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ABSTRACT

Hydrogen is a versatile molecule used in many industrial processes. Hydrogen is
flammable at concentrations between 4% to 75% v/v at atmospheric pressure with a
tendency to leak. There are a variety of hydrogen sensors, each with its advantages and
disadvantages. Resistor type sensors are the most simple and promising sensors since
they can readily detect hydrogen at room temperature or higher. Palladium thin film
technology can potentially yield selective, small, fast, and energy efficient hydrogen
sensors. The principle of this technology is the concurrent electrical and structural
changes in the Pd structure upon hydrogen absorption.

Synthesis methods for Pd based thin films are often expensive and energy
consuming. In this work the solid-state reduction (SSR) synthesis method was established
as energy and cost efficient way to obtain Pd, AgioPdeo and PtioPdgo films that can be
used as hydrogen sensors. Film characterization included: X-ray Diffraction, Scanning
Electron Microscopy, Atomic Force Microscopy, Profilemeter, Energy Dispersive X-Ray
Spectroscopy and X-Ray Photoelectron Spectroscopy. The hydrogen response was
studied at room temperature. The hydrogen sensing conditions were optimized based on
the effects of the film morphology, oxidation of the sample, presence of oxygen, working
voltage and residence time on the stability, sensitivity and response time.

The best synthesis conditions for SSR included liquid phase impregnation with

addition of water during reduction. The best sensing results were obtained in a small



volume chamber, as it was determined that the response time depends on the residence
time.

The response of pure Pd films was stable and precise from 0.01% to 2%v/v H2/N>
with sensitivities ranging from 0.6 to 8.3%. However, the signal is affected by structural
changes that occur above 2% v/v H; that are related to the o to 3 Pd phase transition. The
bimetallic films had an expanded range of detection due to a restriction on the phase
transition lattice expansion. The Pti1oPdgo film exhibited the best sensing properties with a
stable signal up to 50% v/v Hz, a high sensitivity (~10%) that was proportional to the
hydrogen concentration up to 8%v/v H2/N2 and a fast response time in the 10 s order of

magnitude.



RESUMEN

El hidrégeno es una molécula versatil que se utiliza en muchos procesos
industriales. EIl hidrogeno es inflamable a concentraciones entre 4% a 75% v/v a presion
atmosférica con una tendencia a tener fugas. Hay variedad de sensores de hidrdgeno,
cada uno con sus ventajas y desventajas. Sensores de tipo resistencia son los sensores
mas simples y prometedores ya que pueden detectar facilmente hidrégeno a temperatura
ambiente o mayor. Tecnologia de peliculas delgadas de paladio pueden potencialmente
producir sensores de hidrogeno selectivos, pequefios, rapidos, eficientes en energia. El
principio de esta tecnologia esta en los cambios eléctricos y estructurales que concurren
en la estructura de Pd tras la absorcion de hidrogeno.

Métodos de sintesis para peliculas delgadas basadas en Pd son a menudo costosos
y grandes consumidores de energia. En este trabajo el método de sintesis de reduccion en
estado s6lido (SSR) se estableci6 como un medio costo-efectivo y eficiente en energia
para obtener peliculas delgadas de Pd, AgioPdgo y PtioPdgo que se pueden utilizar como
sensores de hidrogeno. La caracterizacion incluye: difraccion de rayos X, microscopia
electrénica de barrido, microscopia de fuerza atomica, perfilometros, espectroscopia de
rayos X por dispersion de energia, espectroscopia fotoelectronica de rayos X. La
respuesta de hidrdgeno se estudié a temperatura ambiente. Las condiciones de deteccion
de hidrogeno fueron optimizadas con base a los efectos que la morfologia de la pelicula,
la oxidacion de la muestra, la presencia de oxigeno, el voltaje de funcionamiento y

tiempo de residencia tienen en la estabilidad, sensitividad y tiempo de respuesta.



Las mejores condiciones de sintesis para SSR incluyen impregnacion fase liquida
con adicion de agua durante la reduccion. Los mejores resultados de deteccion se
obtuvieron en una cdmara de volumen pequefio, ya que se determiné que el tiempo de
respuesta depende del tiempo de residencia.

