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ABSTRACT

In this thesis, the author developed and analyzed the fabrication and characterization of the 

hydrogenation and dehydrogenation in Pt/Pd bimetal decorated over Ag nanoislands grown 

over alumina substrate. The Ag nanoislands development on alumina substrate, formation of 

uniform Pt/Pd bimetal and their gas absorbing and desorbing performance along with 

theoretical investigations at various conditions such as different gas concentrations, different

temperature have been undertaken.    

A thermally annealed surface diffusion effects on the morphology of Ag nanoislands were 

analyzed with different morphological conditions. The author explored the catalytic bimetal 

nano structural effects on the surface charge density and the interfacial interactions with well-

shaped Ag metal nanoislands. Several materials characterizations such as x-ray diffractions, 

atomic force microscopy, scanning electron microscopy, EDS analysis, photoluminescence

effects, x-ray photo spectroscopy along with bimetals computational simulation were 

employed to confirm the catalytic properties of the as prepared structure toward hydrogen gas.

The morphology of Ag nanoislands was optimized by RF magnetron sputtering and rapid 

thermal annealing process. Later, Pt/Pd bimetal (10/10) nm were deposited by RF magnetron 

sputtering on the nanostructured Ag islands. After the surface morphological optimization of 

Ag nanoislands, the resultant structure Pt/Pd@Ag nanoislands at alumina showed a fast and 

enhanced hydrogenation and dehydrogenation (20/25 sec), response magnitude of 2.3% 

(10000 ppm), and a broad detection range of 500 ppm to 40000 ppm at the operating 

temperature of 120˚C. The superior hydrogenation and dehydrogenation features can be 

attributed to the hydrogen induced changes in the work function of Pt/Pd bimetal which 

enhances the columb scattering of percolated Pt/Pd@Ag nanoislands. More importantly, the 



iii

atomic arrangements and synergetic effects of complex metal alloy interfacial structure on Ag 

nanoisland, supported by rough alumina substrate incorporates vital role in accelerating the 

H2 absorption and desorption properties.

For the future hydrogenation and dehydrogenation related applications, this research 

provides a new technique to explore by using the simple nanostructure based model. 



iv

TABLE OF CONTENTS

ACKNOWLEDGEMENT...................................................................................................... I

ABSTRACT ......................................................................................................................... II

CHAPTER1: INTRODUCTION ........................................................................................... 1

1.1. MOTIVATION.................................................................................................................... 1

1.2. OBJECTIVES .................................................................................................................... 2

1.3. THESIS ORGANIZATION..................................................................................................... 4

CHAPTER 2. LITERATURE AND BACKGROUND REVIEW............................................ 6

2.1 OVERVIEW ON THE NECESSITY OF HYDROGEN ECONOMY.................................................... 6

2.2 REQUIREMENTS FOR HYDROGEN DETECTION SYSTEM......................................................... 7

2.3 NANOMATERIALS BASED HYDROGEN DETECTION ............................................................... 8

2.4CATALYTIC NANOMATERIALS BASED HYDROGENATION AND DEHYDROGENATION MOTIVATION

....................................................................................................................................... 8

CHAPTER 3. EXPERIMENTAL PROCEDURES AND EVALUATION............................. 13

3.1. SELECTION OF SUBSTRATE ............................................................................................. 13

3.2. AG NANOPARTICLE OPTIMIZATION .................................................................................. 15

3.3. AG NANOISLANDS DEVELOPMENT .................................................................................. 18

3.4. BIMETAL DEPOSITION AT AG NANOISLANDS .................................................................... 19

3.5. ELECTRODES DEPOSITION .............................................................................................. 21

3.6. DEVICE FABRICATION PROCESS, IN BRIEF ........................................................................ 22

3.7. EVALUATION METHODS: PT/PD@AG NANOISLANDS DECORATED ALUMINA SUBSTRATE FOR 

FAST HYDROGENATION AND DEHYDROGENATION............................................................. 23

3.7.1. SEM (SCANNING ELECTRON MICROSCOPY) ................................................................. 24



v

3.7.2 WATER CONTACT ANGLE SYSTEM ................................................................................. 25

3.7.3 ATOMIC FORCE MICROSCOPY ....................................................................................... 25

3.7.4 EDS ELEMENTAL ANALYSIS AND MAPPING .................................................................... 25

3.7.5 X-RAY DIFFRACTION (XRD)......................................................................................... 26

3.7.7 X-RAY PHOTOELECTRON SPECTROSCOPY (XPS) ............................................................ 26

3.7.8 PHOTOLUMINESCENCE SPECTROSCOPY ......................................................................... 26

3.7.9 COMPUTATIONAL ANALYSIS.......................................................................................... 26

3.7.10. MEASURING GAS SENSING PROPERTIES ...................................................................... 27

3.8. SUMMARY ..................................................................................................................... 27

CHAPTER 4: HYDROGENATION AND DEHYDROGENATION PERFORMANCE ANALYSIS OF 

PT/PD@AG NANOISLANDS DECORATED OVER ALUMINA .................................................. 28

4.1. MATERIALS STRUCTURE AND MORPHOLOGY: .................................................................. 28

4.2. HYDROGENATION AND DEHYDROGENATION STUDIES:...................................................... 47

4.3. SUMMARY ..................................................................................................................... 58

CHAPTER 5: CONCLUSIONS AND FUTURE WORKS ................................................................... 59

5.1. CONCLUSIONS ............................................................................................................... 59

5.3.  PUBLICATIONS............................................................................................................. 61

REFERENCES ................................................................................................................... 62

APPENDIX – CHARACTERIZATION............................................................................... 72



vi

LIST OF FIGURES

FIG. 2-2. HYDROGEN DETECTION APPLICATIONS [1-15]............................................................ 7

FIG. 3-1 OPTICAL IMAGES OF ALUMINA SUBSTRATE, INSET SHOWING ROUGH ALUMINA 

SUBSTRATE .................................................................................................................... 14

FIG. 3-2. (A) OPTICAL IMAGE OF AG TARGET, (B) DISTANCE BETWEEN THE SUBSTRATE AND 

TARGET IN SPUTTER CHAMBER........................................................................................ 14

FIG. 3-3. (A) RF MAGNETRON SPUTTERING SYSTEM ............................................................... 15

FIG. 3-3. SURFACE CONDUCTIVITY MEASUREMENT ................................................................ 16

FIG. 3-4. WATER CONTACT ANGLE OF 18.50 NM AG ON ALUMINA ........................................... 17

FIG. 3-5. RAPID THERMAL ANNEALING SYSTEM ..................................................................... 19

FIG. 3-6. PD TARGET, PT TARGET (A,B) .................................................................................. 21

FIG.3-7. OPTICAL IMAGE OF AS PREPARED DEVICE ................................................................. 22

FIG. 3-8. FLOW CHART OF DEVICE FABRICATION .................................................................... 22

FIG. 3-9. SCHEMATIC IMAGE OF DEVICE FABRICATION ............................................................ 23

FIG 3.10. HYDROGENATION AND DEHYDROGENATION MEASURING SETUP ............................... 27

FIG. 4-1. SURFACE MORPHOLOGY OF AG NANOPARTICLES WITHOUT ANNEALING (A) 18.50 NM (B)

25 NM............................................................................................................................ 29

FIGURE 4-2. SURFACE MORPHOLOGY OF AG NANOPARTICLES AT (A) 200°C, (B) 300°C, (C)

350°C, (D) 400°C, (E) 500°C, (F) 550°C, (G) 600˚C........................................................ 30

FIG. 4-3 CROSS SECTIONAL VIEW OF AG NANOISLANDS AT (A) 200°C, (B) 300°C, (C) 350°C, (D)

400°C, (E) 500°C .......................................................................................................... 31

FIGURE 4-4(A-G) AFM ANALYSIS OF AG NANOISLANDS (A) WITHOUT ANNEALING (B) 200°C, (C)

300°C, (D) 350°C, (E) 400°C, (F) 500°C, (G) 550°C........................................................ 33



vii

FIGURE 4-5 (A-F) WATER CONTACT ANGLE OF AG NANOISLANDS (A) WITHOUT ANNEALING, (B)

200°C, (C) 300°C, (D) 350°C, (E) 400°C, (F) PT/PD @ AG NANOISLANDS........................ 35

FIGURE 4-6. XRD ANALYSIS ................................................................................................. 38

FIGURE 4-7 EDS ELEMENTAL ANALYSIS OF PT/PD@AG NANOISLANDS OVER ALUMINA (A)

WITHOUT ANNEALING (B) 200°C, (C) 300°C, (D) 350°C, (E) 400°C, (F) 500°C ................. 41

FIGURE 4-8. EDS MAPPING (SURFACE) OF PT/PD@AG NANOISLANDS OVER ALUMINA 

SUBSTRATE .................................................................................................................... 42

