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Abstract

The inescapable exhaustion of fossil fuel reserves has led to a deep interest in al-

ternative and renewable energy resources. Hydrogen, as a clean, affordable and

environmentally friendly energy carrier, is a potential replacement for fossil fuels.

Consequently, the related detection technologies are rapidly growing, and this trend

is likely to continue in the future. The superior hydrogen sensing materials com-

bined with the micro/nanofabrication technologies offer new capabilities to develop

hydrogen sensors. Palladium and its alloys are proved as one of the most signif-

icant hydrogen sensing materials utilized in hydrogen sensors to detect or moni-

tor hydrogen leakage and concentrations. Furthermore, the use of low-dimensional

palladium-based hydrogen sensors enables the miniaturization devices to be suitable

for hydrogen-based applications, while possessing the advantages of high detection

performance, low power consumption and sample measurement circuitries.

The main purpose of this thesis is to investigate the low-dimensional palladium-

based hydrogen sensors with superior sensing performance which can be fabricated

by a simple, low-cost, and faster fabrication process. First, the detection mechanism

of the palladium-based hydrogen sensors and current research interests in palladium

and its low-dimensional structures are presented in the literature review. Next, the-

oretical models were utilized to analyse the hydrogen atom diffusion process in pal-

ladium and the equilibrium state of the palladium-hydrogen system. The important

parameters were calculated to determine the fundamental relations between thick-

ness, surface area to volume ratio, temperature, and hydrogen partial pressure in the

palladium-based hydrogen sensors. Palladium-based hydrogen sensors with different

dimensional structures were fabricated and measured to verify the theoretical rela-

tion of the parameters. For the two-dimensional palladium-based thin film, a 19.3

nm patterned palladium-yttrium nanosheet showed a superior linear gas response

due to the high permeability of the sensing element. The one-dimensional palladium

nanowires were fabricated by electrospinning and evaporation systems to simplify

the fabrication process of nanowires and reduce the cost of production. The Palla-

dium/Poly Vinyl Alcohol (Pd/PVA) nanowires were regarded as hydrogen-actuated

switches with high sensitivity due to the broken palladium nanowires which appeared

during the detection process. Additionally, a novel concept of dimension, called
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quasi-one-dimensional (1.5D) was generated by a combination of two-dimensional

and one-dimensional structures. Owing to the unique surface texture of the paper,

the 1.5D palladium microfiber networks were formed on the paper substrate. The

larger surface area to volume ratio of the palladium microfiber networks contributed

to the faster response time and superior sensitivity whether at room temperature

or high-temperature. Moreover, the sensors were suitable for flexible sensing appli-

cations without performance degradation. The fabrication of the thinner palladium

microfiber networks was presented to determine the thickness effect in performance.

A graphite layer was used as a buffer layer to enhance the adhesion of the substrate

surface, which in turn formed the continuous palladium microfibers. The excel-

lent linearity, faster response, superior sensitivity, simple fabrication process, low

cost, good repeatability and stability of these hydrogen sensors are promising for

wide-ranging hydrogen applications.
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[mol/cm3]

D diffusion coefficient [m2/s]

D0 pre-exponential factor for D [cm2/s]

E applied electric field [V/m]

EAsub activation energy for surface-to-

bulk palladium transition

[Kcal/mol H]

EDsub activation energy for hydrogen

atom bulk metal-to-surface tran-

sition

[Kcal/mol H]

Ed hydrogen atom desorption activa-

tion energy

[Kcal/mol H]

Ediff activation energy for hydrogen

atom diffusion

[Kcal/mol H]

I current [A]

J diffusion flux [mol/cm2 · s]
Je current density [A/m2]

JH hydrogen atom diffusion flux [mol/cm2 · s]
K constant used in sticking model [-]

Kdes desorption rate constant [cm2/mol · s]
Ks Sieverts law constant [atm0.5]

NHH number of the adjacent occupied

adsorption sites

[mol pairs/cm2]

Nb bulk palladium atom concentra-

tion

[mol Pd/cm3]

Ns palladium atom surface concen-

tration

[mol Pd atoms/cm2]

PH2 hydrogen partial pressure [atm]

R resistance [Ω]
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RAsub hydrogen absorption rate from

surface into subsurface phase

[-]

RDsub hydrogen atoms transfer between

subsurface and surface phase

[-]

Rads atomic adsorption rate [-]

Rdes atomic desorption rate [-]

Rg gas constant [J/mol ·K]

S sticking coefficient [-]

S0 initial sticking coefficient [-]

T Temperature [K]

Tres response time [s]

V voltage [V]

V0 pre-exponential factor for Vsub [cm3/mol H · s]
Vsub rate constant for hydrogen atom

surface-to-bulk palladium transi-

tion

[cm3/mol H · s]

W Pairwise interaction energy [Kcal/mol]

WHH half of the attractive energy of H-

H interaction in palladium

[Kcal/mol]

X H/Pd ratio in the bulk palladium [-]

X1,X2 H/Pd ration for the high and low

partial pressure sides

[-]

Xsub H/Pd ratio in the subsurface [-]

d film thickness [cm]

l length [m]

m∗e electron effective mass [m0]

n density of electrons [/m3]

t diffusion time [s]

vd drift velocity [m/s]

z atomic number of the nearest

neighbors on surface

[-]

β0 pre-exponential factor for βsub [cm3/mol H · s]
βsub rate constant for hydrogen atom

bulk metal-to-surface transition

[cm3/mol H · s]

θ surface coverage [-]

θ00 probability of two adjacent empty

sites

[-]

θHH probability of two adjacent occu-

pied sites

[-]

µe electron mobility [m2/V · s]
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µi drift mobility limited [m2/V · s]
ρ electrical resistivity [Ω ·m]

ρR residual resisitvity [Ω ·m]

ρT pure crystals of resistivity [Ω ·m]

∆GH relative partial molar Gibbs free

energy of dissolution

[Kcal/mol H]

∆HH relative partial molar enthalpy [Kcal/mol H]

∆SH relative partial molar entropy [Kcal/mol ·K]

Γ molecular bombardment rate [mol H2/cm2 · s]
σ conductivity [S/m]

τ scattering time [-]
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Chapter 1

Introduction

1.1 Research backgound

The inevitable exhaustion of fossil fuel reserves has led to a deep interest in alterna-

tive and renewable energy resources [1]. It is known that about 71% of the Earths

surface is water-covered, and hydrogen can be produced by using electrolysis, pho-

toelectrolysis, and photobiological techniques. Hydrogen (H2) as a clean, affordable,

sustainable, and environmentally friendly energy carrier is a potential replacement

for fossil fuels such as coal, oil and natural gas. Consequently, the problem of de-

pleting fossil fuels can be addressed with H2 wide-ranging applications, such as H2

fuel cells [2], propulsion systems, and H2-fueled cars [3]. In addition, during the

World Economic Forum 2017, the role of hydrogen in the energy transition was first

proposed by the Hydrogen Council, as shown in Figure 1.1 [4]. H2 as a raw material,

its applications and detection technologies have been recognized for decades and will

continue to grow and evolve [5].

Hydrogen is a highly flammable gas and detonates when its concentration is over 4%

in air. In terms of its low explosive limit (LEL) and upper explosive limit (UEL), hy-

drogen has a wider flammable range (4%-75%) compared with gasoline, ethane, and

methane [6–8]. Furthermore, as a colourless, odourless and tasteless gas, hydrogen

cannot be detected by human senses. These characteristics of hydrogen make the

safety of hydrogen applications a serious consideration. Therefore, a fast, low-cost,

accurate, and reliable detection device of hydrogen gas is required to avoid potential

hazards of hydrogen-based applications in industries, nuclear power stations, and

transportation [3].

The hydrogen detection and concentration measurement devices were first utilized

for airships over 100 years ago [8]. However, detection technologies are rapidly grow-

ing around the world and this trend is likely to continue in the future. Faster, more

reliable, more stable, more accurate and more selective detection methods or devices
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Figure 1.1: Hydrogen has been roles in decarbonizing major sectors of economy
[4].

are required to control and monitor the concentration of hydrogen in various areas.

For instance, a hydrogen concentration monitoring system is essential for nuclear

reactor safety in nuclear power stations. Without the system, nuclear accidents oc-

cur because of a hydrogen explosion, such as those which happened at Three Mile

Island in 1979, and Fukushima in 2011 [7].

Gas chromatography and mass spectrometry are two conventional hydrogen detec-

tion methods. The advantage of gas chromatography is the ability to measure the

mixed gas with a high degree of accuracy. However, long response time and sam-

ple preparation are required during the detection process. Moreover, the necessary

consumable and complex operations are also the drawbacks of gas chromatography.

Alternatively, mass spectrometry is an option to detect hydrogen and measure the

gas concentration. However, it has similar detection defects as gas chromatography.

Owing to deeper research and applications of hydrogen, these detection instruments

are not adequate for current needs. Fortunately, over the last few decades there has

been a tremendous growth in miniaturization technology and its impact on hydro-

gen sensors [9–12], and micro-electromechanical systems (MEMS) [13,14].

Theoretically, hydrogen sensors are transducer devices that detect the molecules of

hydrogen gas and convert or produce an electrical signal with a significant relation

to the hydrogen gas concentration [15]. Thanks to the miniaturization technology,

the advanced hydrogen sensors offer several advantages over the mentioned con-

ventional hydrogen detection methods, such as lower cost, faster response, smaller

size and lower power consumption. Hydrogen sensors benefit from having these ad-
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vantages, which make them more suitable for portable detection devices and other

wide-ranging applications, as presented in Figure 1.2 [16].

Figure 1.2: Hydrogen-specific sensor process and safety applications in the
emerging energy economy [16].

Actually, the most existing economically available hydrogen sensors are produced

based on metal-oxide film, such as tungsten oxide sensors [17, 18], and tin oxide

sensors [19]. Hydrogen gas is not the only gas which can be detected. These sen-

sors are also sensitive to other reducing gases such as carbon monoxide, alcohols,

and methane. Moreover, the operation temperature of the metal-oxide sensors is

generally between 180 and 450◦C, but for some specific metal-oxide based sensors

it can be higher than 650◦C [7]. Although they have an acceptable lifetime, the

poor hydrogen selectivity and high operation temperature are inevitable, due to

their complex sensing mechanism of metal-oxide sensors. The hydrogen selectivity

and the reliability of detection need to be improved for hydrogen wide-ranging appli-

cations. A superior hydrogen sensing material has become a critical research aspect.

In recent decades, palladium (Pd) and its alloy [20–22] have been presented as a

superior sensing material compared with metal-oxide, leading to high sensitivity

and selectivity of hydrogen at room temperature. The mechanical and electrical

properties of palladium are changed because of lattice expansion during the hydro-

gen absorption and desorption process. Thanks to its advantages and properties,

palladium has been commonly utilized as promising sensing material for hydrogen

leakage detection and concentration measurement.
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1.2 Research scope and objectives

In this thesis, palladium and its alloy, as hydrogen sensing materials are employed

for the resistive-based hydrogen sensor fabrication and investigation. To further ex-

plore the contribution of the surface area to volume ratio of the sensing element for a

hydrogen sensor, the different surface morphology of substrates and miniaturization

technologies as concise and practicable methods to reach a breakthrough point. In

addition, the temperature effect, mechanical bending, and electrical noise effect are

the critical objectives in this thesis.

Based on the research scope, the main objectives of this thesis are:

I. Investigation of the palladium alloy hydrogen sensing element and the detec-

tion mechanism of the palladium-based resistive hydrogen sensor by analysing

the detection experiment and surface features. To improve and fabricate a

low-cost hydrogen sensor by through the combination of the characteristics of

palladium-yttrium alloy and miniaturization technology.

II. Investigation and discussion of the rational method to achieve a simple and

low-cost fabrication process for the multilayer palladium nanowires hydrogen

sensor. The feasibility and performance are proved via the experiment and

result analysis.

III. Fabrication and demonstration of the paper-based nanosized palladium thin

film hydrogen sensor for the special conditions, including temperature effect,

thickness, and mechanical bending. Exploration and analysis of the effect of

surface morphology of different substrates.

1.3 Structure of this thesis

This thesis is organized into seven chapters as follows

Chapter 1 introduces the research objectives, the scope of this thesis and the

thesis structure.

Chapter 2 elaborates the palladium-based hydrogen sensors and presents the state-

of-the-art research in this field. The advantages and shortcomings of different

palladium-based hydrogen sensors are briefly described with references. The work-

ing principle and performance comparison are introduced in the chapter.

Chapter 3 presents the research methodology including theoretical and experimen-

tal methods. The theoretical analysis of the sensing mechanism of the palladium-

based hydrogen sensor based on the absorption and desorption conditions when the
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sensor is exposed to hydrogen gas. Subsequently, the micromachining processes to

fabricate the sensing surface and structures are presented. In addition, the sensors

testing systems and the detection methods are described.

Chapter 4 presents a hydrogen sensor based on palladium-yttrium alloy nanosheet.

The ultrathin zigzag-shaped palladium-yttrium (Pd-Y) nanosheet is the main sens-

ing part for hydrogen detection. Thanks to the unique nanostructure and sensing

material, the resistive hydrogen sensor offers advantages such as reasonable electri-

cal resistance, high sensitivity, superior reversibility and reproducibility. The zigzag-

shaped sensor is fabricated on a quartz glass substrate with a simple nanofabrication

technology using an ultrahigh-vacuum magnetron sputtering system and shadow

mask. Comparatively, the resistive-based detection method is more convenient and

easier than optical detection in the same detection conditions. In addition, the pat-

terned Pd-Y nanosheet with nanometer thickness and unique sensing material offers

a superior gas response at room temperature and pressure.

Chapter 5 presents the novel fabrication technique for the palladium nanofiber net-

works hydrogen sensor. The poly vinyl alcohol (PVA) nanofibers are produced by

electrospinning system, and are utilized as a substrate to improve the surface area

to volume ratio and simplify the fabrication process. The networks of palladium

nanofibers hydrogen sensor are presented as a set of hydrogen-actuated switches

with high sensitivity during the testing process.

Chapter 6 presents the investigation of the rational improvement of the sensor

performances by analysing the resistive palladium-based hydrogen sensor on paper

substrate. Owing to the surface texture of the substrate, the surface area to volume

ratio for the palladium thin film is larger than the flat substrates, while improving

the performance of the hydrogen sensor in the same conditions. Additionally, other

factors that affect the performance of the paper-based hydrogen sensor such as tem-

perature effect, mechanical bending and deposition thickness are discussed in this

chapter.

Chapter 7 presents the conclusion of this thesis and the future work.
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Chapter 2

Research Background and

Literature Review

This chapter reviews the state-of-the-art investigations and applications of the hy-

drogen sensor based on pure palladium and its various alloys. The research back-

ground of the palladium materials, analysis and detection mechanism are presented.

Furthermore, the typical commercially available hydrogen sensors and miniaturized

palladium-based sensing devices are outlined and discussed.

2.1 Material aspects

2.1.1 Physical properties of palladium

Palladium, as a rare and lustrous silvery white solid metal was discovered in 1803. It

is a transition metal with a Face Centred Cubic (FCC) crystal lattice in the group 10

of the periodic table. The melting point and metal density are 1554.9◦C and 12.023

g/cm3 respectively, while as a conductive metal the electrical resistivity of palladium

is 105.4 nΩ · m at 20◦C. The more important characteristic of palladium is that it

cannot be oxidated at a standard temperature. Currently, the major applications

of palladium are for, catalysis [1–3], electronics [4], hydrogen sensors [5–7], and

hydrogen storage [8, 9]. Other physical properties of palladium are shown in Table

2.1.

Table 2.1: Other properties of palladium metal.

Physical property Palladium

Density (g/cm3) 12.023

Thermal expansion (µm/(m ·K)) 11.8 (at 25◦C)

Thermal conductivity (W/(m ·K)) 71.8

Youngs modulus (GPa) 121
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2.1.2 Crystallography of palladium

As a hydrogen sensing metal, palladium is capable of absorbing up to 900 times its

own volume of hydrogen [10]. Thus, the crystallography of palladium is required for

further investigation of palladium. Because the palladium metal has an FCC crystal

lattice structure as shown in Figure 2.1 [11], the coordination number and packing

factor are 12 and 0.74, respectively. Consequently, the arrangement of atoms in an

FCC structure is compact, 74% available space is occupied by palladium atoms and

the remaining unoccupied space can be divided into two types of interstitial sites:

octahedral and tetrahedral. Thanks to the 26% available space of the palladium

crystal lattice, the palladium-based alloys can be formed when the dropping metal

atoms are capable of fitting into the interstitial sites. Furthermore, because of the

compact atomic arrangement, hydrogen, carbon, and others non-metallic atoms can

be accommodated.

Figure 2.1: Face Centred Cubic (FCC) crystal lattice model [11].

As mentioned, palladium is a sensing metal which capable of absorbing huge amounts

of hydrogen. The palladium-hydrogen system (PdHx, where x is the atomic ratio of

H/Pd) occurs during the hydrogen absorption process, and it is fundamental for the

investigation of palladium-based hydrogen sensor and its detection principle. The

system shows two immiscible gas phases which including, α phase (interstitial solid

solution) and β phase (palladium hydride) as shown in Figure 2.2. The coexistence

of the two immiscible α and β phases is named as the miscibility gap (α + β).

At room temperature, the α phase exists over a range of compositions up to an

αmax at an approximate H/Pd value of 0.02, which can form along with the βmin

up to a H/Pd value of 0.6. Although palladium has two different phases in the

palladium-hydrogen system, the FCC crystal lattice structure is not changed, except

for the lattice parameter [16]. The x-ray diffraction (XRD) results show that the

pure palladium has a lattice parameter of 3.89 Å (0.389 nm) while the αmax and

βmin parameters are 3.895 Å (0.3895 nm) and 4.025 Å (0.4025 nm), respectively

[16]. The lattice parameters of α and β phase indicate that the lattice volume

expansion is in excess of 10%. As more hydrogen atoms continually be absorbed

into palladium thin film, thus more hydrogen sites within the palladium lattice,

which can incur high internal stresses, structure deformation and eventually lead
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Figure 2.2: The Palladium-hydrogen phase diagram reproduced from [12–15].

to film failure [16, 17]. Therefore, the material properties of palladium should be

improved to address the compressive stress at the interface of the film and substrate

and fracture phenomenon.

2.2 Detection mechanism of palladium-based re-

sistive hydrogen sensors

2.2.1 Basic principle

The basic principle of gas sensing mechanism of the palladium-based resistive hy-

drogen sensor can be described by the action between palladium and hydrogen gas,

the schematic of the action is shown in Figure 2.3. A great quantity of hydrogen

molecules exists when hydrogen with its carry gas are fed into the test chamber.

Afterwards, when hydrogen molecules contact the palladium film, they dissociated

into hydrogen atoms. Then the atoms are diffused into palladium film (octahedral

site of the palladium atoms) and form an interstitial solid solution PdHx [18–22], all

the processes are shown in Figure 2.3(a).

The different hydrogen partial pressure for the internal and external palladium film

produce the concentration gradient, the hydrogen gas is adsorbed or desorbed based

on the direction of the driving force, as described in Figure 2.3. The hydrogen ab-

sorption state occurs when the hydrogen partial pressure of outside palladium film

is higher than that inside. Conversely, the hydrogen desorption process begins when

only pure nitrogen gas is charged into the chamber, hydrogen atoms are desorbed

and combined to hydrogen molecules from the palladium film surface, as shown in
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Figure 2.3: Action between palladium and hydrogen gas. (a) The hydrogen
absorption state; (b) hydrogen desorption state.

Figure 2.3(b). Most importantly, the reaction between hydrogen and palladium is

reversible.

2.2.2 Absorption and desorption detailed processes

The absorption and desorption processes can be simply explained as the permeation

of hydrogen atoms in the palladium film. While the permeation behaviours of hy-

drogen atoms can actually occur in two directions; low or high hydrogen partial

pressure, it is more inclined in the direction of low hydrogen partial pressure. In

terms of research and dictionary, the permeability has a number of meanings at dif-

ferent conditions. However, in the context of this work the permeability is defined as

the measure of the ability of the hydrogen gas (hydrogen atoms) to diffuse through

the palladium or its various alloys.

Essentially, the permeation of hydrogen through palladium includes several phases

in series. The permeation process in order from the high hydrogen partial pressure

side to the low hydrogen partial pressure side:

1. Molecular hydrogen transport from the hydrogen mixed gas (hydrogen gas

with carrier gases) to the gas layer close to the surface,

2. Hydrogen molecules are dissociated into atoms and adsorbed onto the surface

of film,

3. Atomic hydrogen diffusion through the main part of the film,

4. Atoms transfer from the film to the surface on the low hydrogen partial pres-

sure side,
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5. Hydrogen atoms are desorbed from the surface and recombined to hydrogen

molecules.

After the final step, hydrogen gas is transported away from the surface of palladium

film to the ambient gas, such as nitrogen, argon, or air. Each of these steps is de-

scribed by an intrinsic forward and reverse rate [23]. Investigation of a model for the

permeation process requires the analysis for each of these steps. The relationships

and parameters employed in the formulation of the model for each of the steps are

studied in this section.

Figure 2.4: Energy level diagram used to model hydrogen atom permeation
through palladium [23].

A schematic illustration of the palladium-hydrogen system energy level is shown in

Figure 2.4, which is close to the hypothesized by other researchers [24–27]. Accord-

ing to the diagram, the steps and activation energies of the model are observed. On

the whole, the hydrogen molecule dissociation, transition, diffusion, and desorption

(recombination) are based on the activation energies and driving force. Because

the adsorption energy is significantly larger than the dissociation energy, hydrogen

atoms are adsorbed on the surface first and then saturation. Subsequently, the

obvious permeation action occurs [28]. Furthermore, the figure also indicates that

some aspects of crystalline palladium may have multiple surface (adsorbed) states

for hydrogen atoms, thus the model of the surface-to-bulk transition become com-

plicated and difficult to be analysed. Therefore, the single-surface-state method

was utilized in this section to help analyse the model of hydrogen permeation in

palladium film [23]. The model analysis includes the gas-phase, surface adsorption

and desorption, absorption and desorption of subsurface, diffusion, and equilibrium

state, which are demonstrated in the next few parts of this section.
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Gas-phase

In most cases, thin film gas sensors through the specific physical and chemical fea-

tures of the sensing material to detect the particular gas in the mixed gases, such

as hydrogen with nitrogen. When the palladium-based hydrogen sensor is exposed

to the mixed gases, other non-hydrogen molecules may be adsorbed on the surface

of palladium film. It is inevitable that even the palladium film possesses the high

selectivity and permeability to hydrogen. Thanks to the unique material properties

of palladium, the adsorbed non-hydrogen molecules are unable to pass through the

surface and influence the detection accuracy. However, the occupied adsorption sites

are capable of reducing the coverage area of hydrogen molecules and permeation flux,

which enable them to affect the response time of the sensors. The discussion of this

phenomenon it is not the main part of the investigation, and further analysis is not

necessary for the thesis.

Surface adsorption

In the gas phase, due to the random motion (thermal motion), hydrogen molecules

are able to be captured by the surface of palladium thin film. Along with the oc-

cupied adsorption sites on the surface, the adsorption rate of hydrogen molecules

from the gas phase is reduced. This indicates that no more hydrogen atoms can be

adsorbed on the surface of palladium thin film.

The atomic adsorption rate (Rads) at the surface can be expressed as the prod-

uct of the molecular bombardment rate (Γ), and the coverage-dependent sticking

coefficient (S(θ)), as indicated in the equation below [23].

Rads = 2S(θ) · Γ (2.1)

Since hydrogen molecule is formed by two hydrogen atoms, the number of hydrogen

atoms, 2, as a constant value in the equation. The surface coverage (θ), which is

the atomic ratio of H/Pd on the surface. The Γ is represented as,

Γ = Cs(RgT/2πMH2)
0.5 (2.2)

where Cs is the hydrogen concentration adjacent to the surface of palladium thin

film, Rg is the gas constant, T is temperature (absolute temperature (K)), and MH2

is the molecular weight of hydrogen (2.016 g/mol).

As is shown in Equation 2.1, the function of the sticking coefficient (S) is dependent

on the surface coverage (θ). When the coverage approaches zero, the expression

for the sticking coefficient based on the Langmuir adsorption model is presented in
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Equation 2.3 [29],

S(θ) = S0(1− θ)2 (2.3)

where S0 is the initial sticking coefficient at zero coverage. The (1− θ)2 indicates

that the dissociative adsorption occurs when hydrogen molecules close to two adja-

cent unoccupied adsorption sites. This concept has been proposed for the modelling

of hydrogen adsorption and permeation in palladium [24, 25, 30, 31]. The schematic

diagram of the interaction between hydrogen and palladium is shown in Figure

2.5 [32].

Figure 2.5: Steps of the dissociative adsorption of hydrogen into palladium: (a)
molecular hydrogen approaches the surface of palladium (physical adsorption); (b)
hydrogen molecules are captured by palladium surface and dissociated into atoms;
(c) hydrogen atoms occupy the available adsorption sits (chemical adsorption)
[32].

Subsequently, the probability of two adjacent occupied and empty sites (θHH and

θ00) are respectively defined based on the quasi-chemical equilibrium method pro-

posed by Fowler et al. [33],

θHH = θ − 2θ(1− θ)
[1− 4θ(1− θ)(1− exp(−W/KT ))]0.5 + 1

(2.4)

where W is the pairwise interaction energy, and K is the constant used in sticking

model [33–35]. As the expression for the probability of two adjacent occupied sites

has been derived, θ00 can be described as,

θ00 = 1− θHH (2.5)

Combining Equation 2.4 and Equation 2.5, we have,

θ00 = 1− θ − 2θ(1− θ)
[1− 4θ(1− θ)(1− exp(−W/KT ))]0.5 + 1

(2.6)

17



Chapter 2. Research Background and Literature Review

The Langmuir adsorption model has been proposed for further modification to in-

terpret the possibility of the surface physical adsorption to the chemical adsorption

for the two adjacent empty sites, leading to the expression,

S(θ) = S0[1 +K(
1

θ00
− 1)]−1 (2.7)

According to the data from King et al. [34], the limit value of K and W are 1 and

0, respectively. If these parameter values are used for the calculation of Equation

2.6 and Equation 2.7, the modified sticking coefficient expression would be exactly

the same as that based on Langmuir adsorption model. Relatively, the parameter

values from Behm et al. [35] were utilized for the calculation of the expression

based on quasi-chemical equilibrium method, thus a difference between the Langmuir

adsorption model and quasi-chemical equilibrium method are plotted as shown in

Figure 2.6.

Figure 2.6: Comparison of sticking coefficients as a function of surface cover-
age. The data from Equation 2.3 (Langmuir) and Equation 2.7 (quasi-chemical
equilibrium). The employed parameter values for Equation 2.7 are from Behm et
al. [35], T = 170K, θ = 0.6,W = 0.5, and K = 0.05.

Obviously, two equations present the different trend due to the different analysis

model for the sticking coefficient. Based on Equation 2.3 and the limit parameter

values for Equation 2.7, the activation energy has not been included in the sticking

coefficient expression based on the Langmuir model. However, the activation energy

is a significant parameter for the discussion of the permeation model of hydrogen,

as depicted in Figure 2.4.
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Surface desorption

When the adsorbed hydrogen atoms achieve enough activation energy for desorption,

the hydrogen atoms then desorb into the gas phase and recombine to hydrogen

molecules. The process model has been explained in other reports [24, 25, 30, 31].