La respuesta de las peliculas de Pd puro fue estable y precisa con sensitividades
que van de 0.6 a 8.3% para concentraciones de 0.01% a 2% v/v Ho/N». Sin embargo, la
sefial se ve afectada por los cambios estructurales relacionados con la transicion de fase,
de a a B, de Pd més alla de 2% v/v Hz. Las peliculas bimetélicas tenian una gama mas
amplia de deteccion debido a una restriccion en la expansion del reticulo que resulta de la
transicion de fase. La pelicula PtioPdgo exhibid las mejores propiedades de deteccién con
una sefial estable hasta 50% v/v H, una alta sensitividad (~ 10%) proporcional a la
concentracion de hidrogeno hasta 8% v/v Hz/N2 y un tiempo de respuesta rapido en el

orden de 10 s de magnitud.
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1 INTRODUCTION

1.1 JUSTIFICATION

Hydrogen is a versatile molecule that is used in numerous processes in very
diverse industries. Hydrogen is considered the cleanest fuel available because its
combustion yields just water as a byproduct. It can be used to produce electricity in fuel
cells, which are used in transportation and stationary power generation. Electrical
generators use hydrogen as a coolant because of its thermal conduction properties. In the
chemical industry, hydrogen is used in a wide range of hydrogenation reactions such as
the production of ammonia, a chemical widely used in agricultural applications. In the
petrochemical industry, hydrogen is required for crude oil refinements and in the food
industry hydrogen is used for the hydrogenation of vegetable oils to produce saturated
fats.

The United States Occupational Safety and Health Administration (OSHA)
regulates the use of hydrogen because mixtures of hydrogen with air, oxygen, or other
oxidizers are highly flammable over a wide range of compositions. The flammability
limits based on the volume percent of hydrogen in air (at 14.7 psia) are 4.0% and 75.0%
at atmospheric pressure. Hydrogen can burn in two major modes: deflagration and
detonation. Deflagration is the ordinary form of burning; the flame travels through the
mixture at subsonic speeds, and when the flame and shock wave travel through the
mixture at supersonic speeds it is called detonation. In addition, hydrogen has a tendency

to leak due to its small molecular size. Common workplace tasks such as cutting,



welding, drilling, and even static electricity could provide ignition sources that can cause
dangerous explosions.

One standard safety measure is to use sensors that can detect hydrogen
concentrations below the lower explosion limit. A chemical sensor is a device that
produces a measurable signal in the presence of a chemical species or by changes in its
concentration. Palladium (Pd) based sensors are of particular interest as hydrogen sensors
because Pd can absorb large quantities of hydrogen into its lattice, up to 900 times its
own volume, which significantly change its electrical properties. Palladium thin films,
specifically, have shown high sensitivity and selectivity to hydrogen due, in part, to the
increased surface to volume ratio.

In this chapter, the development of palladium thin films for hydrogen sensing is
briefly reviewed.

1.2 GENERAL AND SPECIFIC OBJECTIVES

The general objective of this work is to develop and characterize metal-based
electrochemical nanostructured sensors that can selectively detect H» at various
concentrations for safety applications that can include H> leak detection and H:
monitoring. The specific objectives are the following.

1. Synthesis of Pd and Pd based nanostructures.

a. The Pd nanostructures will be synthesized using commercially
available anodized alumina membranes using the solid-state reduction

method developed in our laboratory*?.



b.

The synthesis of nanostructures of mixtures of Pd with other key
metals such as silver (Ag), platinum (Pt) using solid-state reduction
will be developed.

Understand the solid-state reduction synthesis method and be able to

explain the formation of the resulting nanostructures.

Characterization of the supported nanostructures

a.

Evaluation of crystal structure and phase changes upon hydrogen
adsorption from X-ray diffraction data.

Analysis of sample morphology with scanning electron microscopy
(SEM), and profilemeter.

Elemental analysis of samples using energy dispersive X-ray

spectroscopy (EDS) and X-ray photoelectron spectroscopy (XPS)

Adaptation of the membrane supported nanostructures as H> sensing

elements.

Study the response of the membrane supported nanostructures to Hz in flow

test chambers.

Build various flow test chambers.

Evaluate the effect of changing test conditions such as gas flow rates,
chamber volume, and voltage.

Evaluate the effect on the response with the incorporation of other

metals.



d. Understand the mechanisms that govern the sensor response and to be
able to explain these mechanisms to state what makes them different

from existing sensors.

1.3 BACKGROUND
1.3.1 Pd Changes Upon Hydrogen Adsorption and Absorption

The absorption of hydrogen in Pd has been studied extensively since the early
observations done in 1866 by Graham?® and a comprehensive review was presented by
Lewis in 1967.* The thermodynamics and kinetics of the absorption phenomena were
reviewed by Wicke in 1978° and Flanagan in 1991° More recently, in 2006, Jewell and
Davis’ compared the computational and experimental work done on the adsorption and
absorption of the palladium-hydrogen system.