FIGURE 4-9. EDS MAPPING (CROSS SECTIONAL) OF PT/PD @AG NANOISLANDS OVER ALUMINA

..................................................................................................................................... 43

FIGURE 4-10. XPS ANALYSIS OF PT/PD @ AG NANOISLANDS SURFACE MORPHOLOGY AT (A)

200°C, (B) 300°C, (C) 350°C, (D) 400°C, (E) 500°C ....................................................... 44

FIG. 4-12 PERCOLATED PATHWAY FORMATION AND HYDROGENATION MECHANISM (FROM LEFT 

TO RIGHT)...................................................................................................................... 49

FIGURE 4-13. RESPONSE AND RECOVERY TIME OF (A) PT/PD @ NON-ANNEALED AG 

NANOISLANDS (B) PT/PD @ 200°C ANNEALED AG NANOISLANDS (C) PT/PD @ 300°C

ANNEALED AG NANOISLANDS. (D) PT/PD @ 350°C ANNEALED AG NANOISLANDS (E) PT/PD 

@ 400°C ANNEALED AG NANOISLANDS.......................................................................... 50

FIGURE 4-14. COMPUTATIONAL ANALYSIS OF PT/PD (5/5 NM) BIMETAL (A) SURFACE CHARGE 

DENSITY AT THE INTERFACE OF BIMETAL (B) AT AIR ENVIRONMENT (C) AT HYDROGEN 

ENVIRONMENT............................................................................................................... 51

FIGURE 4-15. SIMULATION RESULTS OF PT/PD BIMETAL......................................................... 52

FIGURE.4-19. SIEVERT’S LAW FOR S1 SAMPLE ....................................................................... 57



viii

LIST OF TABLES

TABLE. 2.1. HYDROGEN SENSOR STATE OF ART [1-15]............................................................ 10

TABLE 3-1. OPERATING CONDITIONS FOR RF MAGNETRON SPUTTERING FOR AG TARGET ........ 15

TABLE. 3.2 AG NANOPARTICLE SIZE OPTIMIZATION BY RF MAGNETRON SYSTEM..................... 17

TABLE 3.3 WATER CONTACT ANGLE AND SURFACE ENERGIES OF AG NANOPARTICLES ............. 18

TABLE. 3.4 PD NANOPARTICLE DEPOSITION CONDITIONS........................................................ 20

TABLE 3.5 PT NANOPARTICLE DEPOSITION CONDITIONS ......................................................... 20

TABLE 3-6. EVALUATION METHODS....................................................................................... 24

TABLE 4-1 RMS GRAIN SIZE OF AG NANOISLANDS AT DIFFERENT TEMPERATURE .................... 34

TABLE 4-2 CONTACT ANGLE AND SURFACE ENERGY MEASUREMENTS ..................................... 37

TABLE 4-3. XPS MEASUREMENTS ......................................................................................... 45

                                                              

                                                                                      



1

CHAPTER1: INTRODUCTION

The purpose of this chapter is to illustrate a framework and introduction of the research 

work. Whole chapter is divided among three sections which are research motivations, 

objective, and thesis organization

1.1. Motivation

For decades, being one of the most extensively used gas, hydrogen is attracting to 

create a great economy in the fields of clean energy transportation and system [1], petroleum

products refining [2, 3], fuel source [3], power generation [2], energy storage [4]. However, 

since the use of hydrogen is associated with various safety related issues as it’s a colorless

and odorless based gas along with a explosion property over the concentration of 4% [5]. 

Thus, it necessitates an accurate system, by which the hydrogenation phenomenon can be 

accurately measured within very short time in different conditions [5]. Recently, numerous 

researches are performing for the smooth hydrogenation and dehydrogenation of various 

metal oxides system such as (In2O3, SnO2, ZnO, TiO2, WO3) but their high temperature 

requirements increase the power consumption [6-8]. Furthermore, the slower response and 

recovery for the aforementioned metal oxides may hinder the safety issue. To address these 

issues, researchers deployed Pd (palladium) as a metal catalyst which has a high selectivity 

with a good absorption rate at lower temperature to hydrogen gas [9, 10]. However, a 

mechanical embrittlement and hysteresis effect at higher hydrogen concentration makes it 

unstable to maintain its sensing ability. Several kinds Pd nanostructures such as nanowires 

[11], nanochains [12], nanoflowers [13], nanotubes[14], nanocomposites [15] show improved 

results in terms of stability and power consumptions. Along with this nanostructure formation,  

combining with Pt (platinum) at nanoscale label further increases the hydrogenation and 
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dehydrogenation properties [16, 17]. However, these structures need complex fabrication 

process along with conductive graphene derivatives which might face some agglomeration

effect. Thus, it is highly desirable to design a simple cost effective structure with highly 

catalytic Pt/Pd metal alloy for enhanced hydrogenation and dehydrogenation process. Ag is a 

cost effective and light weight metal which can provide a better catalytic interfacial alloy 

formation with Pd that has more solubility and permeability towards hydrogen gas [15, 17, 

46]. However, only Pd-Ag alloy couldn’t satisfy the fast hydrogenation and dehydrogenation 

process [15,17], more comprehensive findings are needed to optimize the catalytic properties.

In this present study, for the very first time, we are reporting the hydrogenation and 

dehydrogenation of nanosized Pt/Pd bimetal decorated over Ag nanoislands grown at alumina 

substrate. Thin Ag film was deposited by ultra-high vacuum RF magnetron sputtering 

followed by a rapid thermal annealing process for inducing the nanoislands morphological 

structure. Pt/Pd bimetal was also deposited by RF magnetron sputtering on the Ag 

nanoislands to form a capping layer. This nanostructured Ag islands morphology provides a 

higher interfacial alloy with catalytic bimetal of Pt/Pd. Furthermore, it is expected that, the 

islands structure would provide a percolated conductive pathway by increasing the 

connectivity with the bimetal at nanoscale level. The as fabricated structure was used as to 

observe the resistance change for detection for the hydrogenation and dehydrogenation 

process.

1.2. Objectives

This study reports the fast hydrogenation and dehydrogenation of ultra-thin discrete 

platinum/palladium (Pt/Pd) bimetal over Ag nanoislands grown on rough alumina substrate 

by RF sputtering technique. The morphology of Ag nanoislands was optimized by RF 
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magnetron sputtering and rapid thermal annealing process. Later, Pt/Pd bimetal (10/10) nm 

were deposited by RF magnetron sputtering on the nanostructured Ag islands. The objectives 

of this work are illustrated below

ü Fast hydrogenation and dehydrogenation time

ü Good sensitivity

ü Wider detection range 

ü Linearity in large detection range (500 to 40000 ppm)

ü Good repeatability in 10000 ppm

ü Elevated temperature ( 120˚C)

ü Light weight, small size

ü Highly hydrophobic catalytic substrate.

For evaluating the hydrogenation and dehydrogenation properties, we optimized the Ag 

nanoislands structure and grew different nano sized Ag particles by varying the deposition 

conditions and applied rapid thermal annealing process to connect the particles by 

coalescence mechanism. This modified nanostructured particles after coalescence showed 

islands structure which later helps to utilize a percolated islands structure with an enhanced 

ohmic conduction. This percolating channel greatly supported to optimize the nanostructure 

of Pt/Pd bimetal to be deposited for hydrogen permeation and deportation. After that, Pt/Pd 

bimetal with high surface to volume ratio were deposited over the Ag nanoislands. Finally, 

we explored the hydrogenation and dehydrogenation by applying a bias voltage in realistic 
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gas environment, in which fast response and recovery, changes in hydrogen concentrations 

were found.

1.3. Thesis organization

     This thesis is structured to illustrate the theoretical and experimental presentation of 

the research conducted by the author. In detail, the fabrications, theoretical 

investigation along with characterization of bimetallic Pt/Pd at Ag nanoislands over 

alumina substrate as hydrogenation and dehydrogenation model were analyzed. 

Furthermore, fast evaluation of the hydrogenation and dehydrogenation of the as 

prepared model opens up the potentialities of hydrogen sensor to be used in safety 

application with more improvement such as stability and selectivity. The thesis is 

organized as follows;

- Chapter 1 Introduction

               A short introduction and motivation behind the study, and overall works 

contents are illustrated in this section.