The desorption rate at the surface (Rdes) is represented as the product of the number

of the adjacent occupied adsorption sites (NHH) and the desorption rate constant

(Kdes), given by [23,36],

Rdes = 2KdesNHH (2.8)

The expression of Kdes can be represented as a function of the activation energy for

atomic hydrogen desorption (Ed), given by,

Kdes = K0exp(2Ed/RgT ) (2.9)

where K0 = 4.8 × 1021 cm2/molH · s. Hydrogen molecules recombine by every

two hydrogen atoms, which doubles the activation energy (Ed) for desorbing two

hydrogen atoms from the surface. The equation of the parameter NHH in Equation

2.8, is presented below [36],

NHH = (zNs/4) · θHH (2.10)

where Ns is the palladium atom surface concentration. z is the atomic number of the

nearest neighbours in the palladium lattice. As the palladium has an FCC lattice

structure, the value of z is 4. According to Equation 2.8-2.10, the surface desorption

rate is modified and given by,

Rdes = 2 ·K0exp(2Ed/RgT ) ·NsθHH (2.11)

Absorption and desorption of subsurface

The phase transition from surface to subsurface is reversible due to the change of

hydrogen partial pressure. Along with the phase transition, the adsorption principle

is transformed from the initial physical adsorption to chemical absorption [30,36–40].

The rate of the absorbed hydrogen atoms in surface phase transit into subsurface

phase (RAsub) is described by,

RAsub = NsNbVsubθ(1−Xsub) (2.12)

where Nb is the bulk metal palladium atom concentration, Vsub is the rate constant

for hydrogen atom surface-to-bulk metal transition, and Xsub is H/Pd ratio in the

subsurface of the palladium sensing film. The factor of (1−Xsub) in the expression
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is signified as the rate of the available sites for hydrogen atoms in the subsurface

phase [36]. The equation of Vsub is given by,

Vsub = V0exp(−EAsub/RgT ) (2.13)

where EAsub is the activation energy for the surface-to-bulk metal transition. Based

on Equation 2.13, the rate requires activation energy, which is generally offered from

hydrogen partial pressure (driving force) or temperature. Comprehensively, the rate

of the adsorbed hydrogen atoms in surface phase transit into the subsurface phase

requires the vacant sites in the bulk and concentration [23].

As an extremely thin transition surface, subsurface phase on the other hand can

be regarded as a tunnel for hydrogen atoms transfer between the surface and bulk

palladium [36]. The expression of RAsub is mentioned above, and the rate of absorbed

hydrogen atoms in subsurface phase transit into surface phase (RDsub), which is de-

scribed as an equation below,

RDsub = NsNbXsub(1− θ)βsub (2.14)

where βsub is the rate constant for hydrogen atom bulk metal-to-surface transition,

is given by,

βsub = β0exp(−EDsub/RgT ) (2.15)

where EDsub is an activation energy for hydrogen atom bulk metal-to-surface tran-

sition.

According to Equation 2.14 and 2.15, the bulk concentration and the empty site

concentration of surface phase are the critical parameters for the rate [26,27].

Diffusion

In the adsorption stage, as more adsorbed hydrogen atoms pass through the surface

of palladium film and transit into the subsurface phase, leading to the concentration

gradient of a hydrogen atom occurs between the subsurface to bulk [36, 41]. Since

the subsurface of the palladium sensing film has a higher concentration gradient, the

hydrogen atoms from subsurface diffuse to the bulk of palladium and are absorbed

[42–45]. The hydrogen atom diffusion flux (JH) is a key parameter for the hydrogen

permeability and the performance of palladium-based hydrogen sensors, which can

be mathematically modelled and described using Ficks 1st law, given by,

J = −D∂C
∂d

(2.16)
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where J is the diffusion flux, D is the diffusion coefficient or diffusivity, C is the

atomic concentration of hydrogen in the film, and ∂C/∂d is the concentration gra-

dient [42]. The negative sign identifies the diffusion direction. Based on Equation

2.16, the expression of the hydrogen atom diffusion flux (JH) is given by,

JH = DNb(X1 −X2)/d (2.17)

where X1 and X2 are the H/Pd ratio for the high and low partial pressure sides

respectively, and Nb(X1 −X2) can be denoted as a hydrogen atomic concentration

difference in the bulk phase. Parameter D in the equation above is given by,

D = D0exp(−Ediff/RgT ) (2.18)

where Ediff is the activation energy for hydrogen atom diffusion. Conventionally,

the model of hydrogen diffusion in metals is based on temperature [41,42,49], which

is similar as the expression of the diffusivity of hydrogen in bulk palladium (Equation

2.18). In order to clearly explain the temperature effect in the process of hydrogen

diffusion in metals, the model can be divided into four regions which depend on

temperature. Kehr [49] has described these regions, as listed below.

• At extremely low temperatures (Region one), virtually no thermal vibrations

occur in this state. Thus, hydrogen atoms have become self-trapped due to

the relaxation of surrounding metal lattice, and hydrogen atoms are assumed

to move forward to the nearby interstitial site by the quantum mechanical

process.

• When the temperature is increased (Region two), hydrogen atoms are al-

lowed to transfer into sites through the thermally activated tunnelling, which

is formed by the coincidence of the occupied low energy site and the adjacent

high energy site.

• Increasing the temperature to achieve the higher level (Region three), the

hydrogen atoms can be identified as classical partials which implement over-

barrier jumps between adjacent sites through thermal excitation.

• At even higher temperatures (Region four), the diffusion of hydrogen atoms

possesses more active and freedom like a fluid.

As mentioned by Kehr [49], the proposed mechanisms are only the ideal model for

the diffusion of the hydrogen atom in metals, and not every hydrogen-metal system

at temperature effect are suitable for the mechanisms [50]. For further investigation,

the mathematical model and data for hydrogen atoms diffusion in palladium have

been discussed and reported by several researchers [37, 40, 46–48]. Although these
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models and data have some variation, most values are basically consistent. That is

the diffusivity of the hydrogen atom in bulk palladium is temperature-dependent.

Equilibrium state

Over time, hydrogen atoms continuously permeate and diffuse into the bulk of the

palladium-based thin film. Since the atoms are unable to pass through the substrate,

the diffused hydrogen atoms are locked in the bulk phase, leading to the increment

of the hydrogen partial pressure in the bulk phase. The equilibrium state of the

Pd-H system model is reached when the bulk phase hydrogen partial pressure is

increased to the same partial pressure as the surface of the palladium-based thin

film [36,41,51].

At equilibrium state, the adsorption rate (Equation 2.1) and desorption rate (Equa-

tion 2.11) are equal. The transition rates between the surface and the bulk metal

(absorption and desorption of subsurface phase) are also same at this state. In addi-

tion, the diffusion flux is regarded as zero at equilibrium state, which results in the

equilibrium relation between the hydrogen molecule in the gas phase and in bulk

metal, as described below,

1/2H2(gas) 
 H(metal) (2.19)

The corresponding expression can be written as,

RgT lnP
1/2
H2

= ∆GH (2.20)

where PH2 is the hydrogen partial pressure and ∆GH is the relative partial molar

Gibbs free energy of dissolution. The equation of ∆GH can be expressed as,

∆GH = ∆HH − T∆SH +RgT ln
X

1−X + 2XWHH (2.21)

where ∆HH and ∆SH are the relative partial molar enthalpy and entropy of disso-

lution at infinite dilution, respectively. X is the H/Pd ratio in the bulk palladium,

RgT ln(X/(1−X)) is the ideal configuration entropy, WHH is half of the attractive

energy of H-H interaction in palladium (nonideal contribution to ∆GH) [23, 52].

Equations 2.20 and 2.21 are combined to form an expression as shown below,

RgT ln(P
1/2
H2
· 1−X

X
) = ∆HH − T∆SH + 2XWHH (2.22)

Under various typical membrane permeation conditions, X � 1 [23], thus the inter-

action term is negligible in this case. Therefore, the left-hand side of Equation 2.22

becomes RgT ln(P
1/2
H2
/X). In terms of Siverts law, the parameter Ks is defined as
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an equilibrium constant for the analysis of the equilibrium state of the Pd-H system

model. The expression of Siverts law is given by,

X =
√
PH2/Ks (2.23)

Based on Equations 2.22 and 2.23 and under conditions of X � 1, the expression

for Ks can be obtained as,

Ks = exp(
∆HH

RgT
− ∆SH

Rg

) (2.24)

The variation Siverts law [53] can be expressed as,

X = KH ·
√
PH2 (2.25)

where

KH = 1/Ks = exp(
∆SH
Rg

− ∆HH

RgT
) (2.26)

At equilibrium state, the physical and chemical properties of the palladium-based

thin film are changed as the ratio of the atomic concentration of hydrogen in palla-

dium bulk phase (X) increases [54], such as:

• Due to the elastic strain energy of the interstitial hydrogen, the lattice struc-

ture of palladium is expended which becomes a physical factor in measuring

hydrogen concentration.

• More electrons in palladium bulk phase are scattered, thus the electronic prop-

erties of palladium are changed.

• The interactions of hydrogen-hydrogen can be either attractive or repulsive.

As mentioned in this subsection, the permeation, transition, and diffusion of hydro-

gen atoms reach the equilibrium state when the hydrogen partial pressure is equal

to the surface partial pressure. The changed physical and chemical behaviours re-

main constant at equilibrium state of the Pd-H system. Based on this feature,

the palladium-based hydrogen sensing materials are capable of measuring various

hydrogen concentrations.

2.2.3 Conductivity of palladium-based thin film

As mentioned in the section of the physical properties of palladium, this hydro-

gen sensing material and its various alloys possess good electrical properties which

become the fundamental factor for the investigation of resistive palladium-based

hydrogen sensors. Therefore, a clear perception of charges carrier transport and
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electrical conduction is required for further study of the electrical properties of pal-

ladium, especially when it is at the testing condition.

A good understanding of some fundamental electronic expressions is necessary for

explaining the conductivity alteration of palladium thin film during hydrogen gas

concentrations detection process. It is well-known that Ohms law is one of the fun-

damental theories in electronics, which describes the relationship between current

(I), voltage (V), and resistance (R). The expression of their relationship is described

below,

I = V/R (2.27)

Any pure metals have their specific electrical resistivity (ρ), and one of the critical

effects for this parameter is temperature. Therefore, the resistance of a pure metal

depends on their electrical resistivity, cross-section area (A), and length (l). Based

on Pouillets law, the equation of this relationship is expressed as,

R = ρ
l

A
(2.28)

According to Equation 2.28, a pure metal with larger cross-section area and unit

length have the ability to contribute to the better charge carrier transport. Thus,

the lower electrical resistance can be obtained when the pure metal is at a known

temperature, unit length but with a larger cross-section area. In addition, the con-

ductivity (σ) of the metal is inversely proportional to the electrical resistivity.

In physics, especially at general scalar condition, the reformulated Ohms law has

been defined by Kirchhoff [55], and the reformulation of the equation is given by,

Je = σE (2.29)

where Je is the current density, and E is the applied electric field. The important

parameter for current density and an applied electric field is referred to as drift

velocity (vd), which is the average velocity of all electrons in a metal. Since the drift

velocity is capable of rising the electric current, an equation of current density is

expressed as,

Je = −envd (2.30)

where e is the elementary charge, n is the density of electrons. A theory can be

demonstrated that the applied electric field is an external force which forms the
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drift velocity. Therefore, the expression based on the theory is described by,

vd = −µeE (2.31)

where µe is the electron mobility. Based on Equation 2.31, the theory can be defined

as the random thermal motion of electron (vd = 0) appear when the electric field is

not applied on metal. Conversely, the original electron motion is bound and forced

to move along the same direction of the applied electric field [56].

Substituting Equations 2.30 and 2.31 into the reformulated Ohms law (Equation

2.29), a simple relationship between the conductivity of metal and drift mobility

can be achieved, as expressed by,

σ = enµe (2.32)

For further investigation of the electron motion and its effect of the electrical prop-

erties, some physical theory of scattering is required. In general, the electron can

be scattered by various mechanisms whether it in a metal or a semiconductor. Any

change in the structure of a metal lattice such as lattice vibrations, impurities, and

interstitial atoms can lead to the scattering of electrons [56]. Therefore, with the

concept of scattering, a significant parameter is described as an average time be-

tween two collisions, which is known as the mean free time (mean scattering time),

τ . Therefore, the expressions for the drift velocity, drift mobility and conductivity

based on the scattering of electrons are defined below, respectively [57].

vd = −eEτ/m∗e (2.33)

µe = eτ/m∗e (2.34)

σ = ne2τ/m∗e (2.35)

where the m∗e is electron effective mass. As resistivity of a metal is inversely pro-

portional to its conductivity, when the mean free time is reduced, the resistivity

increases while the conductivity decreases. Consequently, the effective resistivity of

a metal is expressed based on Matthiessens rule, as presented below,

ρ =
∑
i

1/enµi (2.36)

25



Chapter 2. Research Background and Literature Review

where µi is the drift mobility limited by the ith scattering process [56]. Furthermore,

the effective resistivity of a metal based on Equation 2.36 is written as,

ρ = ρT + ρR (2.37)

where ρT is the resistivity of pure crystals dominated by phonon scattering, and ρR

is the residual resistivity, which is due to the scattering of electrons by impurities,

interstitial atoms, dislocations, etc.

Matthiessens rule is an important method for estimating the resistivities of con-

ductors. While the method is not fully suitable for a metal in thin film form, it still

has a good ability for the initial analysis [56].

2.3 Typical hydrogen detection technologies

Basically, the properties of hydrogen sensing elements are changed when they are

exposed to hydrogen gas. The hydrogen sensors based on these sensing elements

as transducers which are capable of converting the changed temperature, refractive

index, electrical properties, mass and mechanical properties into electrical signals,

such as voltage and resistance. Subsequently, the hydrogen concentration can be

detected and measured through the collection and analysis of electrical signal [58].

In the following subsections, three typical hydrogen detection technologies are pre-

sented, involving thermal conductivity, resistance based, and optical.

2.3.1 Thermal conductivity based detection technology

Thermal conductivity hydrogen sensors were first employed for hydrogen detection

and measurement in an airship in 1913 [59, 60]. The thermal conductivity gas de-

tection technology has been reported by Jessop [61], and was applied for mixture

gas detection. Due to the distinction of thermal conductivity between hydrogen and

air, it is the main factor to make the technology suitable for measuring hydrogen

concentration in air or others carrier gas.

The principle of thermal conductivity hydrogen sensors is based on a temperature-

induced change of the heated resistor exposure to mixed hydrogen gas. According to

this physical detection mechanism, a classic circuit for hydrogen concentrations mea-

surement based on thermal conductivity technology is presented in Figure 2.7 [7].

The resistor in the measurement cell and the reference cell are detection resistor

and reference resistor, respectively. In the measurement process, both resistors are

sealed in the corresponding chamber at the same ambient temperature. The thermal

conductivity is one of the physical parameters for gas, which is an ability to carry
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Figure 2.7: Measurement and reference cell of a thermal conductivity sensor
connected in a Wheatstone bridge circuit [7].

and transfer the heat from the materials. In this case, the rate of heat dissipation

is the same when both resistors are exposed to the same gas, which results in a

zero reading. When the detecting resistor is exposed to the mixed detecting gas

it loses less or more heat depending on the thermal conductivity of the target gas

and carrier gas. Therefore, either an increase or decrease in the temperature of the

detecting resistor can lead to a change in its resistance. Subsequently, the imbalance

in the Wheatstone bridge occurs due to the resistance difference between detecting

resistor and reference resistor, and thus the concentration of the target gas can be

converted into the measured voltage value. Based on this detection mechanism, the

thermal conductivity technology is suitable to detect and measure any gas, not only

hydrogen [6, 7, 58].

Although thermal conductivity gas detection technology is able to detect and mea-

sure a number of gases, it is still suitable for hydrogen detection and concentration

measurement because hydrogen has the greatest thermal conductivity of any known

gas at 298 K and 1 atm. Some manufacturers claim that the hydrogen thermal

conductivity sensor possesses a wide detection range which possibly covers from 0-

100% hydrogen gas. In addition, an important advantage of hydrogen thermal con-

ductivity sensors is their pure physical detection mechanism (heat transfer), which

effectively avoids the effect of oxidation and crystal structure deformation in the

performance of sensors. Therefore, hydrogen thermal conductivity sensors offer a

long operating lifetime (over 5 years), low signal drift, stable operation without oxy-

gen requirement [7].

However, some problems of the thermal conductivity sensors have been observed, for

example, high power consumption, high operation temperature, weak selectivity to

hydrogen, and high sensitivity to environmental factors [62]. The working principle

of hydrogen thermal conductivity sensors is described as the heat transfer between
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a solid and a gas, thus the sensors are prone to be influenced by environmental

factors involving temperature, pressure, and humidity. The environmental effect

can be compensated by using many relevant technologies and devices, but the de-

tection system becomes complex as the compensation system is added to hydrogen

thermal conductivity sensors. The reports from Graaf et al [63] and Balakisnan et

al [64] demonstrated that the hydrogen thermal conductivity sensors with low power

consumption have been realized by using micro-electromechanical systems (MEMS)

technology (the MEMS-based hydrogen thermal conductivity sensor is shown in Fig-

ure 2.8).

Figure 2.8: Dual-thermal conductivity device (a) Top view of the device, (b)
Cross-sectional view [63].

Miniaturization of hydrogen thermal conductivity sensors also contributes to the

improvement of response speed, which reduces the response time to less than 4

seconds [64–66]. Although some novel technologies and advanced manufacturing

processes are employed to address the problems that have emerged for hydrogen

thermal conductivity sensors, subsequent new challenges are identified such as the

complex fabrication process [63].

2.3.2 Optical based detection technology

Mediators are playing the critical roles for optical hydrogen sensors. The optical

properties of mediators change when they are exposed to hydrogen, and the optical

detection becomes an available detection technology for hydrogen according to the

properties of mediators. Optical hydrogen sensors are based on two types of hy-

drogen sensing materials, including sensing metals (palladium or its alloys) [67–70]

and chemochromic materials (tungsten oxide) [58]. Based on the different hydrogen

sensing materials, various methods are utilized in the optical detection of hydro-

gen, some classic configurations of optical hydrogen sensors are presented in Figure

2.9 [7].
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Figure 2.9: Optical sensor configurations, (a) a fiber optical sensor with palla-
dium micromirror, (b) a fiber optical sensor covered with a palladium layer, (c)
a Bragg network fiber optical [7].

The available optical hydrogen sensors were firstly described in 1984 by Butler [71],

the detection method is based on interferometric measurement. The dimensions or

the refractive index of the sensing materials are altered in hydrogen, which caused a

phase change in the fibre light beam, and thus hydrogen detection can be achieved by

means interferometry. Obviously, the type of interferometer is a significant factor for

this hydrogen detection approach. The Mach-Zehnder interferometry was proposed

by Butler [71] and cited for the investigation of optical hydrogen sensors [72, 73].

Furthermore, interferometry has also been utilized for further development of the

optical hydrogen sensor [74,75].

A thin layer of the sensing material (as palladium or its alloys) was coated onto

the cleaved end of the optical fibre to make the thin film as a micromirror, as shown

in Figure 2.9(a). As mentioned before in this section, the change in reflectivity of

the palladium-based thin film on exposure to hydrogen is detected and related to the

hydrogen concentration. Butler [76,77] investigated the change in the reflectivity of

palladium on exposure to hydrogen, and applied this feature in micromirror optical

hydrogen sensor. Based on this principle, the improved device has been employed

in aerospace applications by Bevenot et al. [78].

An optical hydrogen sensor based on refraction has been designed, as shown in

Figure 2.9(b). The cladding of the fibre is removed and the glass fibre coated with a

sensing layer, usually palladium thin layer. Due to the interaction of hydrogen with
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the sensing layer, the refractivity of the hydrogen sensing layer is changed, which

in turn causes an attenuation change in the evanescent field [7, 79]. Therefore, hy-

drogen can be detected through those changes. Palladium is not the only hydrogen

sensing material, there are various metal oxide and palladium alloys which are also

suitable for hydrogen sensors. Sekimoto et al. [80] utilized Tungsten trioxide as the

sensing material for hydrogen detection, and applied palladium and platinum as

catalysts to improve the performance of the hydrogen sensors. On the other hand,

the Pd/Au alloy thin layer was proposed by Luna-Moreno et al. [81] to develop the

optical hydrogen sensors.

Figure 2.9(c) presented a schematic of the fibre Bragg gratings based optical hydro-

gen sensor. In order to periodically modulate the index of refraction, the gratings

are fabricated and placed in the core of the optical fibre. In fibre Bragg gratings

based optical sensors, the gratings are coated with palladium to offer a good sen-

sitivity to hydrogen. The expansion of palladium in hydrogen condition causes the

change in Bragg wavelength, and results in hydrogen detection becoming possi-

ble [7]. According to the research of Suptapun et al. [82], the fibre Bragg gratings

based optical hydrogen sensor has been firstly applied in hydrogen leakage detection

for the propellant tank of a launch vehicle. Over the last decade, several research

groups [67,83,84] have been interested in the investigation of optical fibre hydrogen

sensor based on palladium coated fibre Bragg gratings, and focused on the develop-

ment of those optical hydrogen sensors.

In summary, the presented types of optical hydrogen sensors offer good sensitiv-

ity to hydrogen, long lifetime, unaffected by electromagnetic interference. Although

those optical hydrogen sensors reach the basic requirement for hydrogen detection

and measurement, the devices still have space for the improvement of response time,

portability, accuracy and cost.

2.3.3 Resistance based detection technology

In the resistance based detection technology for hydrogen gas, the hydrogen sensing

materials are regarded as the electrical resistors. The interaction of sensing materials

with hydrogen leads to the change in their physical or chemical properties, which in

turn causes the change in the resistance of the hydrogen sensing materials. In terms

of material properties, the resistive hydrogen sensors mainly consist of metal-oxide

sensors and metallic resistor sensors.
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Metal-oxide sensors

The resistance of metal oxides changes on exposure to reducing gases [85]. The typ-

ical reducing gases in our daily life such as hydrogen (H2), carbon monoxide (CO)

and methane (CH4) are toxic or explosive. According to the research of Seiyama [86],

the gas sensor based on zinc oxide (ZnO) was first applied in the detection and mea-

surement of reducing gases. Subsequently, a tin oxide (SnO2) based reducing gas

sensor was patented and marketed in 1962 [87]. Currently, the metal-oxides based

gas sensors are still a popular research field for the detection and measurement of

reducing gases.

Hydrogen, as a reducing gas, can be detected and measured by metal-oxide based

gas sensors [88]. The sensing materials of the sensors, such as SnO2, ZnO, TiO2,

WO3 and MoO3, present a large change in their resistance duo to adsorption of

hydrogen gas [7].

Figure 2.10: Schematic of a metal-oxide reducing gas sensor [89].

In general, a metal-oxide thin film is coated on an insulating substrate material

between two electrodes, as shown in Figure 2.10 [89]. The detection mechanism of

metal-oxide based gas sensors has been analysed and discussed in a number of pa-

pers [90–92]. In hydrogen detection and measurement, the surface electron increases

due to the reaction of hydrogen with adsorbed oxygen, which results in the change

in the resistance of metal oxide. An n-type semiconducting oxide SnO2 is regarded

as an example in the section to describe the surface reaction. Firstly, oxygen ad-

sorbed on the SnO2 thin film causes the loss of the surface electrons of the thin

film. During the oxygen adsorption process, two surface electrons are lost, which

leads to the decrease of the surface conductivity. Subsequently, the thin film on

exposure to hydrogen produces free electrons, thus the resistance of SnO2 thin film

decreases. Therefore, the hydrogen concentration can be determined based on the

measurement of the change in resistance.

The metal-oxide thin film usually requires high temperatures to increase the reaction
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rate with reducing gases and to remove the produced water during the interaction

between hydrogen and adsorbed oxygen. As presented in Figure 2.10, the heated

membrane is a part of the sensor and it has been used to increase temperature during

the operation. According to the different metal-oxides, the range of operating tem-

peratures are generally between 180◦C to 450◦C. For some specific metal-oxides, like

gallium oxide (Ga2O3), the operating temperature requires higher than 650◦C [7].

The gas sensor based on metal-oxide is a small and commercial device, which pos-

sesses adequate sensitivity for most of the hydrogen applications. The high oper-

ating temperature of the metal-oxide based gas sensor effectively reduces or avoids

the influence of the variations in ambient temperatures. Although the selectivity to

specific gas is not a critical consideration for the metal-oxide based gas sensor, it is

a key metric for hydrogen sensor [58].

Figure 2.11: An image of the MEMS device, with an interdigitated Au electrode
configuration having the electrode distance of 20 µm, which is shown wire bonded
to the integrated circuit (IC) chip after depositing the In2O3-doped SnO2 thin film
via sol-gel dip-coating process. (i) IC chip, (ii) MEMS device, (iii) interdigitated
Au electrodes, (iv) Au pad, and (v) resistive temperature sensor [99].

It is well known that low selectivity is an obvious issue for metal-oxide based gas sen-

sors. A cross-sensitivity occurs when these sensors are exposed to hydrogen mixed

with other reducing gases. Ippolito et al. [93] and Matushko et al. [94] reported

that the selectivity to hydrogen of metal-oxide based gas sensors was improved by

doping the catalytic metals into metal oxides, such as platinum (Pt), palladium

(Pd), gold (Au), copper (Cu), and silver (Ag). Malyshev et al. [95] indicated that

the performance of hydrogen detection changed as different catalytic metals were

doped into SnO2 based gas sensor. On the other hand, the selectivity also can be

improved by using a thin gas-filtering layer on the surface of the metal-oxide gas

sensors. Toumier et al. [96] demonstrated that a micro-porous SiO2 film filter was

used to hinder the interaction between the unwanted gases and SnO2 based gas sen-
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sor, thereby improving the selectivity to hydrogen gas. In addition, the filter also

helped the sensor to be more sensitive to trace concentrations of hydrogen gas [96].

In recent years advanced miniaturized technologies have been employed for the small-

sized metal-oxide gas sensors [97–100]. In addition, the large surface-to-volume ratio

of the metal-oxide sensors offers a significant improvement of the gas sensing perfor-

mance [100,101]. The nanocrystalline indium oxide (In2O3) doped SnO2 thin film on

a MEMS device was fabricated and reported by Shukla et al. [99], and the image of

the sensor is shown in Figure 2.11. The micro-sized metal-oxide gas sensor presented

a low power consumption and high selectivity to hydrogen at room temperature.

A particular metal-oxide nanostructured sensor was presented by Shim et al. [100].

A close-packed Au-decorated SnO2 nanodome arrays were used in gas detection and

measurement, and the illustration of the sensor is shown in Figure 2.12.

Figure 2.12: (a) A photograph to the whole sensing device based on both-side
Au-decorated SnO2 nanodome arrays. (b) Scanning electron microscopy (SEM)
micrography of both-side Au-decorated SnO2 nanodome arrays on Pt-IDE pattern
SiO2/Si substrate. (c) A high magnification SEM image of the selected area [100].

Various gases (CO, H2, CH4, C2H5OH, C7H8 and CH3COCH3) were detected and

measured by this particular metal-oxide nanostructured gas sensor [100]. There-

fore, the nanostructured metal-oxide based gas sensors have an ability to detect and

quantify a number of gases.