Palladium has a face-centered-cubic (fcc) structure with a lattice parameter of
3.890 A. Hydrogen adsorbs dissociatively on the Pd surface and diffuses into the metal
lattice. When the gas phase hydrogen molecules, the surface adsorbed hydrogen atoms,
and hydrogen absorbed within the Pd structure reach equilibrium, a palladium hydride is
formed.2 The absorbed hydrogen atoms coordinate octahedrally with the Pd atoms
expanding its fcc structure isotropically. The dilute hydride is called the a-phase and it
has a lattice parameter of 3.894 A at room temperature.’® At higher hydrogen
concentrations (at a H/Pd ratio close to 0.1° or about 7 torr at 300 K'°), Pd undergoes
another phase change to the p-phase, with a lattice parameter of 4.025 A at room
temperature. Figure 1.1 shows a typical phase diagram for the palladium hydride at

various temperatures. The volume change associated with this phase transition is 10.4%.°
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Figure 1.1 Phase diagrams for the palladium hydride at different H/Pd ratios®

These phase transitions can be observed in a hydrogen pressure-composition (P-
H/Pd) curve of the Pd-hydrogen system as inflection points. The region where the
pressure is invariant with hydrogen content, indicates the coexistence of the two solid
hydride phases.* X-ray studies have shown that the miscibility gap between the two solid
phases is narrowed when the crystallite size is decreased.*>

Hydrogen absorption also changes the resistivity of palladium. In the bulk, the
resistivity of Pd increases proportionally to the concentration of absorbed
hydrogen.*>415 This has been described using the Mott model.>!61" In this model the
electrons of the absorbed hydrogen atoms fill the holes in the Pd d-bands. The resulting H
cations weakly scatter conduction electrons giving rise to a small increase in the
resistivity that is associated with the formation of the a-phase. As the holes in the d-band

are completely filled, electrons occupy the s-band whose states are delocalized. This



causes a sharp increase in the resistivity that is associated with the formation of the [3-
phase.1®

Studies with Pd alloys and bimetallics have shown that the a to B phase transition
is delayed to higher hydrogen concentrations in the presence of a second metal.1%® This
has been observed more frequently for Ni/Pd and Ag/Pd*®2 but other combinations such
as Cu/Pd?! and Ti/ Pd ?* have also shown these effects. However, when the M:Pd ratio is
approximately above 10:90, the solubility of hydrogen is significantly reduced?! and this
reduces the resistivity changes with hydrogen.?

The structural and electronic changes that Pd undergoes when it is exposed to
hydrogen are the fundamental properties behind the mechanism of detection of the
different hydrogen sensors reviewed here.

1.3.2  Synthesis Methods for Producing Pd Thin Films

Pure Pd and multi-metallic films for hydrogen sensing are commonly obtained by
vacuum deposition methods?® such as sputtering,?”? electron beam evaporation'®?°, and
thermal evaporation.3%-32 In sputtering a source is bombarded with a high-energy ionized
gas, which ejects surface atoms that are then deposited on a new surface. In electron
beam evaporation a target anode is bombarded with an electron beam produced using a
charged filament cathode. The ejected atoms from the target are then deposited as a film
on a substrate. In thermal evaporation a source is heated above its evaporation
temperature and the vaporized atoms or molecules condense in the substrate’s surface.
With these techniques the film thickness, deposition rates, and microstructure can be
controlled. More information about these techniques can be found in the books by

Mattox.26:33



1.3.3  Sensor Sensitivity and Response Time

Two of the main parameters used to compare the performance of sensors are
sensitivity and response time.
1. Sensitivity

Sensitivity can be defined as the ratio of the absolute difference of the initial and

final measured signal values and the initial value as described in the following equation:

Iy—1
S = M x 100 (Eq. 1.1)
0

where lo represents the initial signal and Is represents the final signal value. Thus, a sensor
with a high sensitivity can detect lower concentrations of hydrogen and can be used as a
safety sensor.
2. Response times

The response time is defined as the time required to achieve a specific percentage
change in the measured signal. Specific response times usually cited in the literature are:
t90 which corresponds to the time required to achieve 90% change in the signal, t50
which is the time required to achieve 50% change in the signal and t36.8 which is the
time required to achieve a 36.8% change in the signal. The latter is based on relaxation
time theory®* and, according to this theory, this is the time to reach 36.8% (e!) of
equilibrium.

The U.S. Department of Energy (DoE) established in 2011 a target for the
response time of less than 1 second for a concentration range of 0.1 to 10%.%>%® However,

the values of this parameter can vary significantly depending on the method used and the



experimental conditions as demonstrated in 2006 by Sawaguchi et al.>" and in 2010 by
Boon-Brett et al.®

The response of a sensor is faster as the hydrogen concentration is increased. If
the adsorption of hydrogen in Pd is described using a Langmuir adsorption model, the
adsorption rate, ra, is proportional to the square root of the H» partial pressure at low
concentrations.®® Therefore, assuming the adsorption step is rate limiting, as the hydrogen
concentration is increased the adsorption rate increases and the response time of the
sensor decreases.

