas. 
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The device did not show a fast catalytic reaction at high annealing temperature 

(S4), which can be explained using the structural analysis. The thin film morphology of 

incompatible ZnO-Pt metal NPs was verified by FE-SEM and XPS using higher 

annealed devices (S4), which decreased the number of total gas absorption areas, also 

lowering detection ability. This was verified by measuring the water contact angle and 

surface energy, and the sample had a lower surface roughness. It should also be 

remembered that the ZnO interface has the least surface roughness (Fig. 4.2(e)) 

increases the initial surface resistance and reduces the scattering of physically and 

chemisorbed H atoms. The result was the slowest and most unstable sensory behavior 

on the S4 device (Figure 4.8(e)). The smooth texture dynamic response and the 

hydrogenation/dehydrogenation process are worth mentioning here. As a result, at 

300°C, high-frequency magnetron sputtering deposited ZnO-Pt nanoparticles on 

aluminum oxide demonstrate reaction and recovery times of 165/141 seconds (1% H2), 

with an average surface resistance of 2.19 kΩ (Fig. 4.8(e)). The increased resistance 

may be due to weak ZnO nanoparticle connections on the coarse alumina substrate. 

Therefore, weaker response and recovery time were observed due to the non-penetrated 

nanoparticles which cannot contribute significantly to hydrogen-induced lattice 

expansion. [42,44,46]. 
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Fig. 4.9. Transient response characteristics of S3 (200-400-600-800-1000 ppm) at 

300°C working temperature. 

 

Fig. 4.9 shows the transient response operation for sample S3 at different H2 

concentrations (200~400~600~800~1000 ppm) at high temperature (300°C). From this 

figure, we can see that there is a smooth response and recovery characteristics without 

any noise at high temperature H2 concentrations, and the sensor response increases with 

increasing concentration. Repeatability is a crucial factor in assessing the reliability of a 

sensor device. In Fig. 4.8(d), the repetition of the S3 sensor was tested in the 1000 ppm 

H2 concentrations at 300°C for three reaction/recovery cycles, which were also recorded 

without any hysteresis effect. 
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Long-term stability of sensor devices is very important for nearly all realistic 

technology. Gas response and base resistance were registered at 1000 ppm H2 to 

measure the sensor's long-term stability for at least 30 days at optimum temperature 

(300°C) and the results obtained are shown in Fig. 4.10 (a, b). The base resistance and 

reaction of the S3 sensor toward 1000 ppm H2 diminished by almost less than 1% and 

5%, respectively, after 30 days in comparison to its unique execution, which affirming 

its great steadiness. Within the light of such fabulous detecting properties, it has been 

concluded that the current device will show promise as an H2 sensor that operates at a 

temperature. 

 

Fig. 4.10. Long term stability of the S3 sensor in case of (a) base resistance and (b) 

response, exposed to 1000 ppm H2 gas at 300°C working temperature. 

 

The linear relationship between the sensory reaction and the square root of 

hydrogen was investigated using the Langmuir isotherm principle of dissociative gas 

adsorption (Fig. 4.11). Through integration, H2 ions chemically shift the charge on the 

surface (SM) to the concentration of the sensing material (ZnO/Pt) in a proportional 
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manner to the partial penetration of hydrogen (θ) [50]. Therefore, the change in 

resistance Rg/Ra is proportional to θ. The dissociation reaction of H2 molecules on the 

surface of the sensor material can be expressed as follows. 