- 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

- 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  
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- Chapter 4 Hydrogenation and dehydrogenation performance analysis of               

Pt/Pd@Ag nanoislands decorated over alumina

- Chapter 5 Hydrogenation and dehydrogenation performance analysis of Pt/Pd@Ag           

nanoislands deposited over alumina were analysed and investigated in this 

section

- Chapter 6 Conclusions and future work

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

Furthermore, some suggestions for the improvement of this model was 

also analyzed for the future work related to this research are discussed 
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CHAPTER 2. LITERATURE AND BACKGROUND REVIEW

2.1 Overview on the necessity of hydrogen economy

   In recent years, hydrogen gas has been widely used in several applications such as, fuel 

cell for generating electricity, refining of petroleum products,, propellant for spaceships, 

powering cars with the envisioning of transforming fossil-fuel based economy to a renewable 

energy based [18]. To cope up these huge demands in commercial applications, huge amount 

of hydrogen are being produced [19]. An amount of 57 million metric tons of hydrogen with 

a growth rate of 10% per year were recorded at 2004 [20]. However, one of the roadblocks to 

the huge uses of hydrogen as a renewable fuel is hydrogen storage specifically for on board 

vehicles [21]. Hydrogen gas is highly flammable and explosive (over 40000 ppm in air) that 

increases the necessity to design and fabricate very sensitive and fast hydrogen detection

system. A highly accurate hydrogenation and dehydrogenation system can provide the 

measurement of wider ranges of concentrations during hydrogen handling, production, 

storage and transportation [18-21]. Detection of hydrogen content in a mixed gas system 

during reaction need to respond accurately and the high frequency monitoring in the power 

generation from fuel cell can be utilized with fast hydrogenation and dehydrogenation system 

appropriately [22]. 

Fig 2-1. Hydrogen economy [18-21]
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2.2 Requirements for hydrogen detection system

ü Explosion sustainable device design

ü Low power consumption 

ü Higher level of sensitivity with accuracy

ü Low noise based stable signal with faster hydrogenation and dehydrogenation 

property

ü Less hysteresis and highly repeatable 

ü Low cost, compact design with simple maintenance and operations.

Fig. 2-2. Hydrogen detection applications [1-15]
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2.3 Nanomaterials based hydrogen detection

Nanomaterials have been extensively studied for their diverse applications in chemical 

industry, medical sectors, food technology, national defense and our daily life. [54, 22]. A 

rapid advancement in the nanotechnology is taking the world’s technology to a new height. 

High performance electronics devices and sensors are made by complex nanomaterials 

engineering. These nanomaterials include, metal oxide, carbon materials, 2D materials, 

ceramic materials etc. Among these, nanostructured catalytic metals and metal oxide 

semiconductor materials are being studied monumentally for their interaction with several 

gases in the environment. [2, 23]. Easy fabrication and intriguing nano sized effects on their 

physical and chemical properties made them favorable to study and research. ZnO, SnO2, 

Wo3 and TiO2 have catalytic effects toward hydrogen molecules but a higher power 

consumption (temp more than 400˚C) for operating condition is needed. For improved

hydrogenation and dehydrogenation response at an elevated and comparatively less power 

consumption, the noble metals such as Pt, Pd, Au, Mg, Ni were used with metal oxides (ZnO, 

SnO2, Wo3, TiO2) and carbon materials ( graphene, CNT ) [24].

2.4Catalytic nanomaterials based hydrogenation and dehydrogenation 

motivation

Palladium (Pd) has been extensively studied and researched as hydrogen sensing material 

with high sensitivity and selectivity. It’s a fcc crystal structure based metal with an atomic 

weight of 106.42 and electronic confugration of [Kr]4d10. At the time of physical absorption 

in hydrogenation , hydrogen molecules selectively absorbed in the Pd surface (fcc) and 

dissociated on the interstitial sites of Pd [25].
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At the same time, surface conductivity of the Pd surface changes by the transition of solid 

solution of Pd/H (α-phase) to palladium hydride (ẞ-phase) which increases the lattice 

constant of Pd by 3.5% [26].

However, a hysteresis and repeatability problems occur onto the Pd thick films after 

numerous high concentration of (40000 ppm) hydrogen exposure [27]. This irreversible 

structural and morphological deformation eliminates the reusability and slows down the 

hydrogen atom desorption. To overcome these problems, progresses in the nanostructures and 

their device fabrication such as nanosized Pd deposited on the edges of graphite surface or 

nano channels of anodic alumina oxide (AAO) membranes showed enhanced hydrogenation 

proeprties. Nanostructured Pd wire electrodeposited by lithographically patterned, nano-

patterns by electron beam lithography was reported for enhanced hydrogenation and 

dehydrogenation properties [28-34]

Inconvenient to reproduce, complex transfer process and non-industrial approach along 

with high fabrication cost hinders the potentiality of Pd nanowire electrodeposition on 

anodisc alumina oxide template [36].Novel Pd nanocube of ~50 nm was deposited uniformly 

over the edges of graphene layers by thack et al. which showed a response time of 2.8 

minutes with 10% response magnitude at 10000 ppm hydrogen that is comparatively much 

slower.  To lessen the fabrication complexity and more improved catalytic structure, we 

tried to study the Pd/Pt interfacial catalytic properties toward hydrogenation and 

dehydrogenation. Pt is a fcc crystal structure whose atomic weight is 195.078 with an 

electronic configuration [Xe] 4f145d96s1 [35, 36]. Jung et. al. showed that the catalytic 

activity of 6 nm e-beam evaporated Pt layer deposited on carbon nanotube toward hydrogen 
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gas along with a wider response magnitude[37]. Although, the existence of oxygen on the 

sensing surface that hinders the sensing coverage was not analyzed. Although, a

lithographically patterned electro deposited Pt/Pd nanowire was reported that shows a great 

detection range of 0.05 % to 5% at 303 K temperature however slower response and recovery 

time with a complex lithography process doesn’t suit a mass production. Yang et. al. showed 

the uniform Pt/Pd nanoparticle distribution on GO nanoflakes with an enhanced sensing 

response of 50% at 10000 ppm hydrogen but a slower response and recovery time ~2/5 

minutes at 150˚C [105]. A Pd core Pt shell on SAM monolayer structure for enhanced

hydrogenation was reported by Uddin et. al. which shows a faster response time of 6 sec with 

13% response magnitude at 150˚C [35].

The state of the art for Pt/Pd , Ag, GO based hydrogen sensor has been summarized in 

table 2.1.

Table. 2.1. Hydrogen sensor state of art [1-15]
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CHAPTER 3. EXPERIMENTAL PROCEDURES AND EVALUATION

Several experimental steps were performed to grow Ag nanoislands on highly rough 

alumina substrate. The morphology of Ag nanoislands played an important role for enhancing 

the hydrogenation and dehydrogenation phenomenon along with good response magnitude. 

Furthermore, It increased the bimetal surface connectivity by higher surface to volume ratio 

in nanoscale level that eventually enhances the synergetic effects towards gas absorption and 

desorption. Although, an elevated temperature of 120˚C was needed to fully dehydrogenated

at 25 sec, a faster hydrogenation time of 20 sec was measured for 10000 ppm hydrogen gas at 

2.3 % response. 

Ag nanoislands were synthesized by depositing an optimized layer of Ag thin film on alum 

mina substrate using ultra-high vacuum radio frequency magnetron sputtering, following a 

rapid thermal annealing process to induce surface diffusion phenomenon. Later, a bimetal 

structure of catalytic Pt/Pd was also deposited by RF magnetron sputtering technique. 

3.1. Selection of substrate

    Commercially available alumina substrate was used for its high roughness and 

hydrophobicity that enhance the nanostructured metal islands formation. First, a 10/5 mm^2 

sized alumina substrate were taken and cleaned in methanol, isopropanol, and deionized (DI) 

water by ultra-sonication and dried with nitrogen gas, followed by heating in a hot-plate at 

150˚C. 

Before developing Ag nanoislands on alumina substrate, Ag was sputtered on alumina 

substrate by RF magnetron sputtering.
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Fig. 3-1 Optical images of alumina substrate, inset showing rough alumina substrate

Different sizes of Ag nanoparticle were deposited by varying the deposition condition of 

RF magnetron sputtering. To perform the experiment, a highly pure Ag target of (99.999% 

purity) was used and a distance of 7cm was maintained between the substrate and target in 

sputtering chamber.

Fig. 3-2. (a) Optical image of Ag target, (b) Distance between the substrate and target in 

sputter chamber 

After the sputtering chamber was evacuated with a pressure of 10 mTorr by using a rotary 

system, Ag nanoparticle was deposited at a deposition pressure of 8 mTorr at a gas flow ratio 

(a) (b)

2 μm
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of Ar:N2 =1:10. The deposition rate was almost 1.7 nm/sec. An rf power of 130 W was used 

in the sputter chamber to create the plasma at a vacuum conditions of (∼8 K). The 

parameters are summarized in table 3-1

Table 3-1. Operating conditions for RF magnetron sputtering for Ag target

Target Ag (99.999%)

Target-substance distance 7cm

Base pressure 10 mTorr

RF power 130 watt

Deposition pressure 8 mTorr

Deposition temperature 8 Kelvin

Deposition rate 1.7 nm/sec

Fig. 3-3. (a) RF magnetron sputtering system

3.2. Ag nanoparticle optimization

    To develop the Ag nanoislands and deploying an interfacial catalytic bimetal layer for 
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hydrogenation and dehydrogenation, it is highly desirable to optimize the Ag nanoparticles 

morphology which acts as a template for growing the nanoislands/bimetal structure. For 

optimizing the Ag morphology, a Keithely probe station system was used for checking the 

surface conductivity as it is believed that a highly agglomerated and bulk size nanoparticle 

may connected together tightly and increases the surface conductivity [ 38]. Furthermore, a 

bulk morphology with highly dense metal nanoparticle has a higher surface energy which 

could hinders the nanoislands grow as a higher surface energy will tend to reduce the 

surface diffusion process. 