Up till now, there are many metal-oxides based hydrogen sensors available on the

market [102]. Normally the response time of these sensors ranges from 4 to 20 sec-

onds, and these sensors are capable of detecting the hydrogen concentrations from 10

ppm to 20,000 ppm. According to the detection mechanism of metal-oxide hydrogen

sensors, these sensors require the presence of oxygen in the ambient to work. Based

on the report of independent performance testing, low concentrations of hydrogen

were detected by the commercial metal-oxide based hydrogen sensors. However, the

poor accuracy and long-term stability of the sensors need to be addressed for further

improvement [62,103].
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Metallic resistor sensors

The metal-oxide sensors and metallic sensors have different detection mechanisms.

In metal-oxide sensors, the electrical resistance changes due to the loss and gain of

surface electrons. However, the change in the resistance of metallic resistor sensors

is based on the absorption of hydrogen and phase transition. Palladium as a no-

ble metal can absorb hydrogen up to 900 times its own volume [10], and it has an

excellent selectivity to hydrogen. Thus, palladium is a superior hydrogen sensing

metal not only for optical hydrogen sensors but also for metallic resistive hydrogen

sensors. Based on this, the palladium-based resistive hydrogen sensors became a

critical research subject in recent decades, and a number of research groups focused

on the investigation of this type of sensor.

As a simple process of hydrogen gas detection, the phase transition (from palla-

dium to palladium hydride) in palladium when palladium film absorbs hydrogen

leads to the increase of electrical resistance in palladium film. Based on this prin-

ciple, the change in electrical resistance depends on the number of the absorbed

hydrogen atoms. Typically, the palladium-based resistive hydrogen sensors are fab-

ricated by deposition of a film of palladium on a substrate between two electrodes [7].

Generally, the sensing metals are able to be deposited by using vacuum evapora-

tion, electron been evaporation [104], RF magnetron sputtering [105], micro contact

printing [106] and wet electrochemistry.

Figure 2.13: Sensor design and schematic [107].

A thick film palladium resistive hydrogen sensor with low cost was reported by

Hoffheins et al. [107], which was capable of measuring hydrogen concentration in

the range of 0.5% to 30% at 0-200◦C. This sensor design and its schematic are pre-

sented in Figure 2.13. The sensor was designed based on the Wheatstone bridge

structure, where two palladium resistors were covered by a passivation layer. These

two palladium resistors were regarded as reference resistors and temperature com-

pensation devices for changes in the resistance of the palladium due to temperature
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variation [7,107]. Although it has been demonstrated that palladium offers superior

selectivity and sensitivity to hydrogen on exposure to mixed hydrogen gas, the pal-

ladium resistive sensor can be poisoned by gases like CO, SO2, H2S, which in turn

affects the sensor response, response time and resistance [108–110].

Conventionally, the palladium resistive hydrogen sensors tend to have relatively

slow response time. However, as the advanced manufacturing continually develops,

the smaller and lower dimensional palladium-based resistive hydrogen sensors have

shown significantly faster response times.

2.3.4 Summary

The characteristics of the described hydrogen detection technologies in the previous

sections are presented and compared in Table 2.2. In terms of cost, in addition to

the cost of the sensing elements of the hydrogen sensors, the sensing signal pro-

cessing devices can be more or less expensive. For instance, the optical hydrogen

sensors may require relatively more expensive electronic equipment for optical sig-

nal to electrical signal conversion, compared with thermal conductivity hydrogen

sensors and resistance-based hydrogen sensors [7]. Typically, the principle of ther-

mal conductivity and resistance based hydrogen detection technologies are based on

the change in the resistance of sensing elements themselves, which can be measured

using a simple and cheap electrical circuitry. Furthermore, both types of hydrogen

sensors possess a wide detection range and acceptable response time, which thus

makes those hydrogen sensors more suitable for practical applications.

As mentioned in this section, the main weakness of thermal conductivity and metal-

oxide hydrogen sensors is manifested in a poor selectivity to hydrogen gas, and this

argument has also been verified by the investigation of Hbert et al. [7], as shown in

Table 2.2. Although the metallic resistor (palladium-based resistor) based hydrogen

sensors also have some disadvantages, they have been regarded as the most potential

subject for further research and development. In terms of sensing performance, this

opinion also can be confirmed in Figure 2.14.
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The polar plots of sensing performance of each hydrogen sensor types are shown in

Figure 2.14, and all the reference data are from ISO/DIS 26142 [111], Buttner et

al [58] and Hbert et al. [7].

Figure 2.14: Performance metrics (5 = Ideal, 0 = Poor) for hydrogen sensors
based on different detection technologies. (a) Thermal conductivity, (b) Optical,
(c) Metal-oxide, (d) Palladium (Resistance).

Although the reference data and performance metrics of those hydrogen sensors may

not be comprehensive, they still can be regarded as a reference for researchers to

clearly compare the differences of sensing performance for each of them. Obviously,

the palladium-based resistive hydrogen sensors possess a more balanced and superior

sensing performance, as presented in Figure 2.14, which allows this type of hydrogen

sensors to become a significant research topic. Therefore, the purpose of this thesis

is to study and design rational palladium-based resistive hydrogen sensors, which in

turn will allow them to be used in related applications.

2.4 Miniaturized palladium-based resistive hydro-

gen sensors

As the micro/nano manufacturing is being continually developed, the palladium

nanostructures such as two-dimensional (2D) palladium thin films [112–116], one-

dimensional (1D) palladium nanowires [117–121], and zero-dimensional (0D) palla-

dium nanoparticles [122–126] are currently being actively investigated in the research

37



Chapter 2. Research Background and Literature Review

field of palladium-based hydrogen sensors. Due to the increased surface-to-volume

ratio, the hydrogen sensing performance of the nanostructured palladium-based hy-

drogen sensors is relatively better than that of bulk palladium sensors [127]. Al-

though low-dimensional palladium-based hydrogen sensors usually require the diffi-

cult and complex fabrication process, they are still under extensive investigation.

2.4.1 Two-dimensional palladium thin film

Palladium thin film is a common form of low-dimensional nanostructured palladium-

based hydrogen sensors. In terms of the thickness, the film is usually less than several

hundreds of nanometres. The thickness of the palladium thin film is an important

factor for the improvement of hydrogen absorption and desorption processes, and

also influences the interface properties between the film and the substrate when the

films are exposed to hydrogen. Subsequently, the properties of each different type

of palladium-based thin films, the significant issues related to each film structures,

and the methods to address these issues are presented in this section.

Pure palladium thin film

Figure 2.15: Step-by-step morphology evolution of a 100 nm pure palladium film
in response to cyclic exposures to 2% hydrogen gas at room temperature [133].

The sensing principle of pure palladium thin film on exposure to hydrogen can be

briefly described as resistance change due to the hydrogen atoms diffusion into the

bulk phase of palladium film. The diffusion process causes the palladium lattice

expansion, phase transition, and forms palladium hydrides. Subsequently, the re-

sistance of the palladium film increases while the frequency of scattering events of

electrons increases [128–132]. Ideally, the expanded palladium lattice structure must

fully recover to its primitive structure after the film is exposed to air or nitrogen.

However, the cracks and bubbles on the surface of the palladium film occurred after
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absorbing and desorbing hydrogen for several times. Kim et al. [133] demonstrated

that the surface deformation of the pure palladium film was because of the phase

transition. The step-by-step morphology evolution of a 100 nm pure palladium film

in response to cyclic exposures to 2% hydrogen gas at room temperature is presented

in Figure 2.15.

The principle of the change in surface morphology of palladium film was clarified by

Lee et al. [45]. As mentioned before, the expanded palladium film is because of the

phase transition from α to β phase during the exposure to hydrogen. Figure 2.16

clearly described this phenomenon.

Figure 2.16: The sequential schematics of the Pd-H system during the phase
transition from α to β phase by the sample exposure to concentrated hydrogen;
(a) before hydrogen introduction, (b) sample exposure to hydrogen, (c) more hy-
drogen atom in sample, and (d) after desorption process of hydrogen by changing
to pure N2 ambient [45].

Before the palladium film is exposed to hydrogen, the crystalline structure of palla-

dium film shows that the palladium atoms are well aligned to their lattice locations,

as shown in Figure 2.16(a). In the ambience of hydrogen, the interaction of hydrogen

with palladium film occurs. The dissociation and adsorption of hydrogen molecules

occur when they are adjacent to the surface of palladium film, which causes the

hydrogen molecules to break into single hydrogen atoms. Subsequently, the atoms

diffuse into the palladium film and occupy the interstitial sites, as shown in Figure

2.16(b). The palladium thin film tends to expand due to its volume increase during

the phase transition, which leads to compressive stress at the interface of the film
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and substrate. To relieve the hydrogen-induced stress, mechanical deformation cor-

responding to a slight detachment of the palladium thin film is generated, as shown

in Figure 2.16(c). According to Figure 2.16(c), the structure of the palladium film

is changed in comparison to the initial structure, and this kind of change is irre-

versible. Although hydrogen atoms are desorbed and removed from the palladium

thin film by decreasing the partial pressure of hydrogen, the structure cannot fully

recover, as shown in Figure 2.16(d) [45]. In this situation, due to the phase transi-

tion causing the expansion and deformation of the palladium film, the performance

of the hydrogen sensor on response time, sensitivity, stability, and repeatability are

negatively affected.

Figure 2.17: Scanning laser confocal images of the surface of the palladium thin
films with different thickness of (a) 100 nm, (c) 50 nm, (e) 30 nm, and (g) 20 nm
after the sample exposure to 2% hydrogen. The (b), (d), (f), and (h) show the
10× magnified images of (a), (c), (e), and (g), respectively [45].
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Lees group [45] also indicated that the obvious surface deformations of the palla-

dium thin films can be observed by confocal laser scanning microscopy, as shown in

Figure 2.17. The relation between the surface deformation of palladium thin film

(phase transition) and its thickness is determined through the comparison of the

surface images of the palladium thin films with different thickness after exposure to

2% hydrogen.

The obvious large blisters and wrinkles on a 100 nm palladium thin film occurred

after it was exposed to 2% hydrogen. After the thickness of the palladium thin film

is reduced to less than 20 nm, no mechanical deformation is observed, which because

of the clamping effect [134]. Therefore, the degree of surface deformations depends

on the thickness of the palladium thin film. In other words, the thinner palladium

film provides a stronger clamping effect, which plays a critical role in suppressing

the tensile strength of the palladium thin film on exposure to hydrogen [133–135].

Palladium thin film on a Ti buffer layer

According to the research from Kim et al. [133], the surface deformation of the

palladium film can be easily treated using a thin titanium (Ti) buffer layer. As a

typical adhesion for metal thin film, the interface property of palladium film with

the substrate is changed by using a Ti buffer layer in between the palladium film

and substrate. The surface morphologies of the pure palladium and Ti-buffered pal-

ladium film after exposure to 2% hydrogen gas are observed by using confocal laser

scanning microscopy, as shown in Figure 2.18.

Figure 2.18: Confocal laser scanning microscopy images of surface morpholo-
gies of a pure palladium and a Ti-buffered palladium film after exposure to 2%
hydrogen gas [133].
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This indicates that the Ti-buffer layer is able to improve the adhesive strength of Pd

film to the substrate, which induces the stronger clamping effect to restrict the vol-

ume expansion of the Pd film. Therefore, the Ti-buffered palladium film effectively

suppresses structural deformation during the hydrogen detection process [133]. Be-

sides, the structural deformation can also be described as the phase transitions in

pure palladium films. The tensile stress between palladium film and the substrate is

produced during the phase transferred to β region, which in turn expands the lattice

structure of the palladium. The degree of the expansion depends on the strength of

the stress, and the obvious surface expansion of palladium film appears as the film

is exposed to high hydrogen concentrations. The tensile stress is inhibited due to

the stronger clamping effect, which shows the α to β phase transition is suppressed

by the Ti-buffer layer.

The result from the report of Kim et al. [133] presented that the Ti-buffered pal-

ladium film demonstrated a shorter response time during the hydrogen detection

process with the same thickness of palladium film. Hence, the Ti-buffered palladium

film can be considered as a suitable candidate for applications and investigations in

hydrogen sensors, due to its rational sensitivity, fast response, and simple fabrication

process.

Palladium alloy thin films

Palladium-alloy materials are also playing a critical role in hydrogen detection and

measurement, because palladium alloys provide better chemical and physical prop-

erties than pure palladium. A hydrogen sensing thin film based on Pd-Ni alloy

was fabricated by Hughes et al. [114], and applied in the detection of high hydro-

gen concentrations. This hydrogen sensor offered a wide detecting range of 0.1%

to 100%. Due to the phase transition of the pure palladium film, the addition of

Ni suppressed the phase transition, which in turn allowed the hydrogen sensor to

be durable and reversible [114]. Based on this detection technology, it has been

used in some commercial hydrogen sensors and can detect and measure hydrogen

in the range of 0.5% to 10% with a response time of a few seconds. Obviously,

the palladium film with the additional metals presented the positive effects on re-

sponse time, detection range, and sensitivity of the hydrogen sensors, because of the

high hydrogen permeability, as presented in Table 2.3. Thus, a number of different

palladium-alloy films were employed for the investigation of hydrogen sensors, such

as Pd-Ag [136,137], Pd-Au [138], Pd-Cu [139–142], etc.
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Table 2.3: Permeability of miscellaneous palladium alloys to hydrogen at 350◦C
[143].

Material (wt, %) Permeability (cm3cm−2S−1) Reference

Pd 1.43 -

Pd80Ag20 2.46 -

Pd77Ag23 2.48 -

Pd70Ag30 1.46 -

Pd95Au5 1.52 [144]

Pd80Au20 1.37 [144]

Pd60Cu40 1.52 [145]

Pd99.5B0.5 1.35 [144]

Pd90Ni10 0.27 [144]

Pd95Ru5 0.47 [144]

Pd65Ag30Pt5 - [146]

Pd68Au30Ru2 - [146]

Pd85Ag12Ni2 - [147]

Pd70Ag20Rh10 - [147]

Pd73Ag24Au3 - [148]

Pd85Ag24Au5Ru2 - [149]

Pd82.3Ce7.7 2.24 -

Pd87.3Ce12.7 1.27 -

Pd93.4Y6.6 4.99 [136]

Pd90Y10 5.38 [136]

Moreover, palladium with additional rare earth metals is also sensitive to hydrogen

and can effectively suppress the palladium lattice expansion at high hydrogen con-

centrations. The comparison of the sensing performance for palladium, palladium-

silver (Pd-Ag), and palladium-yttrium (Pd-Y) was reported by Jamshidi et al. [150].

Those three different sensing elements were deposited on the silicon oxide surface

with the same thickness. Due to the Pd90Y10 film having the highest permeability

compared to palladium and Pd77Ag23 film (as shown in Table 2.3), the Pd-Y sensing

film showed a faster response and higher sensitivity to hydrogen. Typically, the rare

earth metals, such as yttrium (180 pm) and cerium (181.8 pm), have larger atomic

radiuses than palladium (137 pm). Thus, the lattice structure of original palladium
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is expanded after doping a rare earth metal, which in turn increases the hydrogen

permeability in palladium thin film.

Liu et al. [18] also found that Pd-Y alloy thin film was able to improve the re-

sponse rate and eliminate the bubble and delamination phenomena, and it can be

described based on Figure 2.19. The hydrogen absorption process of the pure pal-

ladium is illustrated according to Figure 2.19(a) to (b). The lattice structure of

palladium is considerably expanded after it absorbs hydrogen atoms.

Figure 2.19: Expansion processes of palladium and palladium-yttrium alloy
absorbing hydrogen [18].

Owing to the larger atom radius of yttrium, the original lattice structure can be

expanded after doping yttrium in palladium. Obviously, the lattice of palladium-

yttrium is larger than normal palladium before the hydrogen absorption process, as

demonstrated in Figure 2.19(c). The expanded lattice structure contributes to an

increase in atomic hydrogen permeability and diffusion rate, and restrains α to β

phase transition of palladium. Therefore, the inapparent lattice expansion is shown

in Figure 2.19(d) after palladium-yttrium alloy is exposed to hydrogen.

2.4.2 One-Dimensional Palladium nanowires

For 2D palladium-based hydrogen sensors, the sensing performances such as detec-

tion limit, response time, recovery time and sensitivity can be improved by decreas-
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ing the thickness. In other words, the sensing performances of 2D palladium-based

hydrogen sensors can be improved due to the large surface area to volume ratio.

Based on this point, the 1D palladium nanowires would be the ideal structures for

hydrogen practical applications and research thanks to their larger surface area to

volume ratio compared to 2D structures. In this section, the palladium nanowires

and their variants are analysed and discussed.

Palladium nanowires

1D hydrogen sensors have been regarded as a new generation for hydrogen leakage

detection and concentration measurement. Due to their larger surface area to vol-

ume ratio, the faster response and higher sensitivity of 1D hydrogen sensors can be

easily achieved. In addition, the palladium nanowire indicates an ultralow-power

consumption during the hydrogen detection process. Palladium nanowire has been

firstly discussed and applied in hydrogen sensing in 2001 by Favier et al. [151].

Figure 2.20: Atomic force microscope images of a Pd mesowire on a graphite
surface. Images (A) and (C) were acquired in air; images (B) and (D) were
acquired in a stream of hydrogen gas. A hydrogen-actuated break junction is
highlighted. (E) Sensor resistance versus time response at 5% hydrogen [151].

Based on their work, the hydrogen detection was different from that of the conven-
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tional well-connected palladium nanowires. The hydrogen sensor was regarded as

a hydrogen-actuated switch, which showed a decrease in resistance upon hydrogen

exposure due to the expansion of the palladium grains at high hydrogen concentra-

tions [151, 152]. The nanoscopic gap (break junction) is observed in Figure 2.20,

and the gap closes when grains are expanded after their exposure to high concen-

trations of hydrogen. In this situation, the sensor resistance is decreased due to

the broken palladium nanowire becoming a continuous state at 5% hydrogen, as

described in Figure 2.20 (E). In general, the switches-based palladium nanowire

hydrogen sensors allow the shorter response time at high hydrogen concentrations,

such as the response time of less than 80 microseconds being observed in Figure

2.20 (E). Although those hydrogen sensors have faster response, the response speed

has a strong dependence on the degrees of the palladium grain expansion. Conse-

quently, the presented hydrogen sensor from Favier et al. [151] may only be suitable

to monitor hydrogen leakage with high concentrations.

A continuous single palladium nanowire was fabricated by using conventional mi-

croscale techniques on silicon dioxide substrate, and utilized as a sensing element

for hydrogen detection and concentration measurement [152]. The deposition and

etching under angles (DEA) technique played a critical role during the nanowire

fabrication process, and the SEM image of the sensing element is shown in Figure

2.21.

Figure 2.21: SEM image of a 50-80 nm diameter palladium nanowire. The
nanowire is indicated by the arrow. The viewing angle is about 20◦ with respect
to the chip surface [152].

The research of Offermans et al. [152] also indicated that the conductance of the

palladium nanowire decreases when it is exposed to hydrogen gas, which in turn

increases the resistance with hydrogen concentration increased. The response time

was determined from 5 to more than 40 seconds as the sensor was exposed to 20%

and 27 ppm hydrogen, respectively. Another single palladium nanowire was fabri-
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cated by lithographically patterned nanowire electrodeposition method, as presented

by Yang et al. [153]. The performance comparison between palladium nanowire and

palladium thin film were also explained in their investigation, as shown in Figure

2.22. Owing to the 1D structures having the larger surface area to volume ratio

than 2D, the palladium nanowire shows the shorter response time and higher sensi-

tivity than palladium thin film, as presented in Figure 2.22 (a, c). For 1D structural

palladium-based hydrogen sensors, the smaller sized palladium nanowire possesses

the superior hydrogen sensing performance [153].

Figure 2.22: Normalized resistance, R/Rmax, versus time for the response (a,c)
and recovery (b,d) for three devices having a similar palladium thickness: a 14 ×
121 nm nanowire, an 11 × 93 nm nanowire, and an 11 nm × 100 µm film. Data
for two [H2] are shown: [H2] = 0.020% (a,b) and [H2] = 10.0% (c,d) [153].

To further investigate the low-dimensional palladium nanowire, Lim et al. [135]

demonstrated a suspended palladium/carbon nanowire by using a batch carbon-

microelectromechanical system process consisting of photolithography and pyroly-

sis. The morphology of the specific palladium nanowire is shown in Figure 2.23.

Figure 2.23: Scanning electron microscopy (SEM) images of a suspended SU-
8 microwire: (a) side view, (b) top view, and (c) magnified side view; and the
corresponding pyrolyzedcarbon nanowire: (d) side view, (e) top view, and (f)
magnified side view. The inset image in (d) shows a detailed view of the silicon
substrate etched isotropically under a SiO2 eave [135].

Because the smaller palladium nanowire has a stronger clamping effect, which allows
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the palladium nanowire to have a better morphology during the hydrogen detection

process. Thus, the low-dimensional palladium nanowire hydrogen sensor shows the

stable and superior performance. Thanks to the clamping effect, the β phase was

inferred to be limited, which in turn increased in gas response at high operating tem-

perature [135]. This research group also demonstrated that the suspend nanowire

has the better sensing performance compared with substrate-bound nanowire be-

cause of the enhanced convection.

Palladium nanowire networks

Unlike the typical substrates of palladium nanowires, such as silicon oxide, the filtra-

tion membranes were reported as the substrate for the palladium nanowire networks

hydrogen sensor [154, 155]. The surface morphology of the special filtration mem-

brane was employed to form the palladium nanowire networks after the palladium

deposition process, and the surface texture is shown in Figure 2.24.

Figure 2.24: Scanning electron microscopy (SEM) micrographs of networks of
Pd nanowires. The nominal thickness of the deposited Pd is 7 nm (a) and 30 nm
(b), respectively. Inset to (a) is a crosssection SEM micrograph of an Anodisc
13 membrane with filtration pore diameter of 20 nm. The part between the two
red dashed lines is the effective filtration layer. The black scale bar in the inset
is 400 nm. Inset to (b) presents an optical image of a sample cut out from the
Pd-coated membrane mounted on a sample holder [154].

Thanks to the large surface area to volume ratio of the palladium nanowire net-

works on the filtration membrane, the short response time and high sensitivity were

showed in the investigation of Zeng et al. [154]. However, not all the 7 nm thick

palladium nanowires were continuously formed on the filtration membrane, which

caused a strange gas response curve after their exposure to high hydrogen concen-

trations. In order to address the broken ultrathin palladium nanowire networks

on the filtration membrane, a thin chromium (Cr) buffer layer was deposited be-

tween the palladium thin film and substrate [155]. The addition of a Cr buffer layer

can modify the palladium-substrate interaction and reduce the critical thickness of

the palladium layer required to form the continuous palladium nanowires. It also

contributed to significantly improve the durability of the sensor. Importantly, the

palladium/chromium sensors were able to detect and measure hydrogen concentra-
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tions up to 100% without any surface damage [155], as presented in Figure 2.25.

Figure 2.25: Responses of 2 nm Pd/3 nm Cr nanowire networks to hydrogen
gas of various concentrations [155].

2.4.3 Zero-dimensional palladium nanoparticles

The homogeneous morphology and precise diameter of palladium nanowires are dif-

ficult to be fabricated. Although the higher surface area to volume ratio causes

the palladium nanoparticles to have the superior hydrogen sensing performance, the

fabrication processes are much harder and more complex than palladium nanowires.

Consequently, most of the research in hydrogen sensors based on palladium nanopar-

ticles are used on the laboratory scale. The examples of using palladium nanopar-

ticles as hydrogen sensors are briefly introduced in the following text.

Figure 2.26: (a) Schematic representation of a continuous film of palladium
nanoparticles, (b) AFM image of the topography of palladium nanoparticles thin
film. Reproduced from [110,127].

The electrochemical deposition of palladium nanoparticles on silicon substrate for

hydrogen detection and measurement was presented by Joshi et al. [110]. The con-

tinuous palladium nanoparticles film was formed on the substrate by the dense
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palladium nanoparticles, as shown in Figure 2.26.

The report from Joshi et al. [110] also indicated that the continuous film of pal-

ladium nanoparticles allowed the detection of hydrogen with larger response signals

as compared to the deposited palladium thin film at the same thickness. Due to

the enlarged surface area to volume ratio of the palladium nanoparticles and the

higher grain boundary density, the sensitivity of the palladium nanoparticles thin

film was higher than that of the deposited palladium thin film at the given hydrogen

concentrations. Furthermore, the palladium nanoparticles thin film showed a faster

response than the conventional 2D film [127]. Owing to the continuous palladium

nanoparticles thin film, the resistance of the hydrogen sensor trended to the normal

response behaviour with a resistance increase upon exposure to hydrogen. However,

the hydrogen sensors also can be fabricated by incontinuous palladium film with

nano/microgaps among nanoparticles.

Gupta et al. [156] demonstrated that the palladium nanoparticles were attached to

a thin glass substrate to form a broken palladium nanoparticles thin film for hydro-

gen leakage detection and concentration measurement. The interdigitated electrodes

were painted on the top of the palladium nanoparticles by using conducting silver.

The schematic of the hydrogen sensor is presented in Figure 2.27.

Figure 2.27: Schematic of the sensor device [156].

The hydrogen sensor was analysed at different temperatures with various hydrogen

concentrations in nitrogen. The response of the device is shown in Figure 2.28.

As presented in Figure 2.28, the shorter response time occurred when the sensor

was exposed to higher hydrogen concentration. However, due to the broken palla-

dium nanoparticles thin film, the resistance of the sensing element decreases upon

exposure to hydrogen gas.
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Figure 2.28: Response of palladium nanoparticle sensor in hydrogen mixed with
nitrogen at (a) 35◦C, (b) 40◦C, (c) 50◦C, and (d) 60◦C and 75◦C [156].

2.4.4 Summary

Hydrogen sensors will be ubiquitous in the following decades due to the economic

benefits of hydrogen gas [6]. The high accuracy and sensitivity of low-dimensional

palladium-based hydrogen sensors were outlined and analysed in this section. Owing

to higher surface area to volume ratio, the lower dimensional structural palladium-

based hydrogen sensors showed the excellent hydrogen sensing performance. The

comparison table is presented in Table 2.4.

Table 2.4: Characteristics of various dimensional palladium-based hydrogen
sensors.

2D (Thin Film) 1D (Nanowire) 0D (Nanoparticle)

Response time × √ √

Sensitivity × √ √

Selectivity
√ √ √

Stability
√ × ××

Cost
√ × ××

Fabrication
√ × ××

As previously noted, palladium nanoparticles hydrogen sensors are still under the

experimental stage due to the low detection stability, high cost of production and

complex fabrication process. Consequently, 2D and 1D palladium-based hydrogen

51



Chapter 2. Research Background and Literature Review

sensors were easily developed and employed for wide-ranging hydrogen applications.

The advantages of the 2D palladium thin film are high selectivity, good detection

stability, low cost, and simple fabrication process, but the sensing performances are

lower than 1D palladium nanowires. For the palladium nanowires hydrogen sensors,

they have the superior sensing performance without any surface deformation during

the hydrogen detection process. However, the disadvantages of the 1D palladium

nanowires are cost and complex fabrication process.

Thus, the combination of all the advantages of 2D palladium thin film and 1D

palladium nanowires could be a promising solution to achieve a better sensing per-

formance with a simple, low-cost, and faster process. In this thesis, the patterned

palladium-yttrium nanosheet was fabricated to improve the sensing performance of

the hydrogen sensor. Furthermore, the palladium nanowires with a low-cost and

simple fabrication process were investigated by using an electrospinning system.