 

H + 2SM → 2HSM                     (4.5) 

Here, SM represents the accessible area of the sensitive surface and is assumed to be 

proportionate to (1 − θ). According to isotherm hypothesis of Langmuir, in the state of 

equilibrium, 

θ

(1 − θ)
= √(

K𝑎

K𝑑
)  ×  √𝑃 =  √𝐾  × √𝑃                                                                            (4.6)   

Where the absorption and desorption considerations are Ka and Kd, respectively, and the 

fractional weight of hydrogen is P. The change in resistance is determined by the 

expression of low hydrogen ranges (θ≪1), 

R𝑎

R𝑔
≈ 𝜃 ≈  

θ

(1 − θ)
=  √𝐾  × √𝑃                                                                                       (4.7)   

Where, Rg, Ra represents the resistance to hydrogen absorption, the resistance in air 

(base resistance) and the equilibrium balance of K is constant and is equal to the 

hydrogen concentration at high pressure with hydrogen gas. Between the square root of 

the sensory response (S%) and the concentration of hydrogen, Fig. 4.11 is for fabricated 

sensors S3.  
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Fig. 4.11. Sensor linear correlation according to the Langmuir model. 

 

The selectivity property of the S3 sensor could be seen in Fig. 4.12 when it is 

exposed to 1000 ppm test gases at 300°C, which include H2, O2, CO, NO, CH4, and 

C3H8. With exception of H2, none of the gases elicited responses ≥  0.5 percent 

(maximum 14.9% at 1000 ppm). Due to the high selectivity of ZnO-Pt catalysts with H2 

molecules, the as-fabricated sensor displayed excellent selectivity against H2. Catalytic 

behavior of the S3 sensor against H2 deterioration can be highly alleviate and may be a 

surface phenomenon at a foremost temperature of 300°C, in which comparison to other 

test gases, adequate surface energy of the sensor surface aided properly in being reacts 

even with electron density of H2. 
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Fig. 4.12. Sample S3 selectivity histogram for different test gases. 

 

4.3. Summary 

    In this chapter, the effects of surface diffusion during thermal annealing on ZnO 

morphology, as well as the loading of Pt metal@ZnO NPs and their catalytic properties 

at higher working temperatures for stable hydrogenation and dehydrogenation, were 

thoroughly investigated. 

The results show that thermally annealed ZnO nanoislands with a Pt metal structure 

have improved catalytic morphology and stable hydrogenation and dehydrogenation 

efficiency when annealed to 1000°C. 
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The main points of this chapter are summarized below: 

o The properties of a resistivity type stable high temperature hydrogen sensor 

based on Pt@ZnO nanoislands decorated over an alumina substrate have been 

developed. 

o The intermetallic catalytic alloy forming with Pt metal is improved by 

improving the morphology of ZnO nanoislands. 

o An improved Pt catalyst increases the surface charge density, which increases 

the gas absorption surface's hydrophobicity. 

o A smooth response/recovery time of 133/112 sec at a concentration of 1000 

ppm H2 with a response magnitude of 14.9% (300˚C) was achieved. 

o Good repeatability and good range of detection (100-1000 ppm H2) are 

achieved. 

 

 

 

 

 

 

 

 

 

 



 

  

CHAPTER 5 

 

Conclusions and future work 
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5.1 Conclusions 

In this current study, we describe the ZnO/Pt nanoisland structure that was 

deposited on an Al2O3 substrate to develop a highly stable high temperature hydrogen 

sensor and the corresponding result have been investigated. The influence of a high 

annealing temperature on physical and gas sensing performance of sputtered ZnO/Pt 

films have also been studied. Surface diffusion caused by the thermal annealing process 

produces a high surface to volume ratio based ZnO nanostructured NPs morphology 

with improved catalytic properties for the adsorption and desorption of hydrogen 

molecules at high temperatures (300°C). In comparison to the as-grown ZnO film, the 

annealed ZnO films have a higher intensity, a narrower FWHM of the (002) XRD peak, 

and better crystal content after RTA treatment. At 1000 ppm hydrogen gas exposure, a 

maximum reaction magnitude of 14.9 percent and a detection range of 100 to 1000 ppm 

for hydrogen gas were observed, with strong repeatability at 1000 ppm H2 

concentration. The substance has a smooth-textured reaction and a recovery time of 