Fig. 3-3. Surface conductivity measurement 

Hence, to optimize the Ag nanoparticle morphology, different sizes of nanoparticles were 

deposited by varying the deposition time in RF magnetron sputtering. The conditions and 

optimized size results are summarized in table 3-2.
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Table. 3.2 Ag nanoparticle size optimization by RF magnetron system

Average nanoparticle size 

(nm)
Deposition time (Sec) Surface resistivity (Ω)

10 ∼6 ∼30×10^6

18.50 ∼11 ∼10×10^4

34 ∼20 ∼3×10^3

After the deposition of Ag nanoparticles on alumina substrate, it’s water contact angle was 

checked. A contact angle of 112.5˚ and 28.79 mN/m solid vapor interfacial energy was 

found for 18.50 nm sized Ag nanoparticles deposited on alumina substrate. 

Fig. 3-4. Water contact angle of 18.50 nm Ag on alumina

This morphology provides an optimized surface conductivity of 10×10^4 Ω that was 

enough to induce an thermal annealing diffusion process due to the optimized surface energy 

between the nanoparticles and substrate. In table 3.3, the surface energy and water contact 

angle are summarized
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Table 3.3 Water contact angle and surface energies of Ag nanoparticles

Average nanoparticle size 

(nm)
Contact angle Surface energy ���(mN/m)

10 105˚ 14.34 mN/m

18.50 112.5˚ 28.79 mN/m

34 125˚ 35.56 mN/m

3.3. Ag nanoislands development 

   After depositing and optimizing the Ag nanoparticles on the alumina, a thermal 

annealing process was deployed to develop the Ag nanoislands. A vacuum pump was used 

to create a vacuum chamber. The annealing was performed at the presence of argon 

environment where a mass flow controller utilizes a 200 SCCM gas through a channel to the 

annealing chamber. A three stage annealing process was programmed. For the first or initial 

stage, the temperature remains around 5˚C and at a ramp of 20˚C/S it reach to 200˚C at the 

second stage where the time duration was programmed for 2 minute. Later, a step down 

process (third stage) at a slower ramp of 5˚C/sec were conducted. Several temperatures (300

˚C, 350˚C, 400˚C, 450˚C, 500˚C, 600˚C) were applied for an equal time of 2 minutes to 

induce different islands morphology. 
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Fig. 3-5. Rapid thermal annealing system

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

temperature for a post sputtering process.

3.4. Bimetal deposition at Ag nanoislands

For enhancing the hydrogenation and dehydrogenation catalytic phenomenon, Pt/Pd 

bimetal was deposited at Ag nanoislands after the rapid thermal annealing process. 

A Pd target of 99.999% purity was used and a distance of 7cm was maintained between the 

substrate and target in sputtering chamber. The depositing conditions are summarized in table 

3.4.
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Table. 3.4 Pd nanoparticle deposition conditions

Target Pd (99.999%)

Target-substance distance 7cm

Base pressure 10 mTorr

RF power 160 watt

Deposition pressure 8 mTorr

Deposition temperature 8 Kelvin

Deposition rate 1nm /sec

Pt metal target of (99.999%) purity was deposited after Pd deposition by varying the RF 

magnetron sputtering system’s operating conditions. The conditions are given in table 3.5.

Table 3.5 Pt nanoparticle deposition conditions

Target Pt(99.999%)

Target-substance distance 7cm

Base pressure 10 mTorr

RF power 170 watt

Deposition pressure 8 mTorr

Deposition temperature 8 Kelvin

Deposition rate 1.42 nm /Sec
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Fig. 3-6. Pd target, Pt target (a,b)

3.5. Electrodes deposition

After bimetal deposition, silver paste was used to put two electrodes at 2 mm apart from 

each other following a 50˚C hot plate treatment for 3 hour. The optical image of as fabricated 

device has been shown in fig. 3-7.

(a) (b)
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Fig.3-7. Optical image of as prepared device

3.6. Device fabrication process, in brief

Fig. 3-8. Flow chart of device fabrication
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Fig. 3-9. Schematic image of device fabrication

3.7. Evaluation methods: Pt/Pd@Ag nanoislands decorated alumina substrate 

for fast hydrogenation and dehydrogenation 

Figure 3.7 shows the schematic representation of the device fabrications steps.
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Table 3-6. Evaluation methods

3.7.1. SEM (Scanning electron microscopy)

      SEM is a highly rated microscopy tools by which high resolution images better than 1 

Morphology evaluation
For measuring electrical property and hydrogenation, 

dehydrogenation property

SEM, FESEM
Measuring hydrogenation and dehydrogenation response 

magnitude

Water contact angle Temperature effects on response and recovery

AFM
Dynamic response (Hydrogenation and dehydrogenation at 

different gas concentrations)

EDS elemental analysis Computational analysis in COMSOL Multiphysics for bimetal 

Size optimization

EDS mapping

XRD

XPS 

PL spectroscopy



25

nm can be achieved. A focused beam electrons scans the surface of the sample by interacting 

with the atoms of the sample and produces various signals that can be detected which 

provides information about sample’s topography and composition. In this thesis, the surfaces 

of the nanostructured materials were characterized by using a JSM JEM – 7600F field 

emission scanning electron microscope (FE-SEM).

3.7.2 Water contact angle system

     The hydrophobicity and surface energies of the nanomaterials were checked by Kruss 

DSA 100 drop shape analyzer using the sessile drop method at room temperature. Distilled 

deionized water droplets were dropped on the thin film surfaces using a micro-syringe.

3.7.3 Atomic force microscopy

    AFM is a high-resolution scanning probe microscopy which can provide the 

nanomaterials image on the order of fractions of a nanometer, more than 1000 times better 

than the optical diffraction limit [58]. The morphology of the nanostructured Ag islands root 

mean square grain size was analyzed with (Multimode V, Vecco, USa) atomic force 

microscope (AFM).  

3.7.4 EDS elemental analysis and mapping

Energy dispersive X-ray spectroscopy provides the elemental and compositional 

information of the nanomaterials along with chemical characterization. An interaction of the 

excited x-ray source and sample provide all the atomic and weight % of the nanomaterials. 

Furthermore, it also provides specific x-ray emission spectrum of each element. In this thesis, 

the atomic and weight % of each nanomaterial and their distribution was evaluated by EDS.
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3.7.5 X-ray diffraction (XRD)

     By using the x-ray diffraction techniques, the atomic and molecular structure of a 

crystal can be evaluated.  The crystalline atoms causes the electron beams to diffract in 

different angle with different intensities that can produce a three dimensional picture of the 

atoms in the crystal. The crystalline properties of Pt/Pd@Ag nanoislands decorated alumina 

was analyzed with x-ray diffraction (XRD) (XRD, Rigaku Ultima IV) with Cu Kα (λ = 0.154 

nm) radiation over a 2θ scanning range of 10-90˚). 

3.7.7 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 

bimetal interface with Ag nanoislands was analyzed by Al Kα radiation as the X-ray source.

3.7.8 Photoluminescence spectroscopy

    Photoluminescence spectroscopy utilizes the emission of light from any form of matter 

after the absorption of photons. It is used to evaluate information about identification of 

surface, impurity levels, and interface. It’s a very useful tool to check the metal oxide defects. 

The defects in Ag nanoislands after depositing bimetal were analyzed by PL spectroscopy.

3.7.9 Computational analysis 

    To evaluate the Pt/Pd size optimization was analyzed in COMSOL Multiphysics 5.1. 