The quasi-1D palladium-based hydrogen sensors were designed to possess the novel

low-dimensional palladium structure for hydrogen gas detection and concentration

measurement.
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Chapter 3

Methodology

In this chapter, the theoretical analyses, feasible fabrications, and experimental char-

acterisations will be introduced separately. To investigate the detection mechanism

of palladium-based hydrogen sensors, the theoretical model was an intuitive manner

to analyse and further develop the hydrogen sensing performance of the sensors.

In the fabrication processes, the patterned palladium-yttrium alloy nanosheet, pure

palladium nanowires, and palladium microfiber networks were fabricated by the ap-

propriate micro/nano fabrication technology. In the experiment work, the specific

hydrogen detection systems and methods were presented according to the research

objectives.

3.1 Theoretical model of the palladium-based hy-

drogen sensor

The mechanism of hydrogen in palladium was mentioned in Chapter 2, including the

general principle model and correlation formula. Owing to the different hydrogen

partial pressure (hydrogen concentration) between the near-surface of palladium

thin film and palladium bulk, the dissociated hydrogen atoms are induced to diffuse

into the bulk of the palladium thin film. Subsequently, the diffused hydrogen atoms

are obstructed and remain in the palladium thin film because of the film substrate.

Eventually, the hydrogen diffusion reaches an equilibrium state when the hydrogen

partial pressure of the internal film is equal to that of the near-surface.

3.1.1 Hydrogen diffusion model

The relationship between the diffusion time, film thickness and diffusion coefficient

were explained by Ficks 1st law, as given in Equation 2.16. According to Ficks 1st

law, the diffusion flux is increased when it either decreases in the film thickness or

increases in the diffusion coefficient of the film. The higher hydrogen atom diffusion

flux offers a shorter time to reach an equilibrium state, which leads to a faster
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response speed during the hydrogen absorption process. While the relationship

between film thickness and response time can be indirectly proved by Ficks 1st law,

the hydrogen diffusion process in palladium thin film is nonstationary in the time

domain. Consequently, the Ficks 2nd law is employed for modelling the hydrogen

diffusion process, the schematic diagram is shown in Figure 3.1.

Figure 3.1: Hydrogen diffusion model based on palladium-based thin film.

According to Figure 3.1, the palladium thin film with a thickness of d, and x-axis

shows the direction of hydrogen diffusion. Initially, the concentration of hydrogen

atoms in palladium thin film is zero before it is exposed to hydrogen gas. Ficks 2nd

law is given by,

∂C(x, t)

∂t
= D

∂2(x, t)

∂x2
(3.1)

where t is the diffusion time, D is the diffusion coefficient of the film, and x is the

substitution after the diffusion time. Thus, the atomic concentration of hydrogen

denotes C(x,t). Before the hydrogen diffusion process, the atomic concentration is

zero in palladium thin film, which can be explained as,

C(x, t) = 0,where t = 0 (3.2)

For the first boundary condition, the surface hydrogen concentration can be ex-

pressed as,

C(x, t) = Cs,where x = 0 (3.3)

In addition, the second boundary condition can be defined due to the hydrogen

atoms which cannot be further diffused when they touch the substrate, as described

below,

∂C(x, t)

∂x
|x=d = 0,where x = d (3.4)
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In terms of the separation of the variable method [1, 2], Equation 3.1 can also be

written as,

C(x, t) = Cs(1−
4

π

∞∑
m=1

1

2m− 1
sin(

(2m− 1)πx

2d
)exp(−D (2m− 1)2π2t

4d2
)) (3.5)

Based on Equation 3.5, the diffusion time, t is zero before the atom diffusion process.

Thus, the function of C(x,t) can be described as,

C(x, t) =


Cs x = 0

0 0 < x < d

(3.6)

Equation 3.6 indicates that the atomic concentration of hydrogen is Cs, and no

hydrogen atoms are diffused into the bulk of palladium thin film during the diffusion

time, t = 0. Subsequently, the value of exp(−D (2m−1)2π2t
4d2

) rapidly decays when the

value of t is larger than zero. In this situation, Equation 3.5 can be simplified as,

C(x, t) ≈ Cs(1−
4

π
sin(

πx

2d
)exp(−Dπ2t

4d2
)) (3.7)

Owing to the hydrogen sensing materials and film thickness, the response times

of palladium-based hydrogen sensors usually varies from a few seconds to hours.

Hence, the value of diffusion time, t in this thesis are suitable for Equation 3.7. Due

to the hydrogen atom concentration C(x,t) in the palladium thin film, its relevant

response are regarded as a sustained accumulation process, which allows Equation

3.5 to be expressed as a function of C(t).

C(t) =

∫ d
0
C(x, t)dx

d
=

∫ d
0
Cs(1− 4

π

∑∞
m=1

1
2m−1sin( (2m−1)πx

2d
)exp(−D (2m−1)2π2t

4d2
))dx

d

= Cs − Cs
8

π2

∞∑
m=1

1

(2m− 1)2
exp(−D (2m− 1)2π2t

4d2
)

(3.8)

In term of Equation 3.8, the formula can be simplified as shown below,

C(x, t) ≈ Cs(1−
8

π2
exp(−Dπ2t

4d2
)) (3.9)

Equation 3.9 can also be used to define the percentage of response, C(t)
Cs

, as given by,

C(t)

Cs
= 1− 8

π2
exp(−Dπ2t

4d2
) (3.10)
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For instance, the diffusion coefficient is presumed as 100 nm2/s, and the thick-

ness of the palladium film are 10 nm, 20 nm, 40 nm, 60 nm, and 100 nm, separately.

Subsequently, Figure 3.2 is plotted based on Equation 3.10.

Figure 3.2: Percentage of response versus time with the same diffusion coefficient
and different palladium film thickness.

Response time is defined as the time taken to 90% of the total change in sensor

resistance. Consequently, C(t) can be regarded as 0.9Cs , due to the hydrogen atom

concentration in the palladium thin film which is proportional to the sensor resis-

tance [3]. Equation 3.10 also can be expressed as,

1− 8

π2
exp(−Dπ

2Tres
4d2

) = 0.9 (3.11)

By solving Equation 3.11, the response time, Tres can be obtained as shown below,

Tres =
4d2

Dπ2
ln
π2

80
≈ 0.85

d2

D
(3.12)

Comprehensively, the response time of the palladium-based hydrogen sensors is pro-

portional to the square of film thickness. Additionally, a superior sensitive hydrogen

sensor based on the palladium thin film is achieved when the denser atomic hydro-

gen sites appear when the surface area to volume ratio is increased [4,5]. For a thin

film, the surface area to volume ratio is inverse proportion to the thickness. Conse-

quently, the shorter response time with higher sensitivity palladium-based hydrogen

sensors is presented by reducing the film thickness.

3.1.2 Equilibrium model

The equilibrium model for the palladium-based thin film is based on Siverts law,

which was presented in Chapter 2, Equation 2.23. The relationship between the

H/Pd ratio in the bulk palladium and hydrogen partial pressure is expressed as,

X ∝
√
PH2 (3.13)
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The H/Pd ratio in palladium thin film is proportional to hydrogen partial pressure

when the operating temperature and pressure is at standard conditions. However,

the operating temperature must be considered in the equilibrium model due to the

temperature effect. According to Equation 2.25 and 2.26, the expression of Siverts

law under temperature effect is given by,

X = P 0.5
H2
· exp(

∆SH
Rg

− ∆HH

RgT
) (3.14)

For example, the value of ∆SH and ∆HH are −7K and 0.1eV [6–8], respectively,

when the pure palladium is at the temperature range of 200-373K. Based on Equa-

tion 3.14, the relationship between the H/Pd ratio in palladium thin film, X, tem-

perature, T, and hydrogen partial pressure, PH2 is defined in Figure 3.3.

Figure 3.3: Relationship between H/Pd, temperature, and hydrogen partial
pressure.

As shown in Figure 3.3, the H/Pd ratio in the palladium thin film (which is propor-

tion to sensitivity [9]) is gradually decreased because the absorbed hydrogen atoms

are easy to obtain the activation energy of desorption at high-temperature condi-

tions. On the other hand, the absorption rate and diffusivity of hydrogen atoms in

the palladium thin film are strongly promoted due to the faster movement of gas

atoms at high operating temperatures. Subsequently, the shorter response times

were presented in this thesis for the palladium-based hydrogen sensors at various

hydrogen concentrations with high operating temperatures.

Sensitivity tends to increase with increasing temperature in α and (α + β) phase

sections, but this tendency is inverted in the β phase section. However, a stronger

clamping effect occurs only for ultrathin palladium film, and it is capable of sup-

pressing the surface deformation during the α to β phase transition. Hence, the

ultrathin palladium film remains in α and (α+ β) phase regions, which induces the
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H/Pd ratio in ultrathin palladium film proportional to temperature.

3.2 Sensing element fabrication

3.2.1 Palladium-yttrium alloy nanosheet

The sputter coating is a simple, common, and effective technology to produce a

superior metal thin film. Typically, the working gas, Argon (Ar) is ionized due

to the electrical voltage, and the positive Ar+ ions accelerate towards the cathode

plate (target). These ions possess high energy to sputter the atoms from the target

surface. Subsequently, the atoms are deposited on an anode plate (surface of the

substrate) because of the electrical field at high vacuum condition. The advantage of

the sputter coating technology is to generate the dense metal film on a substrate [10].

The magnetron sputtering is the most common technique to deposit metal alloy

thin film in relevant scientific research. In contrast with the typical sputtering

technology, the magnetron sputtering technology allows the achievement of a higher

density of the sputtering ions and sputtering efficiency [10]. Consequently, this tech-

nology can provide a higher and more stable sputtering rate during the deposition

process.

Figure 3.4: Schematic of Pd-Y film deposited by the DC/RF magnetron sput-
tering system.

The high vacuum magnetron sputtering system (BESTEC) was employed to fabri-

cate the ultrathin palladium-yttrium film, and the schematic is presented in Figure

3.4. Palladium and yttrium targets with the purity of 99.95% are installed in the

DC and RF source of the sputtering system, respectively. To accurately monitor the

thickness of the film, a quartz crystal detector with a resolution of 0.1 nm is placed

on the platform at the same height as the substrate.
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Figure 3.5: Fabrication process of a zigzag-shaped Pd-Y alloy thin film on the
quartz glass substrate [11].(a) shadow mask on substrate; (b) Pd-Y deposition;
(c) Pd layer deposition; (d) Pd-Y hydrogen sensor.

Before the deposition process, the surface of the palladium target was cleaned by

anhydrous ethanol and naturally dried. Because yttrium is very easy to be oxidized,

sandpaper was required to remove the oxide layer on the surface of the yttrium and

anhydrous ethanol was used to wipe the surface of the yttrium target. To fabricate

the patterned palladium-yttrium alloy nanosheet on the quartz glass substrate, the

zigzag-shaped shadow mask was firstly cut by using a laser cutter (TROTEC Speedy

300TM). A round-shaped quartz glass substrate with 20 mm in diameter and 3 mm

in thickness and the shadow mask were cleaned in anhydrous ethanol and deionized

water using ultrasonic cleaner for 10 minutes, respectively.

The fabrication process of the hydrogen sensor based on patterned palladium-yttrium

alloy nanosheet is shown in Figure 3.5. The shadow mask has fully covered the sur-

face of the substrate, and only allowed the palladium and yttrium to deposit on the

exposed area, as shown in Figure 3.5 (a).

Table 3.1: Process parameters of magnetron sputtering process.

Parameters DC RF

Target material Palladium Yttrium

Working gas Ar

Working pressure (mbar) 5× 10−3 5× 10−3

Sputtering power (W) 130 30

Deposition rate (Å/s) 1.0 0.1

The 15 nm palladium-yttrium nanosheet is deposited on the substrate and the

shadow mask, as presented in Figure 3.5 (b), and the detailed sputtering parameters

are listed in Table 3.1.
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Figure 3.6: Photographs of samples in various fabrication process steps: (a)
substrate covered by shadow mask; (b) substrate after palladium-yttrium depo-
sition; (c) the patterned palladium-yttrium nanosheet remained on the substrate
after removal of the shadow mask.

A 92% palladium with 8% yttrium alloy nanosheet was fabricated by regulating the

deposition rate of palladium and yttrium during the sputtering process. However,

the rare-earth metal, yttrium is extremely easy to be oxidized upon exposure to

air. Thus, the DC sputtering source continued to operate for 50 seconds after the

palladium-yttrium nanosheet was formed on the substrate, as illustrated in Figure

3.5 (c). The 5 nm palladium protective layer effectively suppressed the interaction of

yttrium with oxygen, which in turn avoided the attenuation of the hydrogen sens-

ing performance. In Figure 3.5 (d), a ∼ 20 nm zigzag-shaped palladium-yttrium

nanosheet on the glass substrate appears after removal of the shadow mask. The

photographs of samples in various fabrication steps are presented in Figure 3.6.

The actual thickness of the patterned alloy nanosheet was measured to be 19.3

nm using profilometer (KLA-TENCOR P16). The surface characterisation of the

deposited nanosheet was analysed by an atomic force microscopy (AFM), and the

surface topography of the palladium-yttrium nanosheet is presented in Figure 3.7.

Figure 3.7: AFM image of Pd-Y alloy nanosheet surface nanocrystalline profile.
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The nanosheet with a surface roughness of 0.827 nm was also analysed by AFM.

The sensing material is deposited in the middle of the substrate, as shown in Figure

3.8, and the electrodes were designed with a size of 2 mm×2 mm. It is also indicated

that the electrodes are adhered with two Cu wires by a silver epoxy conductive ad-

hesive. The nominal resistance of the hydrogen sensor was measured to be around

7 kΩ, which greatly facilitates the resistance measurement and decreases the signal

to noise ratio for the sensor.

Figure 3.8: Zigzag-shaped Pd-Y alloy nanosheet connects with soft Cu wires.

3.2.2 Pure palladium nanowires

Conventionally, the fabrication technology of MEMS is utilized to fabricate the pal-

ladium nanowire; however, it is a complex, costly, and uncontrollable manner. Con-

sequently, a simple, inexpensive, fast, and controllable nanofabrication technology,

called electrospinning was introduced in this thesis, and was utilized to fabricate the

continuous multilayer poly vinyl alcohol (PVA) nanofiber substrate.

Electrospinning is a unique technique that allows the fabrication of continuous poly-

mer fibres with diameters down to nanoscale [12]. The structure of the device and

its operating principle is described by the schematic diagram, as shown in Figure

3.9.

Typically, an electrospinning system (SpraybaseR Electrospinning kit) consists of

three major parts, including a source (a syringe with a metallic needle), power sup-

ply, and collector platform. The needle connects with a high voltage supply, and the

collector platform connects to the ground, as presented in Figure 3.9. As a source

75



Chapter 3. Methodology

Figure 3.9: Schematic illustration of the setup for electrospinning system [13].

of the electrospinning system, the 7 wt% PVA solution was produced and filled into

the syringe before the fabrication process. In addition, the specific glass substrate

was produced, and two silver epoxy lines were drawn on the substrate to fix the

PVA nanofibers during the electrospinning process, as shown in Figure 3.10 (a) and

(b). In the spinning process, the substrate was located in the middle of the collector

platform. At the voltage of 7 kV, syringe pump at a rate of 10 µL/min, and distance

of 7 cm between the needle and the substrate, the suspended PVA nanofibers are

deposited and fixed on the surface of the substrate based on the electrostatic force

and electric field, as shown in Figure 3.10 (c).

Figure 3.10: Fabrication process of the Suspended PVA nanofibers on the sur-
face of the glass substrate.(a) specific glass substrate; (b) silver epoxy on sub-
strate; (c) PVA nanofiber coated on substrate.

The PVA nanofiber networks with suspended multilayer were observed in an SEM

image, as presented in Figure 3.11. The average diameter of the nanofiber was

around 400 to 500 nm.
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Figure 3.11: Characterisation of the PVA nanofibers.

To control the deposition area of the palladium during the deposition process, a

30 mm×30 mm plastic square shadow mask with a 15 mm×15 mm square window

was cut in the middle by a laser cutter (TRoTec Speedy 300TM). The palladium

nanofibers fabrication process flow is presented in Figure 3.12.

Figure 3.12: Fabrication process flow of the Pd nanofibers on the suspended
PVA nanofibers.(a) shadow mask covered on substrate; (b) Pd deposition process;
(c) remove shadow mask; (d) silver epoxy electrodes fabrication.

The plastic shadow mask was cleaned by an ultrasonic cleaning machine with ethanol

before it covered on the substrate. The covered glass substrate is shown in Figure

3.12 (a), before it was transferred into the chamber of the E-beam evaporation sys-

tem (Kurt J. Lesker). During the evaporation process, the high-purity palladium

77



Chapter 3. Methodology

(99.95%) was evaporated at the operating pressure set to 1× 10−8 Torr. The 30 nm

palladium thin film was deposited on the surface of the multilayer PVA nanofibers

and shadow mask after 5 minutes, as shown in Figure 3.12 (b). Subsequently, the

suspended multilayer Pd/PVA nanofibers remained after removal of the shadow

mask, as presented in Figure 3.12 (c). To achieve a better electrical connection

between electrodes and the sensing element, the silver epoxy was coated on the top

of the previous electrodes, as shown in Figure 3.12 (d).

Figure 3.13: SEM images of the surface morphology of the multilayer suspended
Pd/PVA nanofibers. (a) Random Pd/PVA nanofibers, (b) the magnified image
with few break junctions (marked by red circles).

The multilayer Pd/PVA nanofibers are clearly observed by the SEM images, as pre-

sented in Figure 3.13 (a). Although the 30 nm palladium thin film was coated on

the top surface of the PVA nanofibers, the apparent break junctions coexist with

the continuous palladium nanofibers, as observed in Figure 3.13 (b).

3.2.3 Quasi-1D palladium microfiber networks

Conventionally, thin film on a flat substrate is a general model for 2D palladium-

based hydrogen sensors, and this is the most common hydrogen sensing element for

scientific research due to the simple and easy fabrication process. Although 2D pal-

ladium thin film on an even substrate possesses a higher surface area to volume ratio

than palladium bulk, it shows a less surface area to volume ratio in relation to 1D

palladium nanowire. However, the costly, complex palladium nanowire fabrication

process causes challenges when used in relation to hydrogen applications. Conse-

quently, a palladium-based hydrogen sensor with low cost, simple fabrication, and

high surface area to volume ratio is required for hydrogen research and applications.

In this thesis, a novel concept of the low-dimensional hydrogen sensor, called quasi-

1D (1.5D) was defined and investigated. The 1.5D palladium sensing element was

formed based on the combination of the 2D nanosized palladium thin film and 1D

microfiber networks surface texture. The unique surface texture of the normal pho-
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tocopy paper (NPP) is different to the flat substrate, thanks to the microfiber net-

works structure of the paper surface. The 1.5D palladium-based hydrogen sensing

element was formed after the deposition process. The flow chart of the fabrication

process is shown in Figure 3.14.

Figure 3.14: Flow chart for the fabrication of the Pd microfiber networks H2

sensor on NPP substrate.

Prior to the palladium thin film deposition, the surface of the NPP was cleaned by

using a high-pressure nitrogen gun and cut into the size of 20 mm by 5 mm. In the

deposition process, the palladium with a purity of 99.95% was deposited on NPP

substrate by employing a vacuum evaporation system (VPC-260, ULVAC Technolo-

gies, Inc.) at a vacuum of 2.0× 10−5 Torr, and a current of 90 amperes. The 60 nm

palladium thin film was formed after a 10 minutes deposition, and the electrodes

were made on the edges of the sensing element with silver epoxy, as presented in

Figure 3.14.

Figure 3.15: Scanning electron microscopy (SEM) images of 60 nm Pd mi-
crofiber networks coated on the NPP. Magnification of (a) 100 times; (b) 300
times.
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The surface morphology of the palladium thin film coated on the NPP substrate was

observed by SEM, and the images are shown in Figure 3.15. The network structure

of multilayer microfiber is clearly shown in Figure 3.15 (a); and up to approximate

30 µm in diameter of the palladium microfiber can be observed in Figure 3.15 (b).

The SEM images also indicated that the combination of the nanosized sensing layer

and microfiber networks can improve the surface area to volume ratio owing to the

transformation from 2D to 1.5D structures.

For palladium thin film, the surface area to volume ratio is inversely proportional

to its thickness. The thinner palladium film shows the higher surface area to vol-

ume ratio. The hydrogen sensing performance of palladium microfiber networks

can be further improved by reducing the thickness of the palladium film. Although

the ultrathin palladium film can be deposited on the NPP substrate, some bro-

ken palladium microfibers have been observed due to the poor adhesion between

the ultrathin film and the substrate [14]. Typically, a thin chromium (Cr) layer is

added as a buffer layer in between the sensing layer and substrate to modify the

interaction and enhance the adhesion [14]. In this research work, a graphite layer

was demonstrated and utilized as a buffer layer to form the continuous ultrathin

palladium microfibers on the graphite on paper (GOP) substrate. The fabrication

process of the palladium microfiber networks hydrogen sensor on GOP substrate was

basically the same as it was on NPP substrate. The difference was the addition of a

hand-painted graphite layer on the NPP substrate before the palladium deposition

process. The palladium thin films with a thickness of 8 nm, 60 nm, and 92 nm were

deposited on the GOP substrate under a vacuum of 3.8× 10−5 Torr and current of

90 amperes, separately, and those thin films were utilized in the investigation of the

thickness effect.

Figure 3.16: SEM images of the surface of the Pd thin film on NPP substrate
with coated graphite layer. (a) 8 nm Pd thin film deposited on the Substrate.
(b) Shows the x900 magnified image of (a).

The surface morphology of the 8 nm palladium thin film on GOP substrate can be

observed by SEM, as shown in Figure 3.16. Based on the SEM images, the original
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surface texture of the NPP substrate appeared after the soft graphite buffer layer

was coated on the substrate. Therefore, the palladium microfiber networks on GOP

substrate was formed as presented in Figure 3.16 (a). Furthermore, the average

diameter of the microfiber is approximately 30 µm, which can be observed by the

SEM image in Figure 3.16 (b).

3.3 Sensor detection system

3.3.1 Detection system #1 for preliminary testing

The general purpose for the detection of the palladium-based hydrogen sensors was

to determine and analyse the response times, recovery times and gas response of the

palladium-based hydrogen sensors with various hydrogen concentrations at room

temperature.

For the detection of the zigzag-shaped palladium-yttrium nanosheet, it was tested

in a 5 cm cube gas chamber, which was designed specifically for the preliminary

hydrogen gas detection. The side view of the chamber is presented in Figure 3.17.

Figure 3.17: Side view of the 5 cm cube gas chamber.

The presented hydrogen sensor is located in the centre of the gas chamber, and the

left-hand side is an inlet for hydrogen gas. A removable lid was closed on the top

of the chamber during the gas testing process, and it was opened to clear hydrogen

gas from the chamber after each cycle of the gas testing. The hydrogen detection

system is based on the chamber, as shown in Figure 3.18.

The mixed hydrogen gas with concentrations of 0.05%, 0.5%, and 4% were filled

into three gas cylinders, respectively. In Figure 3.18, those mixed hydrogen gas

cylinders are connected to the gas chamber via rubber tubing and controlled by
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three valves. During the gas testing process, each concentration of hydrogen gas

was introduced continuously into the gas chamber with a set flow rate of 200-300

ml/min, separately. The valve of the hydrogen source was turned off after the stable

response curve was shown, and the lid of the gas chamber was opened to clean the

remaining hydrogen gas naturally. The same step was required to be repeated three

times for each hydrogen concentration. The hydrogen sensor was connected to an

LCR meter (HPS2816A) to measure the change in the resistance of the hydrogen

sensor. A PC recorded each data from the LCR meter once per second, and the

response curve for the hydrogen sensor with the given concentrations at room tem-

perature was plotted according to the collected data. The response time, recovery

time, and gas response for the given hydrogen concentrations were also able to be

determined based on the response curve.

Figure 3.18: Gas measurement setup [11].

3.3.2 Detection system #2 for nanowires sensor testing

The detection of the palladium/PVA nanowires was tested in a particular gas cham-

ber (LTS420E-P, Linkam Scientific Instruments Ltd), which was designed for cell

and gas testing, as shown in Figure 3.19. The testing probes were sealed and posi-

tioned inside the chamber, making it ideal for electronic measurements from outside,

while the sensor is exposed to hydrogen gas inside.

Figure 3.20. depicts a schematic diagram of the hydrogen gas testing system. The

Mass Flow Controller (MFC) can produce various concentrations of hydrogen gas.

During the gas testing process, 1% (10,000 ppm) of hydrogen with nitrogen was

produced via MFC and introduced continuously into the gas chamber with a set

flow rate of 300 ml/min in standard conditions, respectively. A PC connected with

a digital multimeter was used for all measurement data collection and analysis. The

change in resistance with hydrogen was recorded by the digital multimeter with
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Figure 3.19: Hydrogen testing equipment: (a) external view, (b) internal view.

time intervals of 1 second [13]. The sensing performances of the Pd/PVA nanowires

hydrogen sensor were calculated according to all the collected data.

Figure 3.20: Hydrogen gas testing system [3].

3.3.3 Detection system #3 for comprehensive sensor testing

A comprehensive hydrogen detection system is introduced in this section for a full

characterisation of palladium microfiber networks on NPP and GOP substrates, in-

cluding temperature and bending effects. These hydrogen sensors were tested based

on the same measurement equipment, as the photo shown in Figure 3.21.

These palladium-based hydrogen sensors are separately placed into a sealed quartz

tube (gas chamber) for hydrogen detection and concentration measurement. The

sensors are connected with a simple measurement circuitry using soft gold wires, as

illustrated in Figure 3.22. In general, MFC was employed to control the flow rate of

pure nitrogen gas and 1% hydrogen gas, to obtain various hydrogen concentrations

of 100 ppm, 2,000 ppm, 4,000 ppm, 6,000 ppm, 8,000 ppm, and 10,000 ppm for

the sensing performance analysis. To analyse the temperature effect in palladium

microfiber networks based on NPP and GOP substrate, both sensors were required

to measure the change in resistance with the given hydrogen concentrations at room

temperature and 50◦C, respectively. The flow rate of the mixed hydrogen gas was
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Figure 3.21: Hydrogen measurement equipment for palladium microfiber net-
works hydrogen sensor on NPP and GOP substrate.

a constant of 100 standard cubic centimeters per minutes (SCCM) for the testing

process. In the gas testing process, each hydrogen concentration required three cy-

cles, and 600 seconds for each period (300 seconds for hydrogen on, and 300 seconds

for hydrogen off).

On the other hand, the bending effect of the NPP-based palladium microfiber net-

works hydrogen sensor was analysed with the general gas testing process. For the

purpose of comparison, the mechanical bending test of the NPP-based hydrogen

sensor was based on the same hydrogen sensor, and it was bended by 5.7 degrees (1

mm above the platform), as shown in Figure 3.23.

Figure 3.22: Schematic diagram of a simple H2 measurement circuitry. The
inset shows the testing system of the H2 sensor.

As presented in Figure 3.22, based on the simple hydrogen measurement circuity, the
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change in sensor resistance (Rs) with different H2 concentrations was easily calcu-

lated with the value of the measured voltage (V), applied voltage (E), and standard

resistance (R). The measured voltage was the final data for collection, the applied

voltage was 1V, and the standard resistance depended on the initial resistance of

the H2 sensor. In order to obtain accurate data, the measured voltage was recorded

by a digital multimeter once per second and logged into a computer while the sensor

was exposed to each H2 concentration.

Figure 3.23: Photographs of NPP-based hydrogen sensor under normal and
bending conditions.