133/112 s for 1000 ppm at 300°C, as well as high hydrophobicity. At 1000 ppm 

hydrogen concentration, a robust sensing characteristic (~30 days), excellent stability 

against base resistance (~132.5Ω), and reaction (14.9%) were also achieved, as well as 

strong detection characteristics at 100 ppm hydrogen concentration. As a result, it was 

thought that our fabricated product could be a perfect candidate for H2 detection in high-

power industrial platforms. 
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5.2 Future work suggestions 

Hydrogen detection over a large spectrum of greater stability, selectivity, and 

reaction time has a lot of study promise. The following is a list of possible issues of 

concern: 

o Since hydrogen absorption is influenced by the connectivity and alloying 

between nanoscale catalytic metals, a higher surface to volume ratio dependent 

prototype underneath the metal can be built to improve the faster hydrogen 

absorption and desorption. 

o Improving the substrate conductivity and creating a hierarchical nanostructured 

catalytic metal with a high surface to volume ratio will improve the extremely 

stable hydrogenation and dehydrogenation phenomena at higher operating 

conditions. 

o Creating a heterogeneous interfacial structure with conductive materials like 

aluminum and zinc oxide (ZnO), as well as Pt, will speed up hydrogen 

molecule interaction. 
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APPENDIX – CHARACTERIZATION 

A.1 Evaluation methods for materials characterization 

 3D atomic force microscopy (AFM, MultiMode V) was utilized to examine the 

roughness and RMS grain size of nanostructured ZnO nanoparticles. Cold field 

emission scanning electron microscopy (Cold FE-SEM, SU8220) was utilized to study 

the surface morphology of ZnO/Pt nanoparticles on an alumina substrate under various 

annealing conditions. A high-resolution X-ray diffraction (XRD, D/MAX2500V/PC, 

Ulsan, Korea) with Cu Kα (λ = 0.154 nm) radiation over a two-dimensional screening 

spectrum of 10–90◦ was used to examine crystallite size and material composition of the 

nanoparticles. X-ray photoelectron spectroscopy (XPS, Thermo Fisher K-Alpha) was 

used to verify the elemental composition, with Al Kα radiation as a medium of X-rays. 

Energy dispersive X-ray spectroscopy (EDS, JEOL, JEM-2100 F) was used to examine 

the textural properties of the as-prepared samples. Goniometry of contact angles (Kruss 

DSA 100 drop form analyzer, Ulsan, Korea) was used to calculate water droplet contact 

angles using the sessile drop technique at room temperature. A micro-syringe was used 

to drop deionized water droplets (approximately 5 µL) on the thin film surfaces. 

A.2 Evaluation methods for sensing measurement hydrogenation and 

dehydrogenation measurement: 

The as-fabricated devices were measured in a chamber at a fixed temperature of 

300°C against different H2 concentrations to determine smooth response/recovery and 

stability properties. For all measurements and data processing, a Keithley probe station 

(SCS-4200) was used with a specified switching voltage of 1V, and a configurable 

heater installed with the device holder in the gas chamber.  To control the concentration 
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of hydrogen gas in synthetic atmosphere, an automated flow rate monitoring system 

(GMC 1200, ATOVAC, Ulsan, Korea) was used. At a steady state rate of 200 sccm, 

different gases with various H2 volumes were supplied to the chamber. Between every 

H2 pulse, synthetic gas was delivered to the gas chamber to allow the system surface to 

adapt with atmospherical conditions. The following equation was used to regulate and 

quantify the gas concentration: 

Desired gascon. (ppm) = 
  Flowrategas

Flowrategas+ Flowratesyntheticair
 × Supplied gascon. (ppm) (1) 

The sensor response magnitude was defined as: 

S, (%) = 
G𝑔−𝐺𝑎

𝐺𝑎
 × 100         (2) 

where Gg and Ga are the sensor's conductance of H2 gas and air stimulation at different 

ppm, respectively. The time it took to hit 90% of the overall conductance transition and 

the time it took for the conductance to return to its original value were used to calculate 

the reaction and recovery time of the as-prepared sensor. 
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