An electric field distribution was checked on the bimetal interface after solving the boundary 

conditions for air and hydrogen medium. 
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3.7.10. Measuring gas sensing properties

      The hydrogenation and dehydrogenation properties were checked in the kaithely 

probes station where a computerized mass flow controller (ATOVAC, GMC, 1200) system 

were used to change the concentration of H2 gas in nitrogen (N2) gas. The gas mixture was 

maintained at a constant flow of 50 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 Ag nanoislands based Pt/Pd 

bimetal on alumina was reported. The formation of the Ag nanoislands with detailed 

experimental procedures was illustrated. Detailed steps of the decoration of Pt/Pd bimetal

@Ag nanoislands were also explained. Hydrogenation and dehydrogenation set up and gas 

measurement system was introduced. Characterization techniques for analyzing the 

nanomaterials morphology, crystal quality, metal oxides defects were listed with 

hydrogenation and dehydrogenation properties.
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Chapter 4: Hydrogenation and dehydrogenation performance analysis of 

Pt/Pd@Ag nanoislands decorated over alumina 

4.1. Materials structure and morphology:

In order to grow Ag nanoislands, two sizes of (18, 25 nm) Ag nanoparticles were 

deposited on alumina substrate by varying the condition in RF magnetron sputtering. Figure 

4-1 (a), (b), shows the surface morphology of non-annealed Ag nanoparticles. Highly dense 

and agglomerated nanoparticles can be observed from the surface which represents an 

irregular formation of nanoparticles. A thicker nanoparticles deposition might not be enough 

to form a continuously film as atoms deposited from the vapor phase undergo a series of 

kinetic processes, including thermal accommodation onto the substrate, surface diffusion of 

the atoms on the surface, dimmer formation to initiate formation and growth [39]. More 

deposited atoms may help to grow small islands, contact with each other, and then merge into 

larger, but still compact islands [40,41]. Comprising nanoscale Ag crystalline grains, thicker 

and merged Ag nanoislands can show tight connection between the Ag crystalline grains. 

This compact bulk islands formation can increase the conductivity to very high label which 

need to be optimized for catalytic gas permeation process. However, some differences can be 

found in case of additional annealing process. A metastable configuration that tends to 

equilibrate through surface limited diffusion, once subjected to temperature by annealing [44].
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Fig. 4-1. surface morphology of Ag nanoparticles without annealing (a) 18.50 nm (b) 25 nm

The heterogeneous interfacial formation because of the differences in the surface energy 

between the rough alumina substrate and Ag nanoparticles can induce high fraction of grain 

boundaries, interfaces and surfaces, or residual stresses [45]. Thus, to maintain highly regular, 

small crystalline grains, nano sized metal islands structure, a post rapid thermal annealing 

process at some representative temperatures were performed with an initial film thickness of 

18.50 nm. From the SEM observations in figure 4-2, it is obvious that the changes in the 

surface morphology of Ag nano islands accelerate with the increasing of the annealing 

temperature. Figure 4-1 (a,b) shows  the Ag nanoparticles distribution without annealing 

whereas a less dense surface morphology can be observed from figure 4-2 (a) at 200°C 

annealing because of the connections between Ag domains separated after annealing process. 

A gradual diffusion away phenomenon was observed with increasing the temperature until 

600˚C at figure 4-2 (a-g). The Ag atoms might be diffused away from the high curvature of 

the grain where the surface free energy is less and it continued until an equalized surface is 

reached [46]. 
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Figure 4-2. Surface morphology of Ag nanoparticles at (a) 200°C, (b) 300°C, (c) 350°C, (d) 

400°C, (e) 500°C, (f) 550°C, (g) 600˚C

By changing the average inter distances among the grains, a more regular nanoislands 

formation can be seen from the respective cross section SEM observation at figure 4-3 (a-e). 

When the annealing temperature is at 200°C, the nanoislands are not fully separated (fig.4-3,a) 

and a periodic island’s structure is visible. The surface free energy between the islands is not 

minimized enough to fully separate the islands [47]. Figure 4-3d shows the morphology of 

nanoislands at 400°C where some nanoislands are getting fully separated whereas figure 4-

3(e) at 500°C shows fully separated nanoislands formation. We noticed, that as the annealing 

temperature increased, the small particle are lessened and the distances between Ag 
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nanoislands decreases and at a temperature of 600˚C almost all Ag nanopaticles diffuse away 

from the substrate (fig.4-2g). This phenomenon agrees with the surface limited diffusion [47]. 

This process can be attributed to the variation of surface diffusion coefficient with 

temperature [48].

Fig. 4-3 Cross sectional view of Ag nanoislands at (a) 200°C, (b) 300°C, (c) 350°C, (d) 400°

C, (e) 500°C 

Due to the differences in the chemical potentials among the Ag nanoislands, the smaller 

nanoislands are thermodynamically unstable and they dissolve in atoms for each fixed 

temperature [49]. These smaller nanoislands get incorporated by other larger nanoislands in 

the rough alumina substrate [50]. This temperature incorporated surface diffusion process 

accelerates the probability of an arriving atom to find an existing island, rather than to form a 
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new island, resulting in the decrease in the silver particle density [51]. At a temperature of 

600˚C, the Ag islands volatilize from the substrate and this phenomenon will be more 

obvious with the increase of the temperature [52]. It is also possible that, at higher 

temperature the rough substrate of alumina get acutely softer and it can’t provide the stable 

interface for the diffusion of Ag atoms which can be seen from figure 4-2(g) [53]. Thus we 

conclude that 600˚C is high enough for the atom of our Ag nanoislands to volatilize from the 

rough alumina substrate, which leads to the absence of nanostructure on the substrate
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Figure 4-4(a-g) AFM analysis of Ag nanoislands (a) without annealing (b) 200°C, (c) 300°C, 

(d) 350°C, (e) 400°C, (f) 500°C, (g) 550°C
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Figure 4-4(a-g) shows the variation of RMS grain size of Ag nanoislands annealed at 

different temperature (table 4-1). Before annealing, a RMS grain size of about 18.50 nm 

(fig.4-4a) was measured which later showed a gradual reduction with the increasing 

annealing temperature. However, at 600˚C the RMS grain size shows a maximum value as all 

the Ag nanoislands volatize which was confirmed by SEM morphology (fig. 4-2g) leaving 

only the rough alumina substrate grains. Thus, from the AFM images, the decreasing trend of 

RMS grain size of Ag nanoislands (up to fig.4-4a-f) confirm the role of temperature 

dependent surface diffusion process. All the AFM measurement results are listed in table 4-1. 

Table 4-1 RMS grain size of Ag nanoislands at different temperature

Sample RMS grain size (nm)

Ag@alumina (non-annealed) 18.50

Ag@alumina at 200˚C 6.5

Ag@alumina at 300˚C 4.96

Ag@alumina at 350˚C 2.63

Ag@alumina at 400˚C 2.45

Ag@alumina at 500˚C 1.76

Ag@alumina at 600˚C 30
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Figure 4-5 (a-f) Water contact angle of Ag nanoislands (a) without annealing, (b) 200°C, (c) 

300°C, (d) 350°C, (e) 400°C, (f) Pt/Pd @ Ag nanoislands 

To analyze the surface energy and hydrophobicity of the Ag nanoislands different 

morphologies, characterization with water droplets was carried out. The contact angle was 

measured according to Young’s method [54], who first proposed a minimization model of 

three interfacial surface energies. The contact angle images of Ag nanoislands without 
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annealing (18.50 nm) (fig. 4-5a) and post annealed (fig. 4-5 b-f), Ag nanoislands with Pt/Pd 

bimetal was shown. The contact angle of non-annealed Ag nanoislands show a value of 

112.5˚ which keeps decreasing with the increasing of annealing temperature. A lowest value 

of 101.3˚ was measured for an annealing of 400˚C. It is well established that, if the contact 

angle is higher than 90˚, the surface is hydrophobic, otherwise the surface is hydrophilic. 

Hence, all the samples show hydrophobic property and a maximum contact angle value of 

127.3˚ was found after depositing 10/10 nm Pt/Pd bimetal for hydrogenation purpose. Thus, it 

can provide a stable performance in the H2 gas as water molecules can’t become stuck on the 

surface and decelerate the response. From the AFM measurements, it was observed that, 

RMS grain size keeps reducing with the annealing process which also can incorporate the 

gradual reduction of RMS roughness (table 4-1) and can also be analyzed from the 

hydrophobicity of the samples. It has been proven that, the RMS roughness or grain size is 

proportional with the hydrophobicity [55]. From the water contact angle measurements, we 

can see the gradual reduction of the hydrophobicity with the increasing of annealing 

temperature (fig. 4-5a-e). Additionally, the hydrophobicity is inversely proportional with the 

surface energy of the film surface. To determine the surface energy, the equation of Owens 

and Wendt and the Fowkes theory was used [56].

���
� = (��� /4) (Cosθ + 1)2                                                   (4.1)

(���
� ���

� )1/2 + (���
� ���

�
)1/2 = ���(Cosθ + 1)/2                                    (4.2)

Where���
� ,���

� , ���
� , ���

�
, are the dispersive and polar components of solid-vapor (���)

energy and liquid-vapor (���) energy, respectively. The surface energy calculated using this 

method for all the samples follows a similar fashion. The surface energy of each samples 
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calculate by the above method are listed in table 4-2.