3.4 Summary

In this chapter, the methodology for the investigation of the low-dimensional palladium-

based hydrogen sensors was proposed, including the theoretical model, sensing el-

ement fabrication, and sensor detection system. The relation between the physi-

cal structure of the palladium and hydrogen sensing performance was clearly anal-

ysed and demonstrated through the mathematical model. Additionally, the fab-

rication process flows of the zigzag-shaped palladium-yttrium nanosheet, Pd/PVA

nanowires, palladium microfiber networks based on NPP and GOP substrates, were

presented in the fabrication section. The experimental setups for these palladium-

based hydrogen sensors with different detection purposes were also described.
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Chapter 4

Hydrogen Sensor Based on

Palladium-Yttrium Alloy

Nanosheet

This chapter presents a hydrogen sensor based on the palladium-yttrium alloy

nanosheet. The ultrathin zigzag-shaped Pd-Y nanosheet is the main sensing part for

hydrogen detection. Thanks to the unique nanostructure and sensing material, the

resistive hydrogen sensor offers advantages such as reasonable electrical resistance,

high sensitivity, superior reversibility and reproducibility. The zigzag-shaped sensor

is fabricated on a quartz glass substrate with a simple nanofabrication technology

using an ultrahigh-vacuum magnetron sputtering system and shadow mask. Com-

paratively, the resistive-based detection method is more convenient and easier than

optical detection in the same detection conditions. In addition, the patterned Pd-Y

nanosheet with nano-metre thickness and unique sensing material offers a superior

gas response at room temperature and pressure.
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h i g h l i g h t s

� Pd-Y sensing element was fabricated using a magnetron sputtering system and shadow mask.
� The Pd-Y compound consisted of 92% Pd and 8% Y.
� The fabrication process was simple, low-cost, and mass-production compatible.
� The sensor showed superior sensitivity, reversibility, and reproducibility to hydrogen gas.
� The device is more compact than the optical-based counterpart.
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a b s t r a c t

This paper presents a hydrogen sensor based on palladium-yttrium (Pd-Y) alloy nanosheet. Zigzag-
shaped Pd-Y nanosheet with a thickness of 19.3 nm was deposited on a quartz substrate by using an
ultrahigh-vacuum magnetron sputtering system and shadow mask. The atomic ratio of palladium to
yttrium in the nanosheet was 0.92/0.08. The fabrication process was simple and low-cost, and the sensor
can be mass-produced. The experimental results show the sensor has a superior sensitivity, reversibility,
and reproducibility. The resistive-based hydrogen detection mechanism in this research is much simpler
and more compact compared to the optical-based detection method.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Hydrogen gas is colourless, odourless, tasteless, and highly
flammable. There has been a great demand for fast response and
highly sensitive hydrogen gas sensors for safety and industrial
application to alert the formation of potentially explosive gas and to
reduce the explosion risk [1]. Presence detection and concentration
measurement of hydrogen gas have over 100 years of history [1,2].
However, higher sensitivity and faster response hydrogen sensors
are desirable for further safety improvement.

Hydrogen sensing element is normally made by metal or alloy,
whose physical and chemical properties vary when it is exposed
to hydrogen gas. A good sensing material should have high

selectivity, sensitivity, and reversibility to hydrogen. Compared to
other materials, such as platinum, palladium was found to have
higher solubility and sensitivity to hydrogen [1,3,4]. The absorp-
tion of hydrogen molecule by pure palladium can form Pd-H hy-
dride, leading to the changes of its physical properties, such as
mass, volume, optical property, and electrical resistivity [5].
During the desorption process, the palladium thin film operates
under non-equilibrium conditions. The concentration of hydrogen
in the thin film is higher than that in the surface film. Due to the
concentration gradient, the chemical bonds between palladium
and hydrogen atoms in the thin film are broken and the hydrogen
atoms move to the surface of film and are desorbed to the atmo-
sphere. In order to gain high activation energy to break Pd-H
bonds, the concentration gradient between the thin film and the
exposed environment should be sufficiently high enough to pro-
vide the necessary driving force [14]. However, pure palladium
film is easy to bubble and crack after absorbing and desorbing* Corresponding author.
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hydrogen for several times [6], reducing the stability and reli-
ability of the sensor. Mechanical stress in the film and lattice
expansion of palladium structure are the significant issues for
further research to address [7].

In literature, there are mainly two solutions that are able to
avoid the crack of pure palladium thin film after absorbing and
desorbing hydrogen. The first approach is to expand the lattice of
Pd before the invasion of hydrogen atoms. The expanded lattice
leaves larger space for hydrogen atoms to diffuse in Pd thin film.
As a result, the a to b phase transition in PdHx is suppressed when
Pd absorbs hydrogen. Liu et al. [8] found that Palladium-yttrium
(Y) alloy thin film could improve the response rate and elimi-
nate the bubble and delamination phenomena. As yttrium atom
has larger radius than palladium atom, the lattice of palladium
will expand after being doped by yttrium. The expanded lattice
makes the diffusion of hydrogen atoms in Pd-Y alloy thin film
much easier. The main advantage of his research was simple
fabrication process by using DC/RF magnetron sputtering system.
The deposition rates of two metals were monitored by quartz
crystal thickness monitor. The surface morphology of thin film in
the SEM was clean and flat.

The second approach to address the fracture issue of pure
palladium film is to utilize low-dimensional structures, such as
nanowire and nanoparticle [10e13]. Pd film tends to expand due
to its volume increase when it absorbs hydrogen gas, leading to a
compressive stress at the interface of the film and substrate [14].
Conversion of materials into nanoscale reduces crystal defects,
thereby enhancing mechanical strength and reducing the frac-
ture phenomenon. Furthermore, nanostructures have been a
major research focus as high performance hydrogen sensing el-
ements. Since nanostructures have a large surface to volume
ratios, the hydrogen diffusion paths can be shortened, and ab-
sorption and desorption rates of chemical reaction are improved.
Palladium nanostructures have shown promising properties,
which are suitable for high speed, high sensitivity, miniature size,
and low-cost hydrogen sensor [13]. However, the nanowire and
nanoparticle are of great complexity to fabricate and they nor-
mally require expensive nano-fabrication facilities for mass-
production.

Pd-Y alloy thin film has been used to detect hydrogen gas based
on both optical and electrical methods [6e9,15]. The electrical
detection method is inexpensive, easy and convenient compared to
the optical counterpart [6e9]. Furthermore, palladium-yttrium
based gas sensor does not require high operating temperature,
which is compulsory in other popular resistive gas sensors based on
tungsten oxide [16,17].

Jamshidi et al. [15] reported the hydrogen detection based on
the resistance change of palladium-yttrium thin film. However, the
resistance change was small due to its large thickness and unpat-
terned sensing element. Moreover, the results were not precise and
reliable due to long time intervals of data collection.

Wang et al. [5] did research on zigzag-shaped palladium-silver
thin film for hydrogen sensing based on electronic resistance
change. The zigzag-shaped thin film can provide larger electrical
resistance and change than unpatterned thin film. Therefore, the
sensor showed higher sensitivity and reversibility. However, com-
plex fabrication processes were required to pattern the thin film.

In this paper, we present a novel zigzag-shaped resistive
hydrogen sensor based on Pd0.92-Y0.08 alloy nanosheet. The sensing
element has an ultra-thin thickness of 19.3 nm and reasonable
electrical resistance of 7 kU. The fabrication process of the resistive
hydrogen sensor is simple and has fewer steps by utilizing shadow
mask and ultrahigh-vacuum magnetron sputtering system. The
proposed fabrication process is suitable for mass-production of the
sensor.

2. Experiment

2.1. Sensor fabrication

Fig. 1 illustrates the fabrication process of the hydrogen sensor
based on patterned Pd-Y alloy nanosheet. The substrate is a round-
shaped quartz glass with 20 mm in diameter and 3 mm in thick-
ness. First, the quartz glass substrate and shadow mask were
cleaned in ethanol using ultrasonic cleaner. The shadow mask is
required for patterning the alloy nanosheet to increase the nominal
resistance of the sensing element. To fabricate the shadow mask, a
thin plastic sheet was cut into zigzag-shaped using laser cutter
(TROTEC Speedy 300™). The shadow mask was attached to the
surface of glass substrate, as shown in Fig. 1 (a).

To deposit the ultra-thin film of palladium-yttrium alloy, ultra-
high vacuum magnetron sputtering system (BESTEC) was utilized.
Palladium and yttrium targets with purity of 99.95% were installed
in the DC and RF sources of the sputtering system, respectively. The
thickness of the alloy nanosheet was monitored by quartz crystal
thickness monitor with a resolution of 0.1 nm. The detailed process
parameters of magnetron sputtering process are listed in Table 1. A
15 nm Pd-Y nanosheet was deposited on the quartz glass substrate
using BESTEC sputtering system. The Pd-Y alloy nanosheet was
patterned by the zigzag-shaped shadowmask as shown in Fig.1 (b).

However, yttrium is very easy to be oxidizedwhen Pd-Ymaterial
is exposed to air. To avoid this problem, a thin protection film is
required on the top of the Pd-Yalloy nanosheet. The pure palladium
can be a good candidate because it does not react with oxygen.
Therefore, the DC sputtering source continued to operate for 50 s
after the RF sputtering was shut down. A thin palladium layer is
coated on the surface of Pd-Y alloy nanosheet, and the thickness of
the layer is 5 nm as illustrated in Fig. 1 (c). The pure ultra-thin
palladium layer can allow hydrogen atoms to penetrate into the
Pd-Y alloy to react, meanwhile it can reduce the probability of the
contact between yttrium atoms in the alloy and oxygen atoms in air
[7,8]. At last, the zigzag-shaped nanosheet was remained on the
quartz glass substrate after removal of the shadow mask as shown
in Fig. 1 (d).

Fig. 2 depicts a schematic diagram of the zigzag-shaped resistive
hydrogen sensor. The sensing material was deposited in the middle
of substrate. The material of both electrodes was same as sensing
element with size of 2mm� 2mm. All the measurement and dis-
cussion hereafter are based on designs with a width of 500 mm,
length of 92 mm for the zigzag-shaped nanosheet.

Fig. 1. Fabrication process of a zigzag-shaped Pd-Y alloy thin film on quartz glass
substrate.
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2.2. Characterization of the Pd-Y alloy nanosheet

The thickness of the patterned alloy nanosheet was measured to
be 19.3 nm using profilometer (KLA-TENCOR P16). This is the total
thickness of Pd0.92-Y0.08 layer and pure Pd layer. The surface char-
acterization of the nanosheet was analysed by Atomic Force Mi-
croscopy (AFM), as plotted in Fig. 3. The Pd-Y alloy nanosheet was
scanned and analysed by AFM, and the roughness of this alloy
nanosheet was 0.827 nm. The horizontal and vertical scanning
resolutions were 0.26 nm and 1 nm, respectively.

2.3. Hydrogen sensor testing system

The resistive hydrogen sensor was tested in a 5 cm cube gas
chamber, which was designed for the electrical hydrogen detec-
tion system. The hydrogen sensor was located in the center of the
gas chamber. The sensor electrodes were adhered with two Cu
wires by silver epoxy conductive adhesive. The curing time for the
contact points were approximately 24 h at room temperature or
30 min at 100�C. The contact point became hard with high elec-
trical conductivity after curing. As shown in Fig. 4, the hydrogen
gas sources with various concentrations of 0.05%, 0.5%, and 4%
were connected to the gas chamber via rubber tubing and
controlled by three valves. The hydrogen gas is introduced
continuously into the gas chamber with a set flow rate of
200e300 ml/min in standard condition. The valve of hydrogen
source was turned off after each test, and the gas chamber was
opened to remove the remaining hydrogen gas naturally. A PC
connected with a precision LCR meter (HPS2816A) was utilized for
all measurement data collection and analysis. The change of
resistance with hydrogen was recorded by precision LCR meter
with time intervals of 1 s. The gas response (Gs) is defined as the
percentage of resistance change when the sensor is exposed to the
hydrogen gas as follows:

Gsð%Þ ¼ Rh � Ra

Ra
� 100% ¼ DR

Ra
� 100% (1)

where Ra and Rh are the resistances of hydrogen sensor device
before and after its exposure to a specific hydrogen concentration,
respectively. In this research, the range of hydrogen concentrations
was set from 0.05% to 4% at the room temperature and pressure.

3. Results and discussion

Fig. 5 shows the response of Pd-Y based hydrogen sensor at
various hydrogen concentrations. Multi-cycle measurement of the
resistive hydrogen sensor was carried out with exposure to 4%,
0.5%, and 0.05% concentrations of hydrogen gas. Each concentration
of hydrogen gas was turned on and off for a few cycles, as shown in
Fig. 5. Due to safety consideration, the concentration of hydrogen
gas in this research was limited to 4%. The gas response was
increased very abruptly when 4% hydrogen gas was introduced into
gas chamber, and it rapidly decreased after gas sourcewas switched
off. However, in the case of lower hydrogen concentration of 0.05%,
the gas response was slower and more placid due to less hydrogen
molecules on the nanosheet surface for reaction. The results in
Fig. 5 indicate that the novel resistive hydrogen sensor has good
stability and repeatability when concentrations of hydrogen
changed. In addition, the nominal resistance of the hydrogen sensor
was measured to be around 7 kU, which is large enough to facilitate
the resistance measurement and improve the signal to noise ratio
for the sensor.

The response time is defined as the required time from initial
point to 90% of the stable point, and the recovery time is defined

Table 1
Process parameters of magnetron sputtering process.

Parameters DC RF

Target material Pd Y
Working gas Ar Ar
Working pressure (mbar) 5� 10�3 5� 10�3

Sputtering power (W) 130 30
Deposition rate (Å/s) 1.0 0.1

Fig. 2. Schematic of the hydrogen sensor.

Fig. 3. AFM image of Pd-Y alloy nanosheet surface nanocrystalline profile.

Fig. 4. Gas measurement setup.
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as the required time from stable value to 10% of the stable value
when hydrogen gas stops to charge into gas chamber. As shown in
Fig. 6, the response and recovery times at 0.05% hydrogen gas
concentration were 630 s and 390 s, respectively. The response
time and recovery time decreased sharply to 83 s and 210 s,
respectively, when hydrogen concentration changed from 0.05% to
4%. When the nanosheet is exposed to hydrogen gas, dissociation
of hydrogen molecules on the surface and diffusion in the Pd-Y
structure could affect the sensor response time [14]. Therefore,
the response could be faster by reducing the thickness of Pd-Y
nanosheet. Moreover, the recovery time could be reduced by us-
ing nitrogen gas or vacuum pump to remove remaining hydrogen
gas in gas chamber.

Fig. 7 shows normalized gas response for 0.05%, 0.5% and 4%
hydrogen concentrations at room temperature. After exposing
the resistive hydrogen sensor to 4% hydrogen, the gas response of
the hydrogen sensor increased rapidly to 29.28% within
approximate one and half minutes. After discharging hydrogen,
the resistance of the hydrogen sensor decreased sharply to the
initial value within around 100 s, as shown in Fig. 7. Three
different hydrogen concentration curves in Fig. 7 were redrawn
to start at the same time. More hydrogen atoms on nanosheet
surface lead to faster a to b transition, resulting in shorter
response and recovery times [3].

The gas response of the Pd-Y based hydrogen sensor versus
hydrogen concentration is shown in Fig. 8. The hydrogen concen-
trations in this research were 0.05%, 0.5%, and 4%, and the corre-
sponding gas response were 11.64%, 18.67% and 29.28%,

respectively. The relation between hydrogen concentration and gas
responsewas found to be linear and plotted in Fig. 8. The sensitivity
of this novel resistive hydrogen sensor is improved due to the large
gas response (DR/Ra). The sensitivity of this sensor is based on
material property change in Pd-Y alloy nanosheet due to the inva-
sion of hydrogen atoms and the a to b transition. The measured gas
response of this hydrogen sensor was larger than the previous work
reported in Refs. [5,19,20]. A detailed comparison with other works
is shown in Table 2.

4. Conclusions

A zigzag-shaped resistive hydrogen sensor based on Pd-Y alloy
nanosheet was fabricated on a quartz glass substrate with a simple
nanofabrication technology using an ultrahigh-vacuum magnetron
sputtering system and shadowmask. The Pd-Yalloy nanosheet was
characterized by AFM and profilometer. The actual thickness of the
nanosheet was 19.3 nm. The palladium and yttrium in the nano-
sheet was controlled as 92% and 8%, respectively. The novel resistive
hydrogen sensor showed high sensitivity, superior reversibility, and
reproducibility. The resistive-based detection method is much
convenient and easier compared to optical detection counterpart.
The fabrication of this novel hydrogen sensor is simple, inexpensive
and fast. Therefore, the sensor can be mass-produced. The
patterned Pd-Y nanosheet with nano-metre thickness and unique
alloy material offers a superior gas response at room temperature
and pressure.

Fig. 5. Relative resistance changes of the Pd-Y nanosheet versus hydrogen gas con-
centrations (4%, 0.5%, 0.05% in nitrogen).

Fig. 6. Response and recovery times of the Pd-Y nanosheet sensor versus hydrogen
concentrations.

Fig. 7. Response curves of the sensor for different hydrogen concentrations.

Fig. 8. Relationship between the sensor response and the specific hydrogen
concentration.
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Chapter 5

Palladium Nanofiber Networks

Hydrogen Sensor and

Hydrogen-Actuated Switches

This chapter presents the novel fabrication technique for the palladium nanofiber

networks hydrogen sensor. The multilayer polyvinyl alcohol (PVA) nanofibers are

produced by an electrospinning system, and are utilized as a substrate to improve

the surface area to volume ratio and simplify the fabrication process. The networks

of palladium nanofibers hydrogen sensor are presented as a set of hydrogen-actuated

switches with high sensitivity.
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Abstract. This paper presents a novel fabrication technique for hydrogen gas
sensor based on polymer nanofiber and pure palladium metal. The polymer
nanofiber was produced from 7 wt% poly vinyl alcohol (PVA) solution through
electrospinning system. Themultilayer PVA nanofibers was utilized as a substrate
to create a networks of palladium nanofibers hydrogen sensor. The palladium
nanofiber with a thickness of 30 nmwas deposited on the surface of the multilayer
PVA nanofibers by using E-beam evaporation system and shadow mask. During
the hydrogen detection test, the novel hydrogen sensor was presented as a set of
hydrogen-actuated switches with high sensitivity. The fabrication process was
simple and inexpensive, and the sensor can be mass-produced.

Keywords: Nanofiber � Poly vinyl alcohol � Palladium � Hydrogen sensor
Switches

1 Introduction

Hydrogen (H2), as a clean combustible gas, has a very low density and boiling point
combined with a high diffusion coefficient and buoyancy. Furthermore, as a com-
bustible gas, it has a low minimum ignition energy, high heat of combustion and wide
flammable range, as well as a high ignition temperature [1]. As a dangerous flammable
gas in the world, the hydrogen gas is colorless, odorless and tasteless. In terms of its
physical characteristics, it cannot be detected by human senses. Based on this critical
aspect, fast, economical and reliable detection of hydrogen gas is required for
hydrogen-based application and safety improvement [2].

In recent years, hydrogen gas sensors have been improved in response speed,
sensitivity, and cost. Miniature hydrogen sensing materials have been a major field in
the development for these new generation of hydrogen gas sensor due to their large
surface area to volume (SA/A) ratios, which is able to enhance the absorption and
desorption rates of the sensing materials, and improve the hydrogen diffusion rate in the

© Springer Nature Switzerland AG 2019
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sensing materials [3]. Conventionally, Metal oxide hydrogen sensing materials are
widely used for hydrogen sensors fabrication in the past couple of years. However,
these sensing materials can detect various other common combustible gas during the
gas detection process, which reduces selectivity and sensitivity for hydrogen gas when
they are exposed to air at room temperature and atmospheric pressure. In addition,
electrometry has also been used in mass spectrometry for chemical analysis [4–6].
However, the overall spectrometry system is fairly complicated and costly. As a
promising hydrogen sensing material, palladium (Pd)-based hydrogen sensors have
proved to a significant research filed in the past several years [7].

Palladium is commonly unitized as a hydrogen sensing material for hydrogen gas
detection and hydrogen concentration measurement. The pure palladium has a unique
ability to absorb up to 900 times its own volume of hydrogen. The absorption of
hydrogen molecule by pure palladium can form Pd-H hydride, and hydrogen atoms are
able to occupy the interstitial sites of the Pd lattice. Based on this phenomenon, the
lattice of Pd is expanded, and leading to changes of its physical properties, which
include volume, reflectivity, refractive index, and electrical resistivity. Hydrogen is
desorbed when Pd under non-equilibrium condition, thus the concentration of hydro-
gen in the Pd is higher than that in the surface. Based on the concentration gradient of
hydrogen, the chemical bonds between Pd and hydrogen atoms in the Pd metal are
broken and the hydrogen atoms move to the surface of Pd, and are desorbed to the air.
In order to achieve high activation energy to break Pdf-H bonds, the concentration
gradient is sufficiently high enough to provide the necessary driving force [8]. Based on
the previous research, the pure palladium film is easy to bubble and crack after
absorbing and desorbing hydrogen for several times [9], which can negatively influence
the stability and reliability of hydrogen detection of the palladium-based hydrogen
sensor. Therefore, Mechanical stress in the film and lattice expansion of palladium
structure are the significant issues for further research to address [10].

In literature, there are two solutions that are able to address the crack of pure
palladium film after absorbing and desorbing hydrogen. The first method is to expand
the lattice structure of palladium before absorbing and desorbing hydrogen gas. The
second method is to fabricate low-dimensional structures, such as nanofiber and
nanoparticle to avoid the fracture issue of pure palladium film. Thanks to the quantum
effects, 0D, 1D, and 2D structures have unique properties which can be utilized to
improve senso’s performance [11, 12]. The first method investigated previously [10]
indicated that the lattice structure of palladium was significant expanded after doping
yttrium atoms with palladium. Due to the improvement of the lattice structure, the
palladium-yttrium alloy thin film was able to enhance the response rate and eliminate
the bubble and delamination phenomena. However, the pathway of hydrogen
absorption and desorption was limited due to hydrogen atoms were only available
through surface to bottom. Meanwhile, the response and recovery speed of the
hydrogen sensor has been directly influenced.

The low-dimensional structure of palladium-based hydrogen sensor is the focus of
this paper. Conversion of materials into nanoscale reduces crystal defects, thereby
enhancing mechanical strength and reducing the fracture phenomenon. Conventional
method introduced by Offermans et al. [13] utilized a technique called deposition and
etching under angles (DEA) to produce the single palladium nanowire hydrogen sensor
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with fast response speed, but the DEA technique was difficult to be controlled, and
expensive for mass-production. Lim et al. [14] have reported a highly sensitive
hydrogen sensor based on a single palladium-functionalized carbon nanowire sus-
pended about 10 um above a substrate while monolithically bridging two carbon posts.
The palladium nanowire was fabricated based on carbon-microelectromechanical
system process. While this hydrogen sensor has been reported to achieved high sen-
sitively and fast response, the complex fabrication process was proved not suitable for
the application. Zeng et al. [15] did research on hydrogen gas sensing with networks of
palladium nanowires formed on filtration membranes. Using the surface structure of
filtration membranes as a substrate to realize the palladium nanowires. The fabrication
process was simple and inexpensive, but the hydrogen response speed and sensitivity
was negatively influenced due to the diameter of palladium nanowires been limited by
the filtration membranes. Collectively, the palladium nanofiber is of great complexity
to fabricate and it normally require expensive nano-fabrication facilities for mass-
production.

In this paper, we present a novel fabrication technique for hydrogen gas sensor,
which was based on polymer nanofiber and pure palladium metal. The polymer
nanofiber was produced by electrospinning system and poly vinyl alcohol (PVA) so-
lution. The multilayer PVA nanofibers were fabricated as a substrate for the hydrogen
sensor. The networks of palladium nanofibers formed on the unique PVA substrate.
The fabrication process of the suspended Pd/PVA nanofibers based hydrogen sensor
was simple and has fewer steps by utilized shadow mask and E-beam evaporation
system. The proposed fabrication process was suitable for mass-production of the
sensor. The microstructure of the nanofibers were determined via high-resolution
microscopy, and scanning electron microscope (SEM). The proposed hydrogen sensor
was tested to have an interesting resistance trend when it was exposed to hydrogen gas.

2 Experiments

2.1 Multilayer PVA Nanofiber Substrate Preparation

Electrospinning is a distinctive technique that allows the fabrication of continuous
fibres with diameters ranging from submicro to nanoscale in either single or multilayer.
Therefore, the polymer nanofibers can be produced to achieve a thinner diameter and a
larger surface area than conventional techniques. As the schematic diagram shown in
Fig. 1, the electrospinning system (Spraybase® Electrospinning kit) consists of three
major components: a high voltage supply, a syringe with a needle, and a grounded
collector plate. The needle was connected to the high voltage supply that is capable to
generate DC voltages up to 30 kV. The morphology and diameter of fibre is controlled
by intrinsic properties of the polymer solution and the operation conditions during the
electrospinning process. Thus, the types of polymer, concentration of the solvent, and
electrical conductivity are critical in determining the morphology and diameter of
fibres. The electrospinning system has to operate under high voltage, which is dan-
gerous for operators and bystanders. Thus, the high voltage sealed chamber must be
closed during the operation process.

118 B. Wang et al.
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The 7 wt% PVA solution was produced before the PVA nanofibers fabrication.
The PVA solution was continuously supplied using a syringe pump at a rate of
10 uL/min. A voltage of 7 kV was applied on the needle. The distance between needle
and collector plate was 7 cm. The particular glass substrate was prepared before the
electrospinning process, as shown in Fig. 2(a). Based on the material characteristics of
PVA nanofibers, the soft and light nanofibers are difficult to be transferred from the
collector plate. Therefore, two silver epoxy lines were applied on the glass substrate,
which was able to fix the PVA nanofibers during the electrospinning process, as shown
in Fig. 2(b). Figure 2(c) shows, the multilayer PVA nanofibers were fabricated on the
glass substrate, and a strong connection occurred between PVA nanofibers and silver
epoxy after it cures.

2.2 Palladium Nanofibers Fabrication

Figure 3 illustrates the fabrication process of the palladium nanofibers based on mul-
tilayer PVA nanofibers. The multilayer PVA nanofibers on a glass substrate was
produced prior the palladium deposition process. According to the experiment design,
the shadow mask was required to control the deposition area of palladium. Therefore,
to avoid the cross-contamination between shadow mask and PVA nanofibers, the
shadow mask was cleaned in ethanol and using ultrasonic. The shadow mask was a thin
plastic sheet, the laser cutter (TRoTec Speedy 300TM) was applied to cut the plastic
sheet into 30 mm � 30 mm square, with 15 mm � 15 mm squire of window in the
middle of the plastic sheet. During the palladium deposition process, the glass substrate
was fully covered by shadow mask, as shown in Fig. 3(a).

Fig. 1. Schematic illustration of the setup for electrospinning system
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The palladium deposition process was an important section for the fabrication of
palladium nanofibers-based hydrogen sensor, and was implemented using E-beam
evaporation system (Kurt J. Lesker) to achieve superior film density, and low impurity.
The higher density should enhance the mechanical properties of palladium and increase
the abrasion resistance. Palladium target with purity of 99.95% was installed in the
crucible as an evaporation material. The coating growth was controlled by a quartz
crystal microbalance which can monitor both thickness and evaporation rate. During
the deposition process, the inside of the system must be in a vacuum state. The working
temperature during this process at 25 °C and 1 � 10−8 Torr for the operation pressure.
To further enhance density and smoothness palladium nanofibers, the deposition rate

Fig. 2. Fabrication process of the multilayer PVA nanofibers on a unique glass substrate

Fig. 3. Fabrication process of the palladium nanofibers based on multilayer PVA nanofiber
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should be regulated as slow as possible. In this experiment, the evaporation rate was set
at 1 Å/s, and the sample was deposited 5 min to fabricate 30 nm palladium nanofibers
as illustrated in Fig. 3 (b). Then the palladium nanofibers were remained after removal
of the shadow mask as shown in Fig. 3(c). Subsequently, the both electrodes of the
sensor were made from silver epoxy, which was able to provide better electrical
connection between electrodes and hydrogen sensing element, as shown in Fig. 3(d).

2.3 Characterization of the PVA Nanofibers

Scanning electron microscopy (SEM) was performed on the generated PVA nanofibers.
The clean and smooth surface of the PVA nanofibers were demonstrated in Fig. 4. The
random and continuous PVA nanofibers was presented in Fig. 4(a). Due to the different
brightness in Fig. 4(b), the multilayer PVA nanofibers with diameters up to 500 nm
were proved.

2.4 Hydrogen Sensor Testing System

The hydrogen gas sensor was tested in a particular gas chamber (linkam Instruments),
which was designed for cell and gas testing. The inside probes are positioned inside of
this chamber making it ideal for resistance measurements when the sensor is exposed to
hydrogen. The curing time for both electrodes were approximately 24 h at room
temperature or 30 min at 100 °C. The electrodes became hard with high electrical
conductivity after curing. Figure 5 depicts a schematic diagram of the hydrogen gas
testing system. Technically, the mass flow controller can produce various concentra-
tions of hydrogen gas. During the gas detection test, 1% of hydrogen with nitrogen was
produced via mass flow controller and discharged continuously into the gas chamber
with a set flow rate of 300 mL/min in standard condition. The valve of the mass flow
controller was turned off after the measurement, and the outlet was opened to remove
the remaining hydrogen gas. A PC connected with a digital multi-meter was applied for
all measurement data collection and analysis. The change of resistance with hydrogen

Fig. 4. SEM image of the surface morphology of a multilayer PVA nanofibers
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was recorded by digital multi-meter with time intervals of 1 s. The gas response (Gr) is
defined as the percentage of resistance change when the palladium nanofiber hydrogen
sensor is exposed to hydrogens.

Gr ¼ Rb � Ra

Ra
� 100% ¼ DR

Ra
� 100% ð1Þ

Where Ra and Rb are the resistance of hydrogen sensor device before and after its
exposure to the hydrogen concentration, respectively.

3 Results and Discussion

3.1 Morphology of the Suspended Palladium Nanofibers

As Fig. 6 presented, the palladium was coated on the surface of the multilayer PVA
nanofibers. The PVA nanofibers were able to support 30 nm thick of palladium, but
fractures were found in few parts of the nanofibers. The multilayer PVA nanofibers was
exposed under palladium atoms with high energy during the deposition process.
Therefore, they were damaged by high energy palladium atoms. Due to the fracture
issues, the palladium nanofibers were not a continuous nanostructure. In the previous
research, the surface fracture was able to influence the electrical resistivity property,
sensitivity of hydrogen gas, and response speed. Specifically, the resistance of the
palladium nanofibers was increased because of the fracture phenomena. However, the
expansion of palladium lattice occurred when it was exposed to the hydrogen, and the
resistance of the hydrogen sensor was decreased.

Fig. 5. Hydrogen gas testing system
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3.2 Hydrogen Detection Test

The result in Fig. 7 indicated that the gas response for 1% hydrogen gas. According to
the surface morphology of the palladium nanofibers, the superior material property of
palladium nanostructure was demonstrated. The initial resistance of the hydrogen
sensor was higher than normal palladium-based hydrogen sensors. Obviously, the trend
of the gas response was different compare with others hydrogen sensors. As shown in
Fig. 7, the resistance decreased when hydrogen was discharged into gas chamber, and
it was increased when it was stopped. As discussed in subsection (3.1), the hydrogen
sensor had undergone a to b phase transition after absorbing hydrogen, and the face-
centerd cubic (FCC) palladium lattice was expanded. The compressive stress on each
Pd nanofibers are occurred, and noticeable compression were observed at grain
boundaries. According to this characteristic, the continuous Pd nanofibers were gen-
erated and observed to have a decreased resistance. Conversely, removal of the Pd
nanofibers to an air ambient induces a b to a phase transition causing each palladium
grains to contracted during the phase transition. This lead to an increased tensile stress
on each Pd nanofibers, and resulted as nanoscopic gaps. The gaps generated when the
sensor exposed to air ambient acted as open circuits which increased the resistance of
the Pd nanofibers [16]. Collectively, the hydrogen sensing element was effectively an
open electric circuit when it was exposed to air. The expansion of Pd lattice structure
was able to lead the circuit became a closed circuit.

The response time is defined as the required time from initial point of 90% of the
stable point, and the recovery time is defined as the required time from stable value to
10% of the stable value when hydrogen gas stops to introduce into gas chamber.

Fig. 6. SEM image of the surface morphology of the palladium nanofibers after gas detection
process

Palladium Nanofiber Networks Hydrogen Sensor and Hydrogen-Actuated Switches 123

108



As show in Fig. 7, the response and recovery times at 1% hydrogen concentration were
92 s and 26 s, respectively. Meanwhile, the gas response was 78.57%, approximately.

4 Conclusions

In this study, a hydrogen gas sensor based on palladium nanofiber networks was
fabricated. The nanostructure was produced by electrospinning system and the multi-
layer PVA nanofibers was fabricated as a substrate, to simplify the fabrication process
of palladium nanofiber networks. The E-beam evaporation technique was applied to
deposit the 30 nm thick of Palladium on the surface of the substrate. Furthermore, the
shadow mask was utilized to limit the sensing area of the hydrogen sensor. The
proposed hydrogen sensor was able to detection hydrogen with 92 s response time, and
26 s recovery time, respectively. The gas response for the novel hydrogen sensor was
approximate 78.57%. In addition, the hydrogen sensor has become a hydrogen-actuated
switches, due to the phase transition of palladium nanofibers. The fabrication of this
novel hydrogen sensor is simple, and economical for mass-produced.
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Chapter 6

The Effects of Temperature,

Mechanical Bending, Thickness on

The Detection of Hydrogen by

Palladium Microfiber Networks

This chapter presents a developed hydrogen sensor based on the palladium mi-

crofiber networks on the photocopy paper substrate. A 60 nm pure palladium layer

was deposited on the paper substrate to form the palladium microfiber networks

sensing element with a larger surface area to volume ratio than the same thickness

film on the glass, due to the unique surface texture of the microfiber networks on the

paper. Thus, the paper-based palladium hydrogen sensor exhibited a rapid response

and linear gas response characteristics at room temperature and 50◦C. Furthermore,

the palladium microfiber networks on the paper substrate showed that the sensing

performances were impervious to mechanical bending of 5.7 degrees during the flex-

ibility testing. Additionally, the palladium microfiber networks with a thickness of

8 nm to 92 nm were deposited on the paper substrates, respectively, to determine

the effects of thickness and temperature on the detection of hydrogen by palladium

microfiber networks. To fabricate the continuous palladium microfibers on paper

substrate, the graphite layer was painted on the surface of the substrate to modify

the interaction of palladium with substrate and enhance adhesion between the palla-

dium sensing element and paper substrate. The experimental results indicated that

the response times were dependent on operating temperature and thickness. On the

other hand, the gas responses of palladium thin film (60 nm and 92 nm) showed the

opposite tendency of the ultrathin palladium film (8 nm) because of the clamping

effect. In addition, those sensors presented a superior stability, repeatability, and

accuracy.
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A R T I C L E I N F O

Keywords:
High surface area to volume ratio
Hydrogen sensor
Palladium microfiber network
Paper substrate

A B S T R A C T

In this study, we developed a hydrogen sensor based on a palladium microfiber network on a paper substrate. A
60-nm pure palladium film was deposited on photocopy paper using a vacuum evaporation technique. The
photocopy paper was employed as the sensor substrate because of its low cost and the simple and rapid fabri-
cation process. The texture of the microfiber network on the paper greatly increased the surface area to volume
ratio for the palladium thin film, which is crucial for rapid response sensors. The experimental results showed
that the hydrogen sensor exhibited a rapid response and linear gas response characteristics at room temperature
and pressure. The gas response of the paper–substrate sensor was much higher compared with the glass sub-
strate.

1. Introduction

Hydrogen (H2) is a clean combustible gas with a low minimum ig-
nition energy, high combustion heat, wide flammable range, and high
ignition temperature [1]. In addition, hydrogen gas cannot be detected
by the senses of a human because it is odorless, colorless, and tasteless.
Therefore, the rapid, economical, and reliable detection of hydrogen
gas is critical for improving the safety of hydrogen-based applications,
such as propulsion systems, fuel cells, and H2-fuelled cars [2].

Conventionally, metal oxide hydrogen sensing materials [1] have
been used widely for manufacturing hydrogen sensors. However, these
sensing materials can also detect various other common combustible
gasses during the hydrogen detection process, which reduces the se-
lectivity and sensitivity of hydrogen gas sensing. Due to its high se-
lectivity for hydrogen, palladium (Pd) has been commonly utilized as a
promising sensing material for hydrogen leakage detection and con-
centration measurement [1–4]. PdeH hydride is formed during the
hydrogen absorption process, where the interstitial sites of the Pd lat-
tice are occupied by hydrogen atoms. The physical properties of Pd are
changed because of lattice expansion, such as its volume, electrical
resistivity, and optical reflectivity [5–8]. Hydrogen is desorbed when
Pd is under non-equilibrium conditions, i.e., the concentration of hy-
drogen in Pd is higher than that on the surface. The necessary driving

force can be provided because of the hydrogen concentration gradient
in Pd. Thus, hydrogen atoms can break the chemical bonds with Pd to
move to the surface and finally be released into the air [9].

The miniaturization of hydrogen sensing materials [10] is a major
research field for the new generation of hydrogen gas sensors [1–10].
Low-dimensional nanostructures can relax the compressive stress in the
sensing material during gas testing to reduce the likelihood of fractures
[6]. Furthermore, the nanostructure provides a large surface area to
volume ratio for Pd to improve the performance of Pd-based hydrogen
sensors. The conventional method introduced by Offermans et al. [11]
employs a technique called deposition and etching under angles to
produce a single Pd nanowire hydrogen sensor with a rapid response
speed. Lim et al. [12] developed a high sensitivity and rapid response
hydrogen sensor by suspending a single Pd-functionalized carbon na-
nowire approximately 10 μm above a substrate while monolithically
bridging two carbon posts. They fabricated the Pd nanowire using the
carbon microelectromechanical system process. This hydrogen sensor
achieved high sensitivity and a rapid response because of the large
surface area to volume ratio of the single Pd nanowire. Lim et al. [2]
developed another Pd nanowire hydrogen sensor, where a Pd grating
was transferred to a flexible polycarbonate for rapid response and low
leakage detection. Wang et al. [5] investigated a high sensitivity and
rapid response hydrogen sensor based on a palladium-silver (PdeAg)

https://doi.org/10.1016/j.jpcs.2019.03.018
Received 26 July 2018; Received in revised form 17 March 2019; Accepted 18 March 2019

∗ Corresponding author. .
E-mail address: y.zhu@griffith.edu.au (Y. Zhu).

Journal of Physics and Chemistry of Solids 131 (2019) 50–54

Available online 21 March 2019
0022-3697/ © 2019 Elsevier Ltd. All rights reserved.

T

118



thin film. The surface roughness and the surface area to volume ratio of
the Pd thin film were increased because of the texture of the porous
alumina substrate and the thickness of the film. However, all of the low-
dimensional Pd-based hydrogen sensors mentioned above are highly
complex to fabricate and they require expensive nano-fabrication fa-
cilities for mass production.

In our previous study [6], we investigated a low-cost two-dimen-
sional resistive palladium-yttrium (PdeY) alloy based hydrogen sensor
for hydrogen detection. Due to the different atomic sizes of Pd and Y,
the lattice structure of Pd can be significantly expanded after doping Y
atoms into Pd, which enhances the hydrogen permeability and diffusion
rate in the PdeY alloy. We demonstrated that this PdeY nanosheet
hydrogen sensor exhibited high sensitivity to hydrogen and the fabri-
cation process was simple and inexpensive. However, the surface area
to volume ratio needs to be enhanced significantly by increasing the
surface roughness of the nanosheet to further improve the response and
recovery times.

In the present study, we fabricated a novel hydrogen gas sensor with
Pd microfibers. Normal photocopy paper was utilized as the substrate
for the sensor to increase the surface roughness. The microfibers on the
surface of the paper had diameters of up to approximately 30 μm. The
fabrication process was fairly simple for the 60 nm Pd microfiber-based
hydrogen sensor, where the steps involved vacuum evaporation and
silver epoxy electrode adhesion. Therefore, the proposed fabrication
process is inexpensive with a short manufacture process and it is sui-
table for mass production. The experimental testing results showed that
the hydrogen sensor could detect hydrogen at a concentration of
10,000 ppm with a gas response of 2.13%, which was 1.69 times higher
than that of Pd deposited on glass using the same process at the same
thickness of 60 nm.

2. Design and experiment

A schematic diagram illustrating the hydrogen sensor based on Pd
microfiber networks is shown in Fig. 1. The starting substrate material
was normal photocopy paper (A4/80 gsm, Paper Australian Pty Ltd),
which is inexpensive, flexible, and bio-degradable. The Pd thin film was
deposited on the paper substrate as the sensing material using a vacuum
evaporation technique. As shown in Fig. 1, electrodes were attached to
two edges of the Pd thin film. Silver epoxy conductive adhesive was
utilized as the conductivity material for both electrodes.

Fig. 2 shows the fabrication process flow for the hydrogen sensor
based on pure Pd microfiber networks. Normal photocopy paper was
selected as the substrate for the hydrogen sensor because of its low cost
and flexibility, but especially the microfiber network texture of the
paper. First, a high pressure nitrogen gun was utilized to remove dust
from the surface of the substrate (Fig. 2(a)). Next, Pd was deposited on
the paper substrate using a vacuum evaporation system (VPC-260,
ULVAC Technologies, Inc.) to obtain a Pd film with high density and
purity. The high film density enhanced the mechanical properties and

the abrasion resistance of the Pd thin film. A Pd target with a purity of
99.95% was used as the evaporation material. During the Pd deposition
process, the operating pressure was kept at ×

−2.0 10 5 Torr, and the
distance between the sample and target was 35 cm. To enhance the
density and smoothness of the Pd film, the operating current was kept
stable at 90 A for 3min to deposit a 60 nm layer of Pd. A glass substrate
was placed beside the paper sample in the same process for comparative
purposes and thickness measurements. The paper substrate was then
removed from the vacuum evaporation system and cut into pieces that
measured 20mm by 5mm (Fig. 2(b)). Finally, silver epoxy was at-
tached to two edges of the Pd thin film as electrodes (Fig. 2(c)).

An image was acquired by scanning electron microscopy of the
paper substrate coated with Pd at a thickness of 60 nm to investigate the
surface morphology of the hydrogen sensor. The network of Pd mi-
crofibers with clean surfaces is shown in Fig. 3(a), which indicates that
the multilayer Pd microfibers had diameters of up to 30 μm. The
random and continuous textures greatly increased the surface rough-
ness of the paper, thereby increasing the surface area to volume ratio
for the Pd microfibers. The elements on the paper-based sensor surface
were analyzed by energy dispersive X-ray analysis after depositing Pd
on the paper, as shown in Fig. 3(b), which indicates that carbon was the
main element detected. In addition, Pd was identified as an element on
the surface of the paper-based hydrogen sensor.

The hydrogen gas sensor was tested in a custom-made gas chamber.
The test probes were sealed and positioned inside the chamber to ac-
quire electronic measurements from the outside while the sensor was
exposed to hydrogen gas inside the chamber. Fig. 4 depicts a schematic
diagram illustrating the hydrogen gas testing system. The mass flow
controller could produce various concentrations of hydrogen gas.
During the gas test process, hydrogen concentrations of 100 ppm,
2000 ppm, 4000 ppm, 6000 ppm, 8000 ppm, and 10,000 ppm with ni-
trogen were produced via the mass flow controller at a gas flow rate of
100 standard cm3 per min. The hydrogen gas was fed into the gas
chamber sequentially at specific concentrations. The hydrogen gas was
switched off after each measurement and the residual hydrogen gas was
replaced with pure nitrogen through the outlet. A personal computer
(PC) and voltmeter were included in the gas testing system for data
collection and elemental analysis, respectively. The measured data
were logged by a digital multimeter once per second. The gas response
(Gr) for each hydrogen concentration was calculated as:

=
−

×G R R
R

100%r
b a

a (1)

where Rb is the resistance of the sensing element after exposure to a
specific hydrogen concentration and Ra is the initial resistance before
measuring the concentration.

Fig. 1. Schematic illustration of the hydrogen sensor.

Fig. 2. Process flow employed for fabricating the Pd hydrogen sensor.
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3. Results and discussion

Fig. 5 illustrates the output from the hydrogen sensor under specific
hydrogen concentrations. The resistance of the hydrogen sensor was
measured at room temperature when exposed to hydrogen concentra-
tions of 100 ppm, 2000 ppm, 4000 ppm, 6000 ppm, 8000 ppm, and
10,000 ppm. Each hydrogen gas concentration was injected during the
gas testing process and the data collected are plotted in Fig. 5. In this
study, the hydrogen concentration was controlled up to 10,000 ppm
due to safety considerations. According to the Langmuir adsorption
isotherm model [12], the adsorption rate of hydrogen increased at the
high hydrogen concentration, thereby increasing the resistance of the
sensor and yielding a more rapid response. Thus, the resistance of the
sensing element increased rapidly when exposed to a hydrogen con-
centration of 10,000 ppm and it decreased after the hydrogen gas was

stopped. However, the hydrogen adsorption rate decreased when
100 ppm hydrogen was injected into the chamber, which led to a
smaller change in the resistance and a slower response compared with
that to 10,000 ppm hydrogen. Fig. 5 shows that the resistance of the
hydrogen sensor clearly changed with the hydrogen concentration.
Furthermore, the sensor exhibited stable and repeatable changes in
resistance during continuous gas testing over a period 5 h, as shown in
Fig. 5.

The sensor responses of 60 nm Pd layers on glass and paper sub-
strates were also compared in the same concentration range (from
2000 ppm to 10,000 ppm in nitrogen) at room temperature and pres-
sure, as shown in Fig. 6. In order to ensure a consistent comparison, all
of the conditions were exactly the same apart from the substrate ma-
terials (normal photocopy paper and glass). Thus, the experimental
results were obtained with the same deposition thickness and hydrogen
concentrations, but the surface morphologies of the paper and the glass
substrates were different. The surface morphology of the paper sub-
strate shown in Fig. 3(a) demonstrates that it had a rough surface and
the microfibers had diameters of up to 30 μm. The multilayer Pd mi-
crofiber network significantly increased the surface roughness and the
surface area to volume ratio of the Pd sensing element. Therefore, the
gas response of the hydrogen sensor was improved by increasing the
likelihood of the surface palladium atoms reacting with hydrogen. In
addition, a large amount of hydrogen atoms diffused in the sensor to
obtain a faster phase transition (from α to β), thereby increasing the
response speed and gas response [2,6].

As shown in Fig. 6, the hydrogen sensor on the paper substrate could
detect a hydrogen concentration of 10,000 ppm with a gas response of
2.13%, which was 1.69 times higher than that of the Pd deposited on
glass. The glass substrate had a smooth and flat sensing surface, and
thus the reaction area between the Pd and hydrogen molecules was
limited to the top of the Pd film. The gas responses of the paper-based
hydrogen sensor were 1.28%, 1.62%, 1.84%, 2.00%, and 2.13% with
hydrogen concentrations of 2000 ppm, 4000 ppm, 6000 ppm,
8000 ppm, and 10,000 ppm, respectively. The linear relationship be-
tween the gas response and hydrogen concentration is indicated in
Fig. 6. The linear fitting lines had coefficients of determination values
(R2) of 0.9647 and 0.85 for the paper-based and glass-based sensors,
respectively. Furthermore, the standard deviations (N=5) of the gas
responses for the paper-based and glass-based sensors were less
than±0.05%, thereby indicating their high repeatability and stability.

The response time is defined as the time required from the initial
resistance value to 90% of the stable resistance value, and the recovery
time is defined as the time required from the stable resistance value to
10% of that value. The response and recovery times for the hydrogen
sensor at specific hydrogen concentrations are plotted in Fig. 7. The
concentration of hydrogen was an important parameter that directly
influenced the response time and recovery time. For the paper-based
hydrogen sensor, a response time of 140 s and recovery time of 230 s
were obtained at a hydrogen concentration of 100 ppm. The response
and recovery times were decreased significantly when the hydrogen
concentration was increased to 10,000 ppm, where the response time
was 42 s and the recovery time was 165 s. By contrast, the glass-based
sensor had a slightly slower response time of 47 s and a recovery time of
186 s when the hydrogen concentration was 10,000 ppm. In principle,
the paper-based sensor provided a faster response and recovery time
because of its high surface area to volume ratio. However, as shown in
Fig. 7, there were no obvious differences in the response and recovery
times between the paper-based and glass-based sensors, possibly be-
cause the gas penetrated into the paper fibers, which required a longer
time to reach a saturation/stable state.

Table 1 compares the results obtained using our sensor and those
reported in other studies. Table 1 shows that compared with the sensors
developed by Wang [5], Jeon [13], and Walia [14], our paper-based Pd
hydrogen sensor fabrication process is simple, inexpensive, and litho-
graphy-free. Due to the high surface roughness of the paper substrate,

Fig. 3. Characterization of the paper-based hydrogen sensor. (a) Scanning
electron microscope image of the surface morphology. (b) Surface elemental
analysis of the sensing area.

Fig. 4. Hydrogen gas testing system.
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our hydrogen sensor obtained similar or even better gas sensing per-
formance in terms of the gas response, response time, recovery time,
and minimum detection limit compared to the previously reported
sensors.

4. Conclusions

In this study, a Pd micro-network was fabricated on normal pho-
tocopy paper to fabricate a hydrogen sensor. A vacuum evaporation
technique was employed to deposit a 60 nm layer of Pd on the surface of
the paper and the sensing element area was ×mm mm20 5 . We com-
pared the gas response and recovery times for the different surface
morphologies produced on normal photocopy paper and glass sub-
strates. Our results indicated that the Pd on the paper substrate had a
larger surface area to volume ratio than the Pd on the glass substrate,
which significantly influenced the gas response of the hydrogen sensor.
The Pd microfiber network with nano-scale thickness on the paper
substrate provided a rapid and linear gas response. The hydrogen sensor
based on a pure Pd microfiber network exhibited a reversible and re-
producible response to hydrogen concentrations as low as 100 ppm. The
response time of the hydrogen sensor was reduced from 140 s to 42 s by
increasing the hydrogen concentration from 100 ppm to 10,000 ppm.
The simple, inexpensive, and rapid fabrication process employed in this
study may facilitate the mass production of sensors. The manufacture of
a hydrogen sensor on normal photocopy paper has potential applica-
tions in biodegradable and flexible products, such as in Internet of
Things wearable sensors and biomedical sensors [15,16]. In future re-
search, we will investigate the production of multilayer nanofiber
substrates using electrospinning technique [17–19] to further increase
the surface area to volume ratio in order to obtain a greater and more
rapid gas response.

Data availability

The raw/processed data required to reproduce these findings cannot
be shared at this time due to technical or time limitations.

Fig. 5. Changes in the resistance of the hydrogen sensor with specific hydrogen concentrations.

Fig. 6. Gas responses (with standard deviation, N= 5) versus hydrogen con-
centration for the sensors on glass and photocopy paper substrates.

Fig. 7. Response time (Trs) and recovery time (Trc) for the hydrogen sensors
(on glass and photocopy paper substrates) at various hydrogen concentrations.

Table 1
Comparison with other previously reported sensors.

Wang et al. [5] Lee et al. [9] Jeon et al. [13] Walia et al. [14] Our previous work [6] This work - 1 This work - 2

Fabrication Complex Simple Complex Complex Simple Simple Simple
Material PdeAg Pd Pd Pd PdeY Pd Pd
Substrate Porous alumina substrate SiO2/Si SiO2/Si SiO2 Glass Glass Paper
Thickness 200 nm 100 nm 20 nm ∼50 nm 19.3 nm 60 nm 60 nm
Response time (Concentration) 10–20 s (2%) 130 s (1%) ∼7 s (1%) ∼44 s (1%) 83 s (4%) 47 s (1%) 42 s (1%)
Recovery time (Concentration) 60 s (2%) – – ∼101 s (1%) 210 s (4%) 186 s (1%) 165 s (1%)
Gas Response (Concentration) 1.5% (2%) ∼5% (1%) 3.83% (1%) ∼3% (1%) 18.67% (0.5%) 1.26% (1%) 2.13% (1%)
Minimum detection limit 2% 0.6% 0.05% 0.02% 0.05% 0.01% 0.01%
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Abstract

To improve the hydrogen detection performance, a flexible palladium-based hydrogen sensor was designed and fabricated
on normal photocopy paper. The paper substrate offers advantages such as light weight, low cost, flexibility and unique
surface texture. A conventional vacuum evaporation technique was utilized for 60 nm palladium deposition on the
paper and glass substrates. The unique surface texture of the paper effectively increased the surface area to volume
ratio for the sensing element, which achieved a higher gas response with faster speed than the glass-based sensor. In
addition, we investigated the temperature impacts on sensing performance of the paper-based hydrogen sensor at room
temperature and 50oC. Furthermore, the flexibility test results of the paper-based hydrogen sensor showed that the
sensing performances were impervious to mechanical bending of 5.7 degrees.

Keywords: Flexible H2 sensor, Microfiber networks, Normal photocopy paper, 1.5-Dimension

1. Introduction

The inescapable exhaustion of fossil fuel reserves has
led to a deep interest in alternative and renewable energy
resources [1]. Hydrogen (H2), as a clean, affordable and
environmentally friendly energy carrier, is a potential re-5

placement for fossil fuels. Consequently, the problem of de-
pleting fossil fuels can be addressed with H2 wide-ranging
applications, such as H2 fuel cells [2], propulsion systems,
and H2-fueled cars [3]. However, H2 is a highly flammable
gas and detonates when its concentration is over 4% in air;10

and it is also colourless, odourless and tasteless. These
properties of H2 make the safety of hydrogen applications
to be a serious consideration. Therefore, a fast, inexpen-
sive, and reliable detection device of H2 gas is required to
avoid the hazard of H2-based applications [3].15

Conventionally, the most economically available H2 de-
tection devices are metal-oxide based, such as tungsten
oxide sensors [4, 5], and tin oxide sensors [6]. While they
have an acceptable lifetime, they have poor H2 selectiv-
ity, and require a high operational temperature during the20

gas detection process. In the recent decade, palladium
(Pd) and its alloy [7–9] have been presented as a superior
sensing material compared with metal-oxide, which lead
to high sensitivity and selectivity of H2 at room temper-
ature. Although the detection performance of Pd alloy25

is better than pure Pd, the fabrication process is com-
plex and expensive [10–12]. In order to achieve a low-cost,
fast-response, high-sensitivity H2 sensing, pure Pd is the

∗Corresponding author
Email address: y.zhu@griffith.edu.au (Yong Zhu)

practicable sensing material for H2 leakage detection and
concentration measurement.30

Although pure Pd has high sensitivity and selectivity
to H2, the pure Pd thin film H2 sensor has two major prob-
lems: surface peeling off and slow response. These prob-
lems are significant matters for practical applications. To
address these issues, the low-dimensional nanostructured35

Pd-based H2 sensor has been a promising research topic in
the last few decades [1, 3, 12, 13]. The nanosized Pd sens-
ing element can inhibit its crystal defects, and improve
the mechanical strength of the film. Therefore, the Pd
thin film H2 sensor is able to avoid the peeling off phe-40

nomenon. In addition, the nanosized Pd-based H2 sensor
also provides a faster response and higher resolution, ow-
ing to the high surface area to volume ratio [14–16].