Table 4-2 Contact angle and surface energy measurements

Sample Contact 

angle

���(mN/m) ���
� (mN/m) ���

� (mN/m)

Ag@alumina (non-annealed) 112.5˚ 28.79 28.11 0.68

Ag@alumina at 200˚C 106.7˚ 28.72 28.575 0.14

Ag@alumina at 300˚C 105˚ 29.88 29.72 0.16

Ag@alumina at 350˚C 104.2˚ 31.78 31.44 0.34

Ag@alumina at 400˚C 101.3˚ 32.816 32.58 0.236

Pt/Pd@200˚C annealed Ag

nanoislands on alumina

127.3˚ 24.210 22.128 2.08

The surface energy of the samples are gradually enhancing with the increasing of the 

annealing temperature as the contact angle slowly reduces. The interdistance among the 

nanoislands keeps increasing along with annealing temperature. Furthermore, the surface 

energy also keeps increasing with thermal annealing that reduces the contact angle of the Ag 

islands. This confirms the surface diffusion process which is induced by thermal diffusion 

coefficient annealing. It also confirms the AFM measurements as the RMS grain size shows a 

reduction trend with increasing of annealing temperature. 

Thus, to utilize the minimum distance between the Ag nanoislands at 200˚C, we deposited 
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nano sized hydrogen sensing Pt/Pd bimetal which makes a percolated pathway by hydrogen 

induced lattice expansion and columb scattering upon hydrogenation [56]. To confirm the Pt, 

Pd crystal size and their bimetal formation on Ag nanoislands (annealed at 200˚C), we 

conducted high resolution XRD analysis. Figure 4-6 shows the XRD pattern of the 

Pt/Pd@Ag nanoislands for pre and post annealing case. 

Figure 4-6. XRD analysis

The most intense diffraction peak at 2θ = 34.94˚ can be indexed to the (104) plane of α-

Al2O3 [57]. In addition, the diffraction peaks observed at 2θ values of 38.26˚, 44.44˚, 64.66˚ 

are corresponding to the monometallic Ag (111), (200), (220) planes of fcc crystalline 

structure and peak at 2θ=68.23˚ corresponds to monometallic Pd (220) planes of fcc 
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crystalline structure [57-60]. A small peak originating at 2θ=42.5˚ can be indexed to Pd/Ag 

interfacial alloy formation as it remains between the monometallic ag peaks of 2θ=38.26˚ and 

44.44˚ while the monometallic Pd peak of 2θ= 40.15˚ (111) might be proceeded towards 

higher 2θ values because of lattice mismatch formed by Ag/Pd interface [60, 61]. The 

intermetallic Pd/Ag peak at 2θ=42.5˚ broadened by a smaller amount for the annealed Ag 

nanoislands at 200˚C concludes that the size reduction of Ag nanoparticles. Peaks at 2θ=46.3˚, 

67.56˚ are corresponding to the (200) and (220) of platinum for fcc crystal structure [61,62] 

and the diffraction peaks between the 2θ=42.5˚ to 46.3˚ may be originated from the complex 

interfacial formation of Pt/Pd bimetal with Ag nanoislands. The crystallite size for Ag, Pd, Pt, 

was calculated by using Scherer’s formula and was found around 18.50, 10, 10 nm for each 

case respectively.

ẞ = Kλ/Dcosθ                                                            (4.3)

Where ẞ is the crystallite size, λ is wave energy of X-ray source, D is the full width at half 

maximum and cosθ is the diffraction angle. The formations of Pt/Pd bimetal on 

nanostructured Ag nanoislands create a maximum hydrophobicity of 127.3˚ (fig.4-5f) with a 

lowest surface energy of 24.210 mN/m (table 4-2). This lowest surface energy also leads to 

smaller grains and reduced inter-grain distances [63]. Additionally, upon the deposition of the 

Pt/Pd bimetal @ Ag nanoislands on alumina, Pt capped the Pd and Ag nanoislands to form 

discrete bimetallic nanoparticles with high uniformity and nearly equal distances between 

grains. The uniform discrete manner may be formed by the lower surface energy and low 

polar components of the surface energy. It is well understood from the surface energy 

calculation (table 4-2) that reduced polar components are generally more hydrophobic.                
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Therefore, the sputtered atoms of metal attached with the surface with higher contact angle 

due to higher hydrophobic nature and maintain the uniformity towards the substrate [62, 63].

The EDS elemental composition of the as deposited Pt/Pd bimetal at different annealed Ag 

nanoislands on alumina (fig. 4-7) and an elemental mapping (surface and cross section fig.4-8, 

4-9) was shown. The presence of aluminum (Al), oxygen (O), silver (Ag), Palladium (Pd), 

Platinum (Pt) and the absence of peaks related to contamination concludes the formation of 

high-purity surface for hydrogen gas sensing. A reducing trend of Ag atomic and weight % 

was observed for different annealed condition as the Ag nanostructure morphology changes. 
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Figure 4-7 EDS elemental analysis of Pt/Pd@Ag nanoislands over alumina (a) without 

annealing (b) 200°C, (c) 300°C, (d) 350°C, (e) 400°C, (f) 500°C

A surface and cross sectional elemental mapping for the sample (Pt/Pd@Ag nanoisland on 

alumina at 200˚C was shown in figure 4-8, 4-9 for observing the nanoparticles uniform 

distribution over the entire substrate. From the surface and cross sectional EDS mapping, it 

can be observed that Pt/Pd and Ag are distributed homogeneously over the substrate which 

further confirms the formation of a highly uniform Pt/Pd bimetallic thin film on Ag 
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nanoislands.

Figure 4-8. EDS mapping (surface) of Pt/Pd@Ag nanoislands over alumina substrate

Figure 4.10 shows the XPS analysis for examining the surface compositions of the Pt/Pd 

bimetal with the Ag nanoislnads at different annealing conditions. The morphological

differences among the nanostructured Ag islands for surface diffusion coefficient at different

temperature causes the interfacial composition to change for metal alloys.



43

Figure 4-9. EDS mapping (cross sectional) of Pt/Pd @Ag nanoislands over alumina

The corresponding doublets of Ag 3d, Pd 3d, Pt 4f core levels were deconvoluted into Ag 

3d 5/2, Ag 3d 3/2 , Pd 3d 3/2, Pd 3d 5/2, Pt 4f 5/2, Pt 4f 7/2 by Gaussian- Lorentzain fitting method 

after linear background subtraction. A maximum shift in higher binding energies for Ag 3d 5/2

= 368 eV, Ag 3d 3/2 = 374 eV Pd 3d 3/2 = 340.5 eV, Pd 3d 5/2 = 335, Pt 4f 5/2 = 70.5, Pt 4f 7/2 = 

74 for the sample Pt/Pd@Ag nanoislands for 200˚C was observed (fig.4-10b).
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Figure 4-10. XPS analysis of Pt/Pd @ Ag nanoislands Surface morphology at (a) 200°C, (b) 

300°C, (c) 350°C, (d) 400°C, (e) 500°C

These slight shifts can be promoted from the electronic interaction and maximum 
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interfacial alloy formation between the Pt/Pd bimetal and Ag nanoislands due to the 

differences in electron negativity [63, 64]. From the XPS measurements (table 4-3) It 

confirms that the bimetal alloys are tightly connected with the Ag nanoislands as the 

temperature diffusion induced separations are smaller for 200˚C and 300˚C cases which 

induce additional lattice strain or the higher number of electron donation from the bimetal 

[64,65] . All the measurements are summarized in table 4-3. Thus, a percolated pathway is 

constructed within the Ag nanoislands and remains strongly connected which can improve

the surface conductivity. 

Table 4-3. XPS measurements

Sample

Ag 

3d3/2

(eV)

Ag 

3d5/2

(eV)

Pd 

3d3/2

(eV)

Pd 

3d5/2

(eV)

Pt 

4f5/2

(eV)

Pt 

4f7/2

(eV)

Pt/Pd@ non-annealed Ag

nanoislands on alumina
373.5 367.5 340 334.5 70 73.5

Pt/Pd@200˚C annealed Ag

nanoislands on alumina
374 368 340.5 335 70.5 74

Pt/Pd@300˚C annealed Ag

nanoislands on alumina
373.8 367.7 340.5 334.8 70.2 73.7

Pt/Pd@350˚C annealed Ag

nanoislands on alumina
373.5 367.3 340 335 70 73.8

Pt/Pd@400˚C annealed Ag

nanoislands on alumina
373 367.4 340 335 70 74
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Figure 4-11 illustrates the photolumiscence of Pt/Pd bimetal distribution on the annealed

(200˚) and non-annealed Ag nanoislands. A higher intensity of the photoluminescence was 

observed from the non-annealed Pt/Pd@Ag nanoislands as the larger amount of Ag (18.50 

nm) is covered with oxygen which increases the defect states [46, 47, 48]. 