Recently, researchers have presented various Pd nanos-
tructures for H2 gas detection devices [1, 3, 13, 17]. Kim et45

al. [1] reported that a nanostructured Pd-based H2 sensor
using anodic aluminium oxides (AAOs). The AAOs tem-
plate was applied to form nanoporous Pd film, which led to
enhancing the surface area of the sensing layer and improv-
ing the performance of the H2 sensor. However, the sensor50

was not impressive in its sensitivity. A Pd wire network-
based hydrogen sensor on glass was presented by Walia et
al. [17]. The research indicated that the Pd wire network
was implemented with the crackle lithography technique,
which was able to fabricate the microsized crackles on the55

glass. Because this novel fabrication technique was uti-
lized, the reaction interface of Pd and H2 molecules was
increased, and thus achieved high sensitivity and fast re-
sponse. Lim et al. [3] investigated a flexible Pd-based H2

sensor with high sensitivity and short response time. The60

1
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Pd nanowires were fabricated by using the nanoimprint
lithography technique, and then the nanowires were trans-
ferred to a polycarbonate substrate. Overall, the aforesaid
nanostructured Pd-based H2 sensors were fabricated by
using advanced fabrication techniques to achieve the large65

surface area to volume ratio of Pd, however the processes
were complex and/or costly [13, 18, 19].

In the present work, a low-cost and flexible Pd-based
H2 sensor is designed, fabricated and characterized. In or-
der to enhance the H2 detection performance of the sensor,70

the surface texture of the normal photocopy paper (NPP)
is effectively utilized to achieve low dimensional nanos-
tructures in this investigation. The 60 nm Pd thin film is
coated on the NPP by using the vacuum evaporation sys-
tem, and the characterization of the microfiber networks75

sensing layer is analyzed by a scanning electron micro-
scope (SEM). The combination of the 2-dimensional (2D)
nanosized sensing layer and 1D microfiber networks can
form a 1.5D (quasi-1D) sensing structure, thereby signifi-
cantly increasing the surface area to volume ratio. Thanks80

to the conventional fabrication process and the ubiquitous
substrate, the sensor offers advantages such as simple fab-
rication, low cost, flexibility, light weight, and mass pro-
duction. The presented H2 sensor is capable of detecting
the low concentration of 100 ppm H2, and has a short re-85

sponse time of 12 seconds when exposed to 10,000 ppm H2

at room temperature. In addition, the temperature effect
and bending effect of the sensor were investigated during
the experimental testing process.

2. Design and Experiment90

The process flow for the fabrication of the Pd microfiber
networks H2 gas sensor is illustrated in Figure 1.The vac-
uum evaporation technique is utilized to deposit pure Pd
thin film on the surface of the NPP (A4/80gsm, Paper
Australian Pty Ltd.) substrate. Because of the surface95

texture of the NPP substrate, the Pd microfiber networks
are formed on the NPP substrate. Thus, the large surface
area to volume ratio of the sensing element is achieved ac-
cording to the microfiber morphology of the NPP. More-
over, the NPP is a low-cost, flexible, light, and ubiquitous100

material for the substrate of the H2 sensor.
The facile fabrication process flow of the H2 sensor is

schematically described in Figure 1. First, dust on the
surface of the NPP was removed by using a high-pressure
nitrogen gun. Then, Pd with a purity of 99.95% was de-105

posited on the NPP surface by employing a vacuum evap-
oration system (VPC-260, ULVAC Technologies, Inc.) to
form the microfiber networks structure with high density
(superficial density) Pd layer. High film density is a criti-
cal parameter to improve the mechanical properties of the110

Pd film, and the adhesion to the substrate. To fabricate
the superior mechanical property and smooth surface of
the Pd thin film, the film deposition system was operated
under a vacuum of 2.0 × 10−5 Torr, and a current of 90

Figure 1: Flow chart for fabrication of the Pd microfiber networks
H2 gas sensor on normal photocopy paper (NPP).

amperes. For sensing performance comparison and thick-115

ness reference purpose, a microscope cover glass slip was
chosen to be placed adjacent to the NPP substrate. The
glass was cut into the size of 20 mm by 5 mm, cleaned
in ethanol for 10 minutes in an ultrasonic bath, and then
dried using a high pressure nitrogen gun. With the same120

evaporation conditions, 60 nm Pd thin films on the NPP
and glass substrates were achieved after 3 minutes of de-
position time. The Pd thin film on NPP substrate was
cut into pieces of 20 mm by 5 mm after the whole NPP
substrate was transferred out of the vacuum evaporation125

system. Finally, the electrodes were made on the edges of
sensors with silver epoxy.

The H2 sensor testing was implemented by placing the
sensors in a sealed quartz tube (gas chamber) and connect-
ing the sensors with measurement circuitry using soft gold130

wires, as illustrated in Figure 2.Pure nitrogen and 1% H2

gas were connected to the mass flow controller (MFC), and
the H2 concentration was controlled by the MFC. The gas
flow rates of MFCs were controlled to obtain various H2

concentrations of 100 ppm, 2,000 ppm, 4,000 ppm, 6,000135

ppm, 8,000 ppm and 10,000 ppm for the sensor character-
ization.

Figure 2: Schematic diagram of the H2 sensor testing system.
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Before the sensing experiments, pure nitrogen was fed
into the chamber for 10 minutes to remove all the residual
gases. During H2 concentration measurement, the mixed140

gas flow rate at the inlet of the gas chamber was set at
100 standard cubic centimetres per minutes (SCCM). Each
concentration of H2 was flowed into the gas chamber for
300 seconds and was cut off for 300 seconds for recovery
while nitrogen gas was flowing. To convert the resistance145

change of the sensor to voltage readings, a voltage divider
was employed in the measurement setup. The applied DC
voltage (E ) was 1 V and the standard resistor (R) was set
to be 2 KΩ and 220 Ω to match the resistances of NPP and
glass-based sensors, respectively. In real-time, the voltage150

change of R was recorded by a digital multimeter once
per second and logged into a computer while the H2 sen-
sor was exposed to different concentrations of H2. All the
tests of the NPP-based hydrogen sensor were carried out
under three different conditions, including room temper-155

ature, 50oC, and bending at room temperature. The gas
response (G) of the H2 sensor was described as shown in
Equation (1):

G =
RH −RN

RN
× 100% =

∆R

RN
× 100% (1)

Where RN and RH are the sensor resistance in nitrogen
and after the mixed H2 gas injection, respectively. The160

range of the H2 concentration was from 100 ppm to 10,000
ppm.

3. Results and Discussion

A scanning electron microscope (SEM) was used to im-
age the surface morphology of the NPP-based H2 sensor.165

To avoid charging effects during SEM imaging, it was nec-
essary to connect the surface of the Pd thin film to the test-
ing platform with double-sided carbon tape. The surface
morphology images of the NPP-based H2 sensor are pre-
sented in Figure 3 with two different magnification. The170

network structure of multilayer microfiber is clearly shown
in Figure 3(a); and up to approximate 30 µm in diameter
of the Pd microfiber can be observed in Figure 3(b). The
combination of the nanosized sensing layer and microfiber
networks can improve the surface area to volume ratio ow-175

ing to the transformation from 2D to 1.5D structures. The
detailed analysis will be discussed later in this section.

The response time, recovery time and gas response of
the Pd-based H2 sensor when exposed to various H2 gas
concentrations are illustrated in Figure 4. The response180

time is defined as the time needed to change the resistance
of the sensor from the initial value to 90% of the final
stable value, whereas the recovery time is defined as the
time needed to change the resistance from the stable value
to 10% of it.185

As well known, 4% H2 concentration is a critical value
for H2 gas to be explosive. Due to the safety considera-

Figure 3: Scanning electron microscopy (SEM) images of 60 nm Pd
microfiber networks coated on the NPP. Zoom in (a) 300 times; (b)
900 times.

tion, the maximum H2 concentration was set at well be-
low 4% all the time. Figure 4(a) represents the response
times of the H2 sensor with the glass and NPP substrates190

when exposed to specific concentrations from 100 ppm to
10,000 ppm. For instance, the resistance of the glass-based
H2 sensor rose quickly when exposed to 10,000 ppm H2,
and its resistance reached 90% of the final stable value
within 47 seconds. The large surface area to volume ratio195

of the H2 sensor was attained because the nanosized Pd
thin film was coated on a flat glass substrate. Therefore,
the glass-based H2 sensor was able to provide the fast re-
sponse speed. On the other hand, as shown in Figure 4(a),
NPP-based H2 sensor achieved much shorter response time200

of 12 seconds at 10,000 ppm H2. The 1.5D surface mor-
phology of the NPP is an effective means to further im-
prove the surface area to volume ratio of the Pd thin film,
as shown in Figure 5.

The principles of absorption and desorption are same205

for glass-based and NPP-based H2 sensors. In terms of
the distinctive interaction between Pd and H2 gas, the
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Figure 4: Performance of the H2 sensor. (a) Response time, (b) recovery time, and (c) gas response for the sensor on a glass substrate, NPP
substrate, and bending condition, at H2 concentration from 100 ppm to 10,000 ppm. (d) The photographs of NPP-based H2 sensor under
normal and bending conditions.

Figure 5: Cross-sectional view of surface morphology for the glass
and NPP substrate. (a) and (b) are the sensing mechanisms of the
glass-based and NPP-based H2 sensors, respectively.

H2 partial pressure changes along with the absorption and
desorption processes of the Pd-based H2 sensor when ex-
posed to H2 gas [20]. During the absorption process, the210

H2 partial pressure of the outside of the Pd thin film is
higher than the inside of the sensing element, leading to
hydrogen atoms diffusion into the Pd thin film. Based on
this phenomenon, the Pd-H hydride is formed and results
in the Pd physical properties changes, involving mass, vol-215

ume and electrical resistance. When the Pd-based H2 sen-
sor is exposed to air or nitrogen, the H2 partial pressure in
the Pd thin film is higher than that on the surface, which
causes the desorption occurrence [21].

As presented in Figure 5, the NPP-based H2 sensor is220

capable of achieving higher detection performance com-
pared with the glass-based sensor, and the reason can be
explained by the following equations. The surface area to
volume ratio of the Pd thin film on the glass substrate is
inversely proportional to its thickness, as shown in Equa-225

tion (2).

(A/V )Glass =
A

A×HPd
=

1

HPd
(2)

Where (A/V )Glass is the surface area (A) to volume
(V ) ratio, and HPd is the thickness of the Pd film on the
glass substrate.

During the Pd deposition process, the flat Pd thin film230

with the average thickness of HPd was coated on the glass
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substrate, as shown in Figure 5(a). However, the thickness
of the Pd thin film on NPP’s microfiber was not uniform
during the same deposition conditions: the Pd film on the
side wall of the fiber was thinner than that on the top235

and bottom, as presented in Figure 5(b). In that case,
we presumed the thickness of the Pd film on the top and
bottom of the fiber was HPd, the side part was HS . Thus,
the surface area to volume ratio of the Pd thin film on
NNP substrate, (A/V )NPP , can be defined as Equation240

(3)

(A/V )NPP =
ATB +AS

ATBHPd +ASHS
(3)

Where ATB is the total surface area of the top and
bottom parts; and AS is the total area of side wall. HS

is the film thickness of the side wall. Because (HS-HPd)
is less than zero, thus Equation (3) can be simplified as245

presented as Equation (4).

(A/V )NPP =
1

HPd + AS

ATB+AS
(HS −HPd)

>
1

HPd
(4)

Combination of Equations (2) and (4) indicates that
the NPP-based H2 sensor has a larger surface area to vol-
ume ratio than glass-based. Thus, the 1.5D network struc-
ture of Pd microfibers with larger surface area to volume250

ratio was formed after Pd coated the surface of the NPP,
which led to increasing the reaction interface of the Pd
and H2 molecules. Therefore more diffusion pathways of
atomic hydrogen were provided on the surface of Pd thin
film. As a result, the gas response speed can be improved.255

The recovery times of the NPP-based and glass-based
H2 sensors are presented in Figure 4(b), the recovery speed
of both H2 sensors are also affected by the types of the
substrates. The hydrogen atoms in NPP-based H2 sensor
were fully released to the chamber within 117 seconds for260

10,000 ppm H2, which was about 60 seconds faster than
the glass-based sensor. In addition, the larger surface area
to volume ratio of the Pd thin film can have smaller trans-
verse dimensions, therefore the more hydrogen atoms can
be absorbed in the interstitial sites of the Pd lattice [22].265

Thus, more electron scattering in Pd decreases the mo-
bility of electrons, and the resistance of the Pd-based H2

sensor is increased. This indicates that the larger surface
area to volume ratio of the Pd-based H2 sensor has a higher
gas response, as proved in Figure 4(c). At H2 concentra-270

tions of 100, 2,000, 4,000, 6,000, 8,000 and 10,000 ppm,
the gas responses of the NPP-based H2 sensor were 0.55,
1.37, 1.75, 1.94, 2.10 and 2.25%, respectively. By com-
parison, the gas response of the sensor based on the glass
substrate was 1.25% for 10,000 ppm H2, which was 44.4%275

lower than that of the NPP-based H2 sensor at the same
H2 concentration. This validated that the NPP based sen-
sor has a higher surface area to volume ratio as discussed
in this section.

Apart from the microfiber texture, the NPP substrate280

has many other advantages over the glass substrate, for
example its flexible property. To investigate the flexibil-
ity performance of the NPP-based H2 sensor, the bending
test was implemented, as shown in Figure 4(d). For com-
parison purpose, the bending test of the H2 sensor was285

based on the same NPP-based hydrogen sensor. The NPP
based sensor was bended by 5.7 degrees (1 mm above the
platform) as shown in Figure 4(d). The response time,
recovery time and gas response of the bended NPP-based
H2 sensor with the H2 concentrations from 100 to 10,000290

ppm are included in Figure 4(a), (b) and (c), respectively.
Evidently, there were not obvious discrepancies in the re-
sponse time, recovery time, and gas response before and
after the NPP-based H2 sensor was bended. Therefore, it
implies that the NPP-based H2 sensor is suitable for flexi-295

ble sensing applications without performance degradation.
The working temperature of sensors has been confirmed

to be a significant factor effecting sensor performances.
As shown in Figure 6, the response time, recovery time,
and gas response of the NPP-based H2 sensor were plot-300

ted during exposure to 100-10,000 ppm hydrogen at room
and high temperature (25oC and 50oC). Theoretically, the
movement of gas atoms increases with the increase of tem-
perature, especially for hydrogen with small molecular mass
[10]. Thus, the absorption and desorption rates increase305

at higher temperatures, resulting in shorter response time
and recovery time, as proved in Figure 6(a) and (b). How-
ever, lower gas response was obtained when temperature
was increased from room temperature to 50oC, as pre-
sented in Figure 6(c). In addition, the standard deviations310

of the gas responses for the NPP-based H2 sensor at room
temperature and 50oC were less than ±0.05% and ±0.03%,
respectively. Therefore, the high repeatability and stabil-
ity of the sensor were proved at both detection tempera-
tures. To investigate the gas response details at same H2315

concentration and different temperatures, the gas response
curves were redrawn with the same starting time, as plot-
ted in Figure 6(d). The gas response of the NPP-based H2

sensor has decreased from 2.25% to 1.98%. The unique re-
lationship can be explained by Sieverts’ Law, which states320

that the logarithm of H2 solubility increases linearly with
the decreased temperature under the specified H2 partial
pressure [1, 7, 8].

The detailed relationship between the gas response and
H2 concentration can be also clarified by Sieverts’ Law in325

Equation (5)

(
H

Pd
) = KH × P

1/2
H2

(5)

where (H /Pd) is the concentration of the H2 dissolved
in the Pd thin film (equilibrium condition), KH is the
Sieverts’ constant, and P(H2)is the H2 partial pressure on
the Pd thin film.330

As depicted in Equation (5), the ratio of the dissolved
hydrogen to palladium atoms is dependent on the square
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Figure 6: Gas sensing performances of the NPP-based H2 sensor at 25oC and 50oC. (a) response time, (b) recovery time, (c) gas response
with standard deviation, N = 3, and (d) the gas response curve for the NPP-based hydrogen sensor at a H2 concentration of 10,000 ppm.

Figure 7: The gas response of the NPP-based H2 sensor versus square
root of H2 partial pressure at different temperatures.

root of the H2 partial pressure (H2 concentration in this
experiment). The change of this ratio leads to a propor-
tional gas response (G), as reported in [13, 20]. Using the335

experimental data in Figure 6(c), the H2 partial pressure
(From H2 concentrations >100 ppm) versus the gas re-
sponse relationships at different temperatures are plotted
in linear curves, as shown in Figure 7. Specifically, the cal-
culated value of KH is reduced from 0.1566 to 0.1255 when340

temperature is increased from 25oC to 50oC. According to
Sieverts’ Law, the lower value of KH can reduce the gas re-
sponse at the same concentrations. Therefore, as shown in
Figure 6(c), the gas response is reduced when temperature
increases.345

4. Conclusions

This paper presents the superior gas sensing perfor-
mance of a Pd microfiber networks H2 sensor which was
fabricated using a simple vacuum evaporation technique.
The networks of the 60 nm Pd microfibers were formed350

on a NPP substrate, which was capable of improving the
surface area to volume ratio of the Pd thin film. The ex-
perimental results indicated that the performance of the
NPP-based H2 sensor was better than the glass-based sen-
sor during the same detection conditions. This sensor pre-355

sented a fast response of 12 seconds and high gas response
of 2.25% at 10,000 ppm H2. Comparatively, our sensor
has a higher gas response than Wang’s work [10], and more
rapid response compared with Walia [17] and Lee [20]. The
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response time and recovery time was reduced at the high360

temperature, but the gas response was decreased. On the
other hand, Its detection performances were unaffected by
mechanical bending. Therefore, the NPP-based H2 sensor
is flexible and suitable for room temperature H2 leakage
detection. In addition, the advantages of the present sen-365

sor include simple fabrication, low cost, flexibility, light
weight, and mass production.
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Chapter 6. The Effects of Temperature, Mechanical Bending, Thickness on The Detection of
Hydrogen by Palladium Microfiber Networks

6.3 Graphite on Paper as A Substrate for Fast

and Sensitive Palladium-Based Hydrogen Sen-
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Abstract

To stabilize the output of the palladium-based hydrogen sensor on paper substrate, a graphite buffer layer was introduced
on the paper surface. The graphite on paper (GOP) offers advantages such as better adhesion, low cost, and rough surface
texture. Palladium thin films with various thicknesses (8 nm, 60 nm and 92 nm) were deposited on the GOP substrates
using a general vacuum evaporation technique. Thanks to the unique property of the GOP substrate, a continuous
palladium microfiber networks structure appeared after the ultra-thin palladium film was deposited. The surface area to
volume ratio was increased because of the surface texture of GOP substrate, which in turn improved the hydrogen sensing
performance of these hydrogen sensors. At room temperature, the gas response and response time were improved when
film thickness decreased. At 50oC, the response time of the 8 nm Pd H2 sensor was 4.3 seconds, and the gas response
was 7.1%.

Keywords: Graphite on paper, Hydrogen sensor, low-dimensional, Microfibers networks, Palladium

1. Introduction

Hydrogen (H2) gas has a wide range of applications, in-
cluding in spaceships, commerce, propulsion systems [1],
H2 fuel cells [2], and H2-fueled cars [3]. Furthermore, it is
also used widely in scientific research and industrial man-5

ufacturing. As a clean, economical and environmentally-
friendly energy carrier, H2 has the potential to replace
fossil fuels [4]. Hence, the problems of air pollution and
greenhouse gas emissions can be addressed. Although H2

is a clean form of energy in our daily life, it explodes when10

its concentration is over 4% in air. Due to the proper-
ties of H2, the leaked H2 is not possible to be detected
by human senses. In order to use H2 with safety, a rapid,
economical, reliable, and feasible H2 detection and mea-
surement device is generally required for all the H2-based15

applications. Typically, the metal-oxide based H2 sensors
[5–7] are the devices available on the market, which have
been employed in H2 detection and measurement. How-
ever, those H2 sensors do not present the same superior
sensing performance as Pallidum (Pd)-based H2 sensors20

[8–11].
Pd and its alloys have been reported as excellent sens-

ing materials for H2 detection and measurement, which
present a higher sensitivity and selectivity of H2 at room
temperature. While Pd alloys show a better property for25

H2 sensing and inhibition of α to β phase transition [9],
the alloy deposition process is complicated and costly. To

∗Corresponding author
Email address: y.zhu@griffith.edu.au (Yong Zhu)

achieve a higher H2 sensing performance, pure Pd H2 sen-
sors with a low-dimensional structure had been investi-
gated for H2 leakage detection and concentration measure-30

ment [4].
Low-dimensional pure Pd H2 sensors have been a sig-

nificant subject for research and application in the last few
decades [3, 8, 11–19]. Because they can provide a larger
surface area to volume ratio and shorter diffusion path,35

the response time, recovery time, gas response of these
H2 sensors can be improved significantly. Recently, vari-
ous low-dimensional Pd H2 sensors have been reported by
several researchers [1, 12, 18, 20]. Kim et al. [18] demon-
strated that a nanosized nanoporous Pd film was formed40

using anodic aluminum oxides (AAOs) template with a
microelectromechanical system (MEMS) fabrication tech-
nique. The unique template allowed the deposited Pd thin
film to have a larger surface area to volume ratio than a
flat Pd thin film, which led to improving the sensing per-45

formance of the H2 sensor. Although it possessed a large
surface area to volume ratio, the gas response and response
time were unsatisfactory and the fabrication process was
complicated. To further develop the low-dimensional Pd
H2 sensors, a single Pd nanowire was reported by Offer-50

mans et al. [20]. The H2 sensor showed a faster response
and higher gas response when exposed to H2. While the
lower-dimensional Pd nanowire provided a larger surface
area to volume ratio then thin film, the fabrication was
complex and uncontrollable. The research group of Zeng55

et al. [1, 12] was focused on the investigation of the net-
works of ultrasmall Pd nanowires on filtration membranes.
This particular Pd nanowires networks structure was sim-

Preprint submitted to Sensors and Actuators B: Chemical October 18, 2019

132



ply formed after Pd deposited on the surface of the expen-
sive filtration membranes. Because the Pd ultra-thin film60

was directly deposited on the rough surface, the broken
Pd nanowires induced an unstable sensing performance
when it was exposed to high H2 concentrations. Conse-
quently, a chromium (Cr) layer was deposited in between
the substrate and Pd thin film to modify the Pd-substrate65

interaction, which in turn reduced the critical thickness of
the Pd layer required to form a continuous Pd nanowires
networks [1].

In this paper, we also found the unstable sensor per-
formance due to the broken Pd microfibers when 8 nm70

Pd ultra-thin film is coated directly on the paper. To ad-
dress this issue, a graphite layer was coated on the normal
photocopy paper to produce a graphite on paper (GOP)
substrate [21]. Based on the surface texture of GOP sub-
strate, the ultra-thin (≤10 nm) and thin (≤100 nm) con-75

tinuous Pd microfiber networks were formed by using a
conventional vacuum evaporation technique. The surface
morphology of the quasi-1-dimensional (1.5D) Pd sensing
layer was clearly observed by a scanning electron micro-
scope (SEM). The effect of thickness and temperature on80

H2 sensing performance of the Pd-based H2 sensor based
on GOP substrate were also considered and determined in
this study.

2. Design and experiment

It is well known that the paper (A4/80gsm, Paper Aus-85

tralian Pty Ltd.) possesses several advantages, including
low-cost, lightweight, and ubiquitous. Hence, as the sub-
strates of the H2 sensors in this study, those advantages
can contribute to the investigation and development of the
Pd-based H2 sensors. A thin graphite layer is painted on90

the surface of the paper substrates to produces the GOP
substrate. Subsequently, the pure Pd layers with thickness
of 8 nm, 60 nm, and 92 nm are deposited on the surface of
the GOP substrates, respectively. The physical property
of graphite allows it to be coated on the paper substrate95

by hand without damaging the surface texture. There-
fore, the 1.5D structure of Pd microfiber networks can be
formed on the substrate after the deposition process, which
in turn provides a larger surface area to volume ratio. In
this context, the H2 sensor can be improved on its sensing100

performance.
The simple step-by-step fabrication process of the H2

sensor is briefly described in Figure 1. The most crucial
step before the sensor fabrication process was to clean and
remove the surface dust on the paper by using a high-105

pressure nitrogen gun (Figure 1(2)). To acquire a ho-
mogenic graphite layer on the surface of paper, it was nec-
essary to paint the graphite on a large surface area of the
paper in the same conditions. Soft graphite is the primary
material in a 5B pencil, which was utilized for coating the110

graphite layer on the surface of the paper. However, the
GOP substrate was formed with excessive graphite debris

Figure 1: Schematic illustration of the fabrication steps of the Pd
microfibers networks H2 sensor based on GOP substrate.

remaining on the surface. Therefore, the debris were re-
moved by using a high-pressure nitrogen gun. This treat-
ment allows the Pd thin film to have a high-quality adhe-115

sion to the surface of GOP during the deposition process
(Figure 1(3)). Prior to the Pd deposition, the GOP was
cut into pieces of 20 mm by 5 mm in size as the indi-
vidual substrates for the H2 sensors. The Pd metal wire
with a purity of 99.95% was placed on the molybdenum120

boat in a vacuum evaporation system (VPC-260, ULVAC
Technologies, Inc.). This system was utilized to achieve
a high film density (superficial density), which leads to
the improvement of the mechanical property of Pd thin
film. In order to investigate the film thickness effects on125

the sensor performance, four different thicknesses of Pd
films were deposited on the substrates under vacuum of
3.8 × 10−5 Torr and current of 90 amperes. The deposi-
tion times of the thickness of 8 nm, 60 nm, and 92 nm were
different and controlled according to the deposition rate.130

Subsequently, the Pd microfiber networks structure with
different film thicknesses were formed on GOP substrates
after the deposition process (Figure 1(4)). For the sensing
performance comparison, an 8 nm pure Pd thin film was
also deposited on the surface of paper substrate without135

the graphite under the same evaporation conditions. Fi-
nally, the silver electrodes were made on the edges of the
sensors by using silver epoxy (Figure 1(5)).

The fabricated sensors with various thicknesses of Pd
film were placed into a sealed quartz tube (gas chamber)140

for H2 detection and concentration measurement. Due to
the resistive detection mechanism of the Pd-based H2 sen-
sor, the sensor can be regarded as a variable resistor con-
nected to a simple voltage divider circuitry, as illustrated
in Figure 2. The mass flow controller (MFC) was em-145

ployed to control the flow rates of pure nitrogen and 1%
H2 gas, obtaining various H2 concentrations. In this re-
search, concentrations of 100 ppm, 2,000 ppm, 4,000 ppm,
6,000 ppm, 8,000 ppm, and 10,000 ppm were applied for
the performance evaluation of the sensors.150

In this paper, there were four different thicknesses of
Pd film on GOP substrates, and one reference sample on
the paper substrate. In order to obtain reasonable evalua-
tion of the performance for these H2 sensors, they must fol-
low the same test steps and conditions, separately. When155

the sensor was placed into the chamber, pure nitrogen gas
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Figure 2: Schematic diagram of a simple H2 measurement circuitry.
The inset shows the testing system of the H2 sensor.

was firstly fed into the chamber for approximately 10 min-
utes to remove the remaining gases in the chamber. The
flow rate of the mixed H2 gas was kept at a constant of
100 standard cubic centimetres per minutes (SCCM) for160

H2 testing process. To investigate the repeatability dur-
ing each test, each H2 concentration was kept for three
cycles, and each cycle was set to 600 seconds. Each cycle
included 300 seconds for the interaction of the thin film
with mixed H2 gas, and 300 seconds for sensor recovery.165

As shown in Figure 2, based on the simple H2 measure-
ment circuity, the changes in sensor resistance (Rs) with
different H2 concentrations were converted directly to the
changes of measured voltage (V ), which was the final data
for collection. To minimize the self-heating effect during170

testing, the applied DC voltage source, E was chosen to
be fixed at a low voltage of 1 V. The standard resistance,
R was adjusted to be similar with the initial resistance
of each H2 sensor, ensuring a linear sensor response. To
obtain accurate data, the measured voltage was recorded175

by a digital multimeter once per second and logged into
a computer while the sensor was exposed to each H2 con-
centration. Furthermore, the effect of the ambient tem-
perature on the sensing performance was also considered
in this paper. Hence, the tests of the H2 sensors were sep-180

arately carried out at room temperature and 50oC. The
expression of the gas response (S ) was given by;

S =
RH −Ro

Ro
× 100% (1)

where RH and Ro are the sensor resistance on exposure to
H2 and nitrogen, respectively. All the measurements were
respectively carried out with the H2 concentrations of 100185

ppm, 2,000 ppm, 4,000 ppm, 6,000 ppm, 8,000 ppm, and
10,000 ppm.

3. Results and discussion

The surface morphology of the deposited Pd thin film
on GOP substrate can be observed by a scanning electron190

microscope (SEM). The microscopic surface images of the
texture detail are presented in Figure 3.

The continuous Pd microfiber networks structure is
formed and clearly presented in Figure 3(a). The average
diameter of the Pd microfibers is approximately 30 µm,195

which can be observed by SEM image in Figure 3(b). The
structural characteristics are the key factors to determine
the dimensions of the materials. For instance, thin film
and nanowire are defined as a 2-dimensional (2D) struc-
ture and 1-dimensional (1D) structure, respectively [22].200

Based on these principles, the nanosized Pd thin film com-
bined with the surface texture of GOP substrate can be re-
garded as 1.5D (quasi-1D) structure. This low-dimensional
nanostructure contributed to the improvement of H2 sens-
ing performance, due to the large surface area to volume205

ratio. The detailed performance of the H2 sensor was fur-
ther analyzed and discussed later in this section.

For the purpose of comparison, a reference H2 sensor
with an 8 nm Pd thin film directly deposited on the paper
substrate (no graphite layer) was investigated firstly. As210

observed in Figure 4, the resistance change of the reference
sensor presented an unstable detection curve, having two
peaks when H2 was turned on and off. According to Figure
3, the surface morphology of the paper substrate showed
high surface roughness. Therefore, after ultra-thin (8 nm)215

Pd was deposited on the surface of the paper substrate,
discontinuous microfibers may coexist with the continu-
ous Pd microfibers. After H2 was turned on, initially the
resistance of the reference sensor increased sharply due
to the absorption of H2 in the continuous Pd microfibers.220

However, when the Pd lattice in the discontinuous mi-
crofibers was expanded enough to close the gaps between
microfibers, the resistance was decreased, as shown in Fig-
ure 4.

The similar response behaviour was found when H2225

was turned off. When the absorbed H2 was released from
Pd, the touched microfibers were shrunk to the initial dis-
continued state, thereby reopening the gaps between mi-
crofibers. Hence, the resistance of the reference sensor
increased significantly to the second peak, as shown in Fig-230

ure 4. Then, the resistance decreased as a result of the H2

released from the continuous Pd microfibers [12–14]. Al-
though the thinner Pd film can provide a faster response
and higher sensitivity, the unstable detection curve due to
the discontinuity in the Pd microfiber is a critical issue235

that needs to be addressed. Chromium (Cr) has been in-
vestigated as a buffer layer and utilized to realize the con-
tinuous ultra-thin Pd micro/nanofibers, due to its superior
adhesion to the substrate, large resistance, and insensitive
to H2 [5]. In comparison, graphite is a much lower cost and240

commonly-available material, which could replace Cr as a
buffer layer. Therefore, the addition of a graphite buffer
was introduced in this research to modify the interaction
of Pd with the paper substrate and allow the thinner Pd
layer to form the continuous Pd microfibers on the sub-245

strate [1]. As demonstrated in Figure 4, the sensor with 8
nm Pd on the GOP (graphite on paper) substrate showed
smooth resistance changes, and unsteady detection curve
was not observed because the discontinuous microfibers
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Figure 3: SEM images of the surface of the Pd thin film on the paper substrate with coated graphite layer (GOP substrate). (a) 8 nm Pd
thin film deposited on the substrate; (b) the ×900 magnified image of (a).

Figure 4: Resistance change in 8 nm Pd on the paper substrate versus
8 nm Pd on GOP substrate when they exposed to 10,000 ppm H2 at
room temperature.

did not exist in the structure. Figure 4 also indicates that250

the 8 nm Pd on GOP substrate helps to significantly im-
prove the sensing performance, and reduce the resistance
from a few MΩ to few KΩ. Thus, graphite was proved to
be a suitable buffer layer material to increase the resistance
change stability of the H2 sensor with Pd on paper.255

The response time and gas response are the two pri-
mary parameters for the evaluation of H2 sensors. Re-
sponse time is defined as the time taken to 90% of the
total change in sensor resistance, and the gas response can
be determined through Equation (1). To investigate the260

thickness effect on the response time and gas response, the
sensors with thicknesses of 8 nm, 60 nm, and 92 nm were
implemented and tested at various H2 concentrations and
temperatures, respectively as illustrated in Figure 5 (a-c).

H2 is a well-known high explosive gas: when its con-265

centration reaches or is over 4% in air, a little spark can in-
duce a violent explosion in either applications or research.
Therefore, for safety considerations, the maximum H2 con-
centration in our sensor testing process was strictly con-

trolled to be no more than 1% (10,000 ppm). Apart from270

the H2 concentrations, the sensor output is also depen-
dent on the ambient temperature and thickness of the film
[1, 16]. As shown in Figure 5 (a-c), a comprehensive ex-
perimental investigation has been carried out to investi-
gate the effects on sensor resistance changes in response275

to three key factors of Pd film thickness, H2 concentration
and temperature. In addition, at same H2 concentration,
the correlations of the response times and gas responses
with different thicknesses of Pd film on GOP substrate
are summarized in Figure 5 (d).280

It was found that the gas response increased and the
sensor responded faster when the H2 concentration in-
creased from 100 ppm to 10,000 ppm in all cases of differ-
ence Pd thicknesses and temperatures. This phenomenon
can be explained by the Pd-H hydride formed in the Pd285

thin film due to the various absorption rates at different H2

concentrations. During the absorption process, the trans-
fer of H2 atoms in the Pd thin film can be described by two
steps: the dissociated hydrogen atoms are firstly absorbed
onto the surface of the Pd thin film, and then diffuse into290

the bulk Pd until they reach the equilibrium state [11, 16].
This principle can also be explained by using Fick’s 1st

Law in Equation (2), and Sievert’s Law in Equation (3),
as shown below;

J = −D∂CH

∂x
(2)

where J is the diffusion flux for H2 atoms in Pd thin film,295

D is the diffusivity, CH is the atomic concentration of H2

in Pd thin film, and x is the diffusion distance. In addi-
tion, the ∂CH

∂x denotes concentration gradient, which de-
pends on the concentration of the H2 dissolved in the Pd
thin film and its thickness[23]. Fick’s 1st law indicates the300

proportional relationship between the diffusion flux and
concentration gradient.

At equilibrium conditions, Sievert’s law shows the atomic
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Figure 5: H2 sensing performance with different thicknesses of Pd thin film H2 sensors based on GOP substrate at various H2 concentrations
and temperatures (room temperature and 50oC): (a) 8 nm; (b) 60 nm; (c) 92 nm; and (d) Comparison of thickness effects on sensor
performance at room temperature and 50oC (10,000 ppm concentration).

concentration of H2 in Pd thin film CH in terms of partial
pressure [9].305

CH = KH × P
1/2
H2

(3)

where KH is Sievert’s parameter, and PH2
is the partial

pressure of H2 on Pd thin film. In this experiment, the
value of CH is proportional to gas response, S [17]. H2 par-
tial pressure on the surface of Pd thin film was increased
due to the H2 concentration increase from 100 ppm to310

10,000 ppm. Thus, according to Fick’s 1st Law and Siev-
ert’s Law, the response times decreased and gas response
increased when H2 partial pressure is increased, as proven
in Figure 5 (a-c).

Figure 5 (d) summarizes the sensing performance com-315

parison at 10,000 ppm concentration with different thick-
nesses of Pd films and different temperatures. The re-
sponse times of the Pd-based H2 sensors on GOP substrate
with Pd thicknesses of 8 nm, 60 nm, and 92 nm were 9.7,
12, and 27.7 seconds, respectively. Correspondingly, the320

gas responses for the different thicknesses of Pd thin film
on GOP substrate at same conditions were 6.3%, 2.2%,
and 0.6%, respectively. For the same GOP substrate, the
thinner Pd film has a shorter H2 diffusion path, thus the
H2 diffusion flux of the Pd film relatively increases at the325

same H2 partial pressure (H2 concentration). Therefore,
the thinner Pd H2 sensor only requires a shorter time to
reach 90% of the maximum resistance. In addition, the

thinner Pd film on the same GOP substrate also offers a
larger surface area to volume ratio, causing the surface to330

have denser atomic hydrogen sites, which in turn provides
better sensitivity [12, 15].

To further improve the sensing performance of the Pd
microfiber networks H2 sensors on GOP substrates, other
parameters apart from the thicknesses were investigated.335

For example, the operating temperature was also regarded
as a significant factor which may lead to a marked change
in the sensing performance of these H2 sensors. Therefore,
to investigate the temperature effects, the aforementioned
H2 gas measurements with various Pd thicknesses were340

carried out at both room temperature and 50oC. Figure 5
(d) also illustrates the temperature effects on the response
times and gas responses of the H2 sensors at different tem-
peratures. It is known that thermal energy increases with
the increase of temperature, which leads to an increase in345

the movement of gas atoms [24]. Hence, the absorption
rate and diffusivity of hydrogen atoms in Pd thin film are
strongly promoted during the H2 absorption process at
high temperature. Thus, the response times were reduced
approximately to half of those in all three sensors with350

different thicknesses of Pd film when temperature was ele-
vated to 50oC from room temperature, as proven in Figure
5 (d).

On the other hand, the temperature effect for the gas
responses of these Pd-based H2 sensors at 10,000 ppm H2355

are more complicated. It can be discussed in two situ-

5
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ations, which are Pd thin film (92 nm and 60 nm) and
Pd ultra-thin film (8 nm), respectively. In general, the
Pd-based thin film H2 sensors are the commonly-used de-
vices for H2 detection and concentration measurement. As360

shown in Figure 5 (b, c), the gas responses of 60 nm and
92 nm Pd thin film decreased when the operating temper-
ature was increased. For example, at 10,000 ppm H2, the
gas responses of 60 nm and 92 nm Pd thin film at room
temperature were 2.2% and 0.6%, respectively. When tem-365

perature was increased to 50oC, the corresponding gas
responses were reduced to 2.1% and 0.4%, respectively.
Overall, the gas responses of the 92 nm and 60 nm Pd thin
films were reduced by 24.6% and 3.2%, respectively. This
situation can be explained by Sievert’s Law, which states370

that the logarithm of H2 solubility increases linearly with
decreased temperature under the given hydrogen partial
pressure [8, 18, 19].

By contrast, the temperature effect on gas response
in ultra-thin film sensor showed opposite trend compared375

with thin film sensor. The gas responses of the 8 nm Pd
film at two different operating temperatures and specified
H2 concentrations are shown in Figure 5 (a). The gas re-
sponse of the ultra-thin Pd film increased with the increase
in the operating temperature, which also can be verified380

through Figure 5 (d). Specifically, when it was exposed to
10,000 ppm H2, the gas response of the 8 nm Pd film H2

sensor on GOP substrate was 6.3% at room temperature,
while that of the sensor was 7.1% at 50oC. From room
temperature to 50oC, the gas response of the 8 nm Pd385

film at 10,000 ppm H2 rose by 11.5%. The same situation
was also found in other research groups [16, 25], which can
be explained by two Palladium-hydrogen phases: the gas
response tends to increase with increasing temperature in
α and (α+β) phase sections, but this tendency is inverted390

in β phase section [25]. Due to the clamping effect, the
ultra-thin Pd film was capable of suppressing the surface
deformation during the α to β phase transition, which in
turn the β phase was inferred to be limited [16, 17]. There-
fore, this ultra-thin continuous Pd microfibers remained in395

α or (α+ β) phase regions.

4. Conclusions

In this study, a quasi-1D (1.5D) Pd structure was pro-
posed by depositing Pd thin film on GOP substrate, which
can provide larger surface area to volume ratio compared400

to 2D thin film. A simple, low-cost, and mass-produced
fabrication process for 1.5D Pd-based H2 sensor were pre-
sented by using the paper substrate, 5B pencil, and vac-
uum evaporation technique. The graphite buffer layer on
the paper substrate formed the continuous Pd microfiber405

networks, thereby obtaining a better stability of sensor
output than the sensor without buffer layer. The thickness
effect and temperature effect for the H2 sensors were inves-
tigated through the fabrication of 8 nm, 60 nm, and 92 nm
Pd-based H2 sensors on GOP substrates. The continuous410

ultra-thin Pd microfiber networks were formed after 8 nm

Pd was deposited on GOP substrate, and it provided sta-
ble detection curve during H2 detection process. At 10,000
ppm H2 and room temperature, the gas response and re-
sponse time were 6.3% and 9.7 seconds, respectively with a415

Pd thickness of 8 nm. When temperature was increased to
50oC, the response time of the 8 nm Pd H2 sensor was re-
duced to 4.3 seconds, and the gas response was increased
to 7.1%. Both response time and gas response are ap-
proaching to those of 1D Pd-based H2 sensors [3, 12, 20],420

whereas the proposed 1.5D sensors in this work have much
lower cost, simpler and faster fabrication process.

Acknowledgements

The authors would like to thank professor Hiroshi Kub-
ota, faculty of engineering, Kumamoto University, Japan425

for providing micro-fabrication and characterization facil-
ities.

References

[1] X. Q. Zeng, Y. L. Wang, H. Deng, M. L. Latimer, Z. L. Xiao,
J. Pearson, T. Xu, H. H. Wang, U. Welp, G. W. Crabtree,430

W. K. Kwok, Networks of ultrasmall pd/cr nanowires as high
performance hydrogen sensors, ACS Nano. 5 (9) (2011) 7443–
7452. doi:10.1021/nn2023717.

[2] H. Görgün, M. Arcak, S. Varigonda, S. A.Bortoff, Observer
designs for fuel processing reactors in fuel cell power systems,435

Int. J. Hydrogen Energy 30 (4) (2005) 447–457. doi:10.1016/

j.ijhydene.2004.10.024.
[3] S. H. Lim, B. Radha, J. Y. Chan, M. S. M. Saifullah, G. U.

Kulkarni, G. W. Ho, Flexible palladium-based h2 sensor with
fast response and low leakage detection by nanoimprint lithog-440

raphy, ACS. Appl. Mater Interfaces 5 (15) (2013) 7274–7281.
doi:10.1021/am401624r.

[4] W. J. Buttner, M. B. Post, R. Burgess, C. Rivkin, An overview
of hydrogen safety sensors and requirements, Int. J. Hydrogen
Energy 36 (3) (2011) 2462–2470. doi:10.1016/j.ijhydene.445

2010.04.176.
[5] J. Tamaki, T. Hashishin, Y. Uno, D. V. Dao, S. Sugiyama,

Ultrahigh-sensitive wo3 nanosensor with interdigitated au nano-
electrode for no2 detection, Sens. Actuators B 132 (1) (2008)
234–238. doi:10.1016/j.snb.2008.01.027.450

[6] D. V. Dao, K. Shibuya, T. T. Bui, S. Sugiyama, Microma-
chined nh3 gas sensor with ppb-level sensitivity based on wo3
nanoparticles thinfilm, Proced. Eng. 25 (2011) 1149–1152. doi:
10.1016/j.proeng.2011.12.283.

[7] B. Wang, L. F. Zhu, Y. H. Yang, N. S. Xu, G. W. Yang, Fab-455

rication of a sno2 nanowire gas sensor and sensor performance
for hydrogen, J. Phys. Chem. C 112 (17) (2008) 6643–6647.
doi:10.1021/jp8003147.

[8] J. H. Yoon, B. J. Kim, J. S. Kim, Design and fabrica-
tion of micro hydrogen gas sensors using palladium thin film,460

Mater. Chem. Phys. 133 (2-3) (2012) 987–991. doi:10.1016/j.
matchemphys.2012.02.002.

[9] H. Song, Y. Chen, G. Zhang, Y. Liu, P. Huang, H. Zhao,
M. Yang, J. Dai, Z. Li, Optical fiber hydrogen sensor based
on an annealing-stimulated pd–y thin film, Sens. Actuators B465

216 (2015) 11–16. doi:10.1016/j.snb.2015.03.090.
[10] B. Wang, Y. Zhu, Y. Chen, H. Song, P. Huang, D. V. Dao,

Hydrogen sensor based on palladium-yttrium alloy nanosheet,
Mater. Chem. Phys. 194 (15) (2017) 231–235. doi:10.1016/j.

matchemphys.2017.03.042.470

[11] B. Wang, M. A. Rahman, Y. Nara, T. Hashishin, D. V. Dao,
Y. Zhu, Palladium microfiber network as a platform for hy-
drogen sensing applications, J. Phys. Chem. Solids 131 (2019)
50–54. doi:10.1016/j.jpcs.2019.03.018.

6

137



[12] X. Q. Zeng, M. L. Latimer, Z. L. Xiao, S. Panuganti, U. Welp,475

W. K. Kwok, T. Xu, Hydrogen gas sensing with networks of
ultrasmall palladium nanowires formed on filtration membranes,
Nano Lett. 11 (1) (2011) 262–268. doi:10.1021/nl103682s.

[13] E. C. Walter, F. Favier, R. M. Penner, Palladium mesowire ar-
rays for fast hydrogen sensors and hydrogen-actuated switches,480

Anal. Chem. 74 (7) (2002) 1546–1553. doi:10.1021/ac0110449.
[14] B. Wang, Y. Zhu, V. Huynh, M. A. Rahman, B. Hawkett,

S. Sriram, D. V. Dao, Palladium nanofiber networks hydro-
gen sensor and hydrogen-actuated switches, Sustainable Design
and Manufacturing 2018 130 (2018) 116–125. doi:10.1007/485

978-3-030-04290-5_12.
[15] K. J. Jeon, M. Jeun, E. Lee, J. M. Lee, K. Lee, P. von Allmen,

W. Lee, Finite size effect on hydrogen gas sensing performance
in single pd nanowires, Nanotechnology 19 (49) (2008) 495501.
doi:10.1088/0957-4484/19/49/495501.490

[16] Y. Lim, Y. Lee, J. Heo, H. Shin, Highly sensitive hydrogen gas
sensor based on suspended palladium/carbon nanowires fabri-
cation via batch microfabrication, Sens. Actuators B 210 (2015)
218–224. doi:10.1016/j.snb.2014.12.109.

[17] E. Lee, J. M. Lee, J. H. Koo, W. Lee, T. Lee, Hysteresis495

behaviour of electrical resistance in pd thin films during the
process of absorption and desorption of hydrogen gas, Int. J.
Hydrogen Energy 35 (13) (2010) 6984–6991. doi:10.1016/j.

ijhydene.2010.04.051.
[18] B. J. Kim, J. S. Kim, Hydrogen sensor using the pd film sup-500

ported on anodic aluminium oxide, Int. J. Hydrogen Energy
39 (29) (2014) 16500–16505. doi:10.1016/j.ijhydene.2014.

05.071.
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7.1 Conclusion

This thesis investigated the rational micro/nanofabrication and design in low-dimensional

structural palladium-based hydrogen sensors, which in turn improved and developed

their sensing performance. The following conclusions are presented:

(i) It is confirmed that the hydrogen sensing performance of palladium-based hy-

drogen sensors can be improved by using palladium alloys as the sensing element.

Thanks to the larger atomic radius of yttrium, the expanded palladium lattice struc-

ture has superior permeability for hydrogen after doping yttrium. A resistive hy-

drogen sensor based on a zigzag-shaped palladium-yttrium nanosheet was fabricated

on a quartz glass substrate with a simple and low-cost nanofabrication technology.

The 92% palladium 8% yttrium patterned nanosheet with the thickness of 19.3 nm

showed high sensitivity, superior reversibility and reproducibility. Owing to the

unique material properties of the palladium-yttrium alloy, the gas response of this

alloy sensing element was even better than several palladium nanowires.

(ii) The pure palladium nanowire has been verified to possess a superior hydro-

gen sensing performance compared to its thin film. They are referred to as the ideal

structures for practical hydrogen application and research, though the fabrication is

difficult using the standard micro/nanofabrication technologies. The conventional

nanowire fabrication technologies were simplified by using the electrospinning system

to fabricate the multilayer PVA nanofibers substrate on a glass platform. Subse-

quently, the palladium nanowires were formed by depositing pure palladium on the

surface of the multilayer PVA nanofibers. 30 nm Pd/PVA nanowires presented a

high gas response of 78.57% when the sensor was exposed to 1% hydrogen concen-

tration. In addition, the simple and economical hydrogen sensor was also regarded

as a hydrogen-actuated switches device due to the broken palladium nanowires.
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(iii) A palladium micro-network was formed on normal photocopy paper, and the

specific surface texture was utilized to improve the detection performance for hydro-

gen. A 60 nm palladium layer was deposited on a 20 mm × 5 mm paper substrate

by using a vacuum evaporation technique. The contrast result indicated that pal-

ladium on the paper substrate has a larger surface area to volume ratio than the

palladium on the glass substrate, which in turn significantly improved the sensing

performance of the hydrogen sensor. The paper-based palladium hydrogen sensor

was capable of detecting the hydrogen concentration from 100 ppm to 10,000 ppm

with the response time of 140 seconds to 42 seconds, respectively. The apparent

advantage of this biodegradable and flexible palladium-based hydrogen sensor was

a simple, inexpensive, and rapid fabrication process.

(iv) The 1.5D paper-based hydrogen sensor with a thickness of 60 nm palladium

layer was investigated for its temperature and bending effect. Due to the surface

area to volume ratio being larger than flat palladium thin film on the glass sub-

strate, the sensor showed a fast response of 12 seconds and high gas response of

2.25% upon exposure to 10,000 ppm hydrogen. At 50◦C, the response time and

recovery time was significantly reduced due to the faster atomic motion, but the gas

response was decreased. The study of the bending effect in this sensor indicated

that the paper-based palladium hydrogen sensor was suitable for flexible sensing

applications without performance degradation.

(v) The paper-based hydrogen sensor was further investigated and developed by

the change in the thickness of the deposited palladium layer. The ultrathin pal-

ladium film with a thickness of 8 nm was deposited on the paper substrate with

a graphite layer by using a vacuum evaporation system. The graphite layer was

painted on the paper substrate (GOP) to address the broken palladium microfibers,

which formed on the paper substrate. The GOP substrate presented the same sur-

face morphology of the paper substrate after the palladium thin film was coated,

which indicated that the surface area to volume ratio was almost the same as the pa-

per substrate. The thinner palladium layer on GOP substrate presented the faster

response and higher gas response in standard conditions. Although the response

times and recovery times of 8 nm, 60 nm, and 92 nm palladium layer were reduced

at 50◦C, the gas responses showed two different tendencies. For the ultrathin palla-

dium layer (8 nm), the gas responses were increased due to the stronger clamping

effect. On the other hand, the gas responses for palladium thin films (60 nm and 92

nm) were decreased due to the logarithm of hydrogen solubility increases linearly

with decreased temperature under the given hydrogen partial pressure.
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7.2 Future work

The hydrogen sensor based on patterned palladium-yttrium nanosheet, Pd/PVA

nanowires, and palladium microfibers networks have been presented. Furthermore,

the investigation of the palladium-based hydrogen sensors in dimension, surface

area to volume ratio, temperature, and bending effects have also been demonstrated

through this thesis. To further explore the development of palladium-based hydro-

gen sensors in practical applications in the future, the following work can be carried

out:

(i) Investigation of a palladium-yttrium layer on other substrates

In this thesis, a palladium-yttrium nanosheet on the smooth glass substrate was

presented. To further improve the detection performance of this hydrogen sensor,

reducing the thickness of the sensing layer is an efficient manner. However, the thin-

ner palladium alloy nanosheet is difficult to control and fabricate. Consequently, the

glass substrate can be replaced by other substrates with the unique surface texture

to achieve a larger surface area to volume ratio, which in turn could further improve

the detection performance.

(ii) Performance of the suspended palladium-based nanowires at room

and high temperature

One-dimensional nanowire has been confirmed to possess the larger surface area to

volume ratio than two-dimensional thin film. Moreover, the palladium-yttrium sens-

ing element showed a superior hydrogen detection performance compared with the

pure palladium in the same conditions. Therefore, the suspended palladium-based

nanowires can be formed by using electrospinning and evaporation techniques. The

challenge of this fabrication process is to remove the polymer nanofibers without

damaging the palladium-based sensing layer. The temperature effect in hydrogen

detection performance has been demonstrated in this thesis. Thus, the temperature

effect in the suspended palladium-based nanowires also will be an investigation as-

pect for future work.

(iii) Integration of palladium nanoparticles with MEMS fabrication pro-

cess

In terms of MEMS fabrication process, the comb-type electrodes with nanogaps

are fabricated by using electron beam lithography and UV lithography systems.

Typically, zero-dimensional palladium nanoparticles hydrogen sensor possess better

hydrogen detection performance than palladium thin film and nanowires, due to the
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larger surface area to volume ratio. The palladium nanoparticles solution can be

easily dropped to the comb-type electrodes, and several nanoparticles are randomly

arranged in the extremely narrow gaps. This results in two different situations;

the resistance of the sensor increases or decreases when it is exposed to hydrogen.

In either case, the palladium nanoparticles hydrogen sensor will show a faster re-

sponse and higher gas response upon exposure to the given hydrogen concentrations.

In the recent works shown in this thesis, the main concept was rational design

and implementation of low-dimensional palladium-based hydrogen sensors. In addi-

tion, the superior hydrogen detection performance of the hydrogen sensors with the

simple, economical, and fast micro/nanofabrication process was also the principal

research subject. In future work, utilising the research findings and advanced manu-

facturing technology, the low-dimensional palladium-based hydrogen sensors can be

further developed and applied to the hydrogen-based applications in our daily life.
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