Figure 4-11. Photoluminescence spectroscopy 

It can be possible that, because of the higher amount of silver atoms (fig 4-7a) and larger 

nanoislands with smaller distance; Pt/Pd bimetal can’t fully cover the nanoislands surface. 

Thus, non-percolated surface is formed which shows higher oxidized defect states in 

photoluminescence. Whereas, in the post annealed sample, the intermixing alloy formation 

among the metals is good (fig 4-10b) show a less intense photolumiscence due to the uniform 

capping of Pt/Pd bimetal. A quantum confinement effect (QCE) is a possible mechanism 
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where the Ag nanoislands ( 6.50 nm) with Pt/Pd bimetal show less oxidized defect states that 

further confirms the tight connection and good capping of Pt/Pd bimetal over the Ag 

nanoislands [69, 70, 71, 72]. In this case, a highly percolated pathway can be formed that can 

increase the synergetic effects of the metal alloys [73]. 

4.2. Hydrogenation and dehydrogenation studies:

In the synthetic air environment, Hydrogen molecules physisorbs on the Pd surface and 

gradually dissociates into hydrogen atoms, chemisorbs in the Pd lattice structure for forming 

the Pd-hydride (Pd-H) as follows,

H2 (g)      2H (ads)                                                  (4.4)

Pd + H (ads)     Pd-H                                                  (4.5)                                        

Thus the dissociated Hydrogen atoms transform the metal to metal hydride phase by 

expanding the volume of Pd lattice structure which narrows the gaps between the neighboring 

clusters of nanoparticles [74, 75]. The electrical resistivity of Pd-H is almost a factor of 2 

higher than that of pure Pd metal which allows detecting the hydrogen gas due to the 

increasing in the resistance value [76]. However, in an air environment, the presence of 

oxygen enables the formation of catalytic water molecules at the Pd surface that impedes

surface coverage for chemisorbed hydrogen available to be absorbed [77,78]. This 

phenomenon decreases the Pd adsorption sites, lowering the hydrogen physical absorption

[79]. Thus, it also extends the time required for Pd lattice structure to host hydrogen 

molecules at α-phase and transforming to Pd-H at ẞ-phase which eventually slows down the 

whole hydrogenation process [80]. Alloying the Pd lattice with Pt could change the surface 

chemistry as a favorable means in the aforementioned situation [81]. It was also reported that 
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Pt is a better catalyst for the hydride formation which is the rate limiting reaction for 

hydrogenation response for an optimum thermal condition (≥100˚C) [82,83]. Thus, 

optimizing the temperature and alloying with Pt can be an effective way to accelerate the 

hydrogenation performance of Pd thin film [84]. However, along with optimizing 

temperature, catalytic high surface area based Ag nanoislands can enhance Pt/Pd bimetal’s 

synergetic effect. Highly regular Ag nanoislands formation (Fig.4-3b) on rough alumina 

substrate increases the surface to volume ratio which accelerates the interfacial alloy 

formation with the catalytic bimetal (Fig. 4-10b). In addition, the complex alloy formation 

may increase the response of hydrogenation permeation by increasing the active surface 

coverage. Furthermore, it was found that Ag alloying with Pd can be advantageous for the 

embrittlement and mechanical issue of Pd lattice which might be more improved with the 

Pt/Pd@ Ag nanoislands case [85, 86]. A higher surface to volume ratio based Ag nanoislands 

enhances the bimetal capping configuration that makes a percolation pathway that is suitable 

for higher carrier mobility [67, 88]. It is believed that, a hydrogen induced lattice expansion 

in nano sized catalytic sputtered bimetal may form a shorter conduction pathway for carrier 

mobility in the transduction process between physisorption to chemisorption on an insular 

substrate [89, 90]. However, maintaining the homogeneous nano sized bimetal capping 

structures are highly challenging and catalytic metal nanoislands structure beneath the 

bimetal structure increases the connection between the metal atoms and enhances the surface 

conductivity which may enhance the hydrogen induced lattice expansion faster. The induced 

hydrogen may scatter all the carrier charges by a coulomb scattering process which involves a 

charge variation in the catalytic metal alloys [86, 89, 91]. The schematic of the formation of 

percolated bimetal based on Ag nanoislands (Pt/Pd@Ag NI) and its hydrogenation process 
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are showed in Fig. 4-12.

Fig. 4-12 Percolated pathway formation and hydrogenation mechanism (from left to right)

In Figure 4-13 (a-e), we observed a close relation between the base resistance and Ag 

nanoislands diffusion process, where a range of kΩ to GΩ was measured depending on the 

separation distance between the islands (Fig. 4-3). 
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Figure 4-13. Response and recovery time of (a) Pt/Pd @ non-annealed Ag nanoislands (b)

Pt/Pd @ 200°C annealed Ag nanoislands (c) Pt/Pd @ 300°C annealed Ag nanoislands. (d) 

Pt/Pd @ 350°C annealed Ag nanoislands (e) Pt/Pd @ 400°C annealed Ag nanoislands

An optimized conductivity is also necessary for the catalytic alloy formation and the surface 
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energy. Apart from the nanoislands separation, we also analyzed Pt/Pd bimetal thickness

effect and their charge density. A computational analysis was done in COMSOL 

Multiphysics to optimize the Pt/Pd size and their charge density in the interfacial alloy (fig. 4-

14).

Figure 4-14. Computational analysis of Pt/Pd (5/5 nm) bimetal (a) Surface charge density at 

the interface of bimetal (b) at air environment (c) at hydrogen environment



52

Figure 4-15. Simulation results of Pt/Pd bimetal 

The simulation was performed up to 15 nm for Pt and 10 nm for Pd , as a thicker Pt layer 

can form a barricade to the injection of the hydrogen molecules to the Pd surface; which may 

impedes the sufficient hydride formation for Pd; furthermore, the hydrogen induced 

expansion of Pd might be hindered due to the excessive strain imposed the Pt capping layer, 

and the catalytic water formation at the Pt surface can be enhanced, hence slowing down the 

hydrogenation response [63, 87]. Figure 4-14(a-c) illustrates the distribution of electrical 

permittivity of the Pt/Pd bimetal (10/10 nm), which reveals that a certain applied potential 

difference on the boundaries of the chamber creates a surface charge density depending on 

the medium (air, hydrogen) in  the chamber inside. A highly dense surface charge density

(Fig. 4-14a, b) can be observed from the interface of Pt/Pd bimetal as the relative permittivity

of Pt/Pd bimetal is much higher (�� = 67.88) in comparison to bare Pt (�� = 17.19)

and Pd (�� = 13.69) [88]. We found a maximum amount of surface charge density (table 4) 

for Pt/Pd (10/10 nm) case in air environment and a lowest value in hydrogen environment 

from all other thickness variation. This result concludes that, a maximum amount of 
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hydrogen physisorption and chemisorption might occur in case of uniform 10/10 nm Pt/Pd 

bimetal case, hence effectively increases the electrical resistance of the bimetal. To relate this 

simulated analysis with practical applications, we fabricated 10/10 nm Pt/Pd@Ag 

nanoislands (annealed at 200˚C) on alumina substrate and exposed to a certain concentration 

of hydrogen gas (Fig. 4-16). A maximum amount of 2.3 % response (120˚C) was observed 

for Pt/Pd@Ag annealed at 200˚C sample case. However, smaller amount of (%) response was 

observed for other samples which could happen for several factors such as Ag nanoislands 

diffusion process, Pt/Pd/Ag alloy formation, gaps in nanoparticles. Figure 4-16 shows the 

hydrogenation and dehydrogenation curves (resistance versus time) for Pt/Pd@Ag 

nanoislands at 10000 ppm hydrogen at 120˚C temperature for different nanoislands structure. 

Gradual changes in the base resistance were observed for the different annealed condition of 

Ag nanoislands (fig.4-13a-e) depending on the nanoislands morphological structure.

Figure 4-16. Repeatability of S1 at 10000 ppm (120˚C) 
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The time needed for 90% change in the base resistance after exposing hydrogen gas and the 

time needed to reach the resistance to its initial value are defined as response and recovery 

time. A longer time of average 130 sec was measured as response time for Pt/Pd@Ag 

nanoislands non-annealed sample (labeled as S0) and a sluggish recovery of more than 

average 160 sec at 120˚C. A lesser amount of catalytic metal alloy interface could be a 

probable reason for this. However, a faster response time of average 20 sec and recovery of 

average 25 sec at 120˚C for Pt/Pd@Ag nanoislands annealed at 200˚C sample (labeled as S1), 

which might be a good and better catalytic metal alloys interfacial effect along with uniform 

particle distribution. Apart from S1sample, S2, S3, S4 show little delayed response and 

recovery time (fig. 4-13) along with a lower drift in base resistances depending on the Ag 

nanoislands morphology. The observations conclude that connectivity between bimetal 

nanoparticles and metal islands is reducing with the diffusion process induced by annealing 

temperature. Hence, a less catalytic metal alloy interface and synergetic interplay are 

occurring which delaying the hydrogen physisorption and chemisorption process. However, 

for S1 sample case, the interactions of hydrogen molecules with the interstitials sites of 

catalytic metals alloy scatters the electrons more faster to incorporate hydrogen induced 

lattice expansion at the ẞ (metal hydride phase) which eventually shows a faster response 

time [93]. Along with faster response, a faster recovery time for S1 sample could be due to 

the higher grains of the interface that can be used as desorption pathway for hydrogen 

molecules [94]. In addition with the interfacial grains, an optimized temperature of 120˚C 

was the best fit of electron scattering process as, Pt has higher absorption rate at 100˚C with    

fast response but lacks in recovery whereas, Pd has slower absorption rate along with high 

response magnitude and faster recovery [90,91]. Furthermore, catalytic metal alloy of Ag 
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needs moderate elevated temperature to dissociate the chemisorbed hydrogen molecules 

[95,66]. A co-operative interaction between the bimetal and metal islands layer induce more 

tensile stress that helps to dissociate the molecules more [92].So it can be assumed that, at 

120˚C both the bimetal and nanoislands metal compete each other and incorporate a faster 

response and recovery time. Figure 4-17 summarizes the response and recovery at different 

temperature. 

Figure 4-17. Response and recovery at different temperature

The dynamic resistance variation of the as fabricated device were investigated by testing 

various hydrogen concentration (500 ppm to 400000 ppm) at 120˚C in figure 4-18. 
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Figure 4-18. Dynamic response

A linear response for wide ranges of hydrogen concentration was found for S1 sample. 

Hydrogen absorption in Pd materials, such as thin films [93], nanowire [94], nanodisk [95], 

has shown hysteresis and breaking phenomenon after few cycles of hydrogen absorption 

whereas, the presently studied Pt/Pd@Ag nanoislands structure performed well at the high 

concentration of 40000 ppm hydrogen. A negligible hysteresis effect was due the uniform Pt 

layer which enhances the passing of hydrogen molecules to interact with Pd/Ag alloy along 

with an increased clamping effect that reveals a tensile stiffness of a laminate specimen is in 

inverse relation to the thickness of the specimen [96]. The response magnitude for wide 

ranges of hydrogen concentration was theoretically modeled by Sievert law for S1 sample in 

figure 4-19, where linearity between the response and the square root of hydrogen 

concentrations was observed. The linearity confirms that the sample S1 follows Sievert’s law.
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Figure.4-19. Sievert’s law for S1 sample

S(%) α √P(H2), where P(H2) is the partial pressure of hydrogen. The value of K= 0.98 is 

the measurement of how close the data are to the fitted regression line. 

Hydrogenation of the as-prepared device has the potential of the sensing in real field 

application, however it can be strongly affected by the presence of water vapor [85, 86]. This 

can slow down the hydrogenation response by impeding the dissociation of hydrogen 

molecules on the catalytic metal surface [77, 78, 79]. However, in this work a highly 

hydrophobic surface having a contact angle of 127.3˚ (fig. 6f) can create more active sides for 

hydrogen adsorption by impeding the water vapor. Thus, it creates a greater hydrogenation 

and dehydrogenation property by increasing the hydrophobicity for quantum size Pt/Pd@Ag 

nanoislands structure. 
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4.3. Summary

   In this chapter, the effects of thermal annealing surface diffusion on the Ag morphology, 

and the loading of Pt/Pd bimetal and their catalytic properties towards hydrogenation and 

dehydrogenation were fully analyzed. 

The experimental indicates that that, at 200˚C thermally annealed Ag nanoislands (6.50 nm) 

with an Pt/Pd bimetal of 10/10 nm structure shows enhanced catalytic morphology and fast 

hydrogenation and dehydrogenation performance .

The main points of this chapter are summarized below:

ü Resistivity type hydrogenation and dehydrogenation properties based on Pt/Pd@Ag 

nanoislands decorated over alumina substrate is established.

ü By optimizing the Ag nanoislands morphology, the intermetallic catalytic alloy 

formation with Pt/Pd bimetal enhances.

ü An optimized Pt/Pd (10/10 nm) bimetal enhances the surface charge density which 

eventually increase the hydrophobicity of the gas absorption surface. 

ü A fast response/recovery time of 20/25 sec at a concentration of 10000 ppm H2 with 

a response magnitude of 2.3% (120˚C) was achieved.

ü Good repeatability and good range of detection (500-40000 ppm H2) are achieved.
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Chapter 5: Conclusions and future works

5.1. Conclusions

   In this current study, the hydrogenation and dehydrogenation properties of Pt/Pd bimetal 

decorated over Ag nanoislands on alumina substrate were studied. Thermally annealing

process induced surface diffusion provides a high surface to volume ratio based Ag nano 

structured islands morphology which provide an enhance catalytic property with Pt/Pd 

bimetal for the adsorption and desorption of hydrogen molecules at an elevated (120˚C) 

temperature. A response magnitude of 2.3% with a detection range of 500 ppm to 40000 ppm 

for hydrogen gas was observed with a good repeatability. A fast average response and 

recovery time of 20/25 sec for 10000 ppm were recorded which also shows high 

hydrophobicity. We expect that, the as prepared (Pt/Pd@Ag nanoislands) device will be a 

promising building block for future hydrogen detection technology in hydrogen economy 

based applications.

5.2. Suggestions for future works

   Detecting hydrogen at a wide range with higher stability, selectivity, faster response has 

intensive research potential. The area of interest can be continued as follows:

ü As the connectivity and alloying between nano sized catalytic metal, plays a very 

important role for hydrogen absorption, higher surface to volume ratio based 

template beneath the metal can be designed for increase the hydrogen absorption

capability. 

ü Optimizing the substrate conductivity and developing high surface to volume ratio 
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based hierarchical nanostructured catalytic metal can enhance the hydrogenation and 

dehydrogenation phenomenon.  

ü Developing heterogeneous interfacial structure with 2D conductive material such as 

Graphene with Pd, Pt can enhance the hydrogen molecules interaction. 
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APPENDIX – CHARACTERIZATION

A.1 Evaluation methods for materials characterization

The surface morphologies of Ag nanoparticles on alumina substrate at different annealing 

conditions were analyzed using field emission scanning electron microscopy (FESEM; JEOL 

JSM JEM – 7600F). Nano structured Ag nanoislands roughness and RMS grain size was 

checked in 3D atomic force microscopy (AFM). Water droplet contact angles were measured 

by contact angle goniometry (Kruss DSA 100 drop shape analyzer) using the sessile drop 

method at room temperature. Distilled deionized water droplets (about 3 μL) were dropped 

on the thin film surfaces using a micro-syringe. Pt/Pd bimetal and their nanostructured 

discrete thin film distribution were studied with a JEOL JEM-2010F energy dispersive 

spectrometer (EDS). The structural properties were investigated using an X-ray 

diffractometer (XRD, Rigaku Ultima IV) with Cu Kα (λ = 0.154 nm) radiation over a 2θ

scanning range of 10-90˚. The chemical compositions were checked by X-ray photoelectron 

spectroscopy (XPS) using Al Kα radiation as the X-ray source. Photo-luminescence (PL) 

spectra were obtained on a perkin Elmer LS 55 setup. A keithely probes station was used for 

measuring the resistance changes of the as prepared devices.

A.2 Evaluation methods for sensing measurement hydrogenation and dehydrogenation

measurement:

The as prepared device was mounted inside of a chamber, and a keithly probe station 

(SCS-4200) with a bias voltage fixed at 1 V was used to check the ohmic conduction and 

resistance. A computerized mass flow controller ( ATOVAC, GMC 1200) system was used to 

change the concentration of H2 gas in synthetic air (Deokyang Co., Ltd).Gas mixture with 

different H2 concentrations were delivered to the chamber at a constant flow rate of 200 
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standard cubic centimeters per minute (sccm). The gas chamber was supplied with synthetic 

air between each H2 pulse to allow the device surface to return to atmospheric conditions. 

The gas concentration was controlled and measured using the following equation;

Desiredgascon. (ppm) = 
�����������

������������ ��������������������
× Suppliedgascon. (ppm)

The sensor response was defined as; 

                     S, (%) = 
�����

��
× 100

Where Rg and Ra is the resistances of the sensor in hydrogen gas exposure and air exposure at 

certain concentrations, respectively. The response and recovery time of the as prepared device 

was defined as the time taken to reach 90% of the total resistance change.
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