Other important parameters used to evaluate the performance of sensors are
recovery time, selectivity, signal stability and limits of detection, among others. A
complete report on the requirements for hydrogen safety sensors was written by Buttner
etal.%°
1.3.4  Sensors

Industrial scale hydrogen sensing has been achieved with technologies like gas
chromatography and mass spectroscopy that are still in use today.** The bulky and
expensive equipment required by these techniques and their slow response time make
them unsuitable for many applications.*>** To meet the 2011 requirements of the DOE
for hydrogen sensors they should be small, fast responding, sensitive, and their
production should be cost effective. Reports in the last decades have shown that hydrogen
sensors based on Pd thin films can potentially meet these requirements by controlling
their morphology and sensor configuration.**

Different Pd thin film hydrogen sensor technologies are reviewed below. Their

mechanism of detection is based on the changes in the Pd electrical and structural
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properties upon hydrogen absorption as discussed above. An attempt has been made to
highlight the development of each type of sensor chronologically since their inception.
1. Metal Oxide Semiconductor (MOS) Type Sensor
A. Metal Oxide Semiconducting Transistor

Changes in the electrical properties of Pd upon absorption of hydrogen,*?
inspired Lundstrém in 1975%>6 to be one of the first to use Pd films as hydrogen sensing
elements in a metal-oxide-semiconductor (MOS) transistor device. In their sensor, a 10
nm thick Pd film was deposited through electron evaporation as a gate metal over a 10
nm silicon oxide layer on top of a silicon substrate. When a positive potential was applied
to the gate, it produced a current between the source and the sink of the transistor. When
hydrogen absorbed into the Pd film it diffused through the metal-insulator interface
changing the work function and consequently the measured voltage. They were able to
detect 320 ppm of hydrogen in air at 150 °C but the response time was very slow. Also,
these sensors required oxygen to effectively remove the absorbed hydrogen and high
temperatures in order to work.
B. Schottky diodes

Based on the early work by Lundstrdm, Schottky diodes were developed as
hydrogen sensing elements. At this time Schottky diodes were being studied for
photovoltaic applications*“®, and were explored for hydrogen sensing due to the
simplicity of the Schottky diode assembly. Pd based Schottky diodes consist of a Pd thin
film deposited on a thin insulating layer located on top of a semiconductor. One of the

main differences with a MOS transistor is that it does not have a source and sink.



In these diodes the Fermi levels of the semiconductor and the metal are aligned
resulting in a new work function that is called the Schottky barrier height. As in MOS
transistors, hydrogen, when absorbed in the Pd film, changes this Schottky barrier height.
The sensor response is given by the voltage change when the diode is operated with a
constant current bias. A detailed review on Schottky diodes as sensing devices is given
by Potje-Kamloth®.

Shivaraman et al. > and Steele et al.>! were among the first to report the use of
Schottky diodes as hydrogen sensing elements using palladium thin films as the active
component in 1976. In 1979, Ito® demonstrated that the diode current increased
proportional to the hydrogen concentration in air at various temperatures (room temp to
84 °C). They also showed that increasing the temperature increased the sensitivity and
decreased the response time of the sensing element. They concluded that the sensing
response was due to the lowering of the Pd work function as hydrogen absorbed into the
Pd structure.

Schottky diodes can also act as capacitors if the oxide layer is thicker, up to 100
nm, and are able to function as hydrogen sensing elements as reported by Steele® in 1976
and by Lundstréom in 1977.%

Although Schottky diodes were capable of detecting leaks because of their high
sensitivity, they were not as effective for hydrogen monitoring applications because there
was a baseline drift in the signal as the sample was exposed to various sensing cycles®°,
Armgarth and Nylander® resolved the issue by adding a 10 nm intermediate layer of
alumina (Al203) between the Pd film and the SiO> film. They concluded that hydrogen

interacted with the SiO2 and hypothesized that migration of positively charged H atoms
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through SiO2, also known as ion drifting, affected the stability of the sensor. Reports by
Hofstein®®, Revesz®®, and Mrstik® studied this phenomena in more detail.

Armgarth et al.%! also showed in 1982 that, in Schottky diodes, Pd was more
effective than Pt as the gate metal for hydrogen detection at low concentrations in air but
commented that the latter would be more effective at high concentrations. Fonash®
Ruths®, and Keramati®*% also studied the role of Pd films in Schottky diodes.

Hughes et al.’® addressed the baseline drift by using palladium-silver alloys in
1987. They showed that the baseline drift, caused by the blistering and/or peeling of the
films due to phase changes, was eliminated using low concentrations of Ag (<10%) and
the response time was improved. Choi et al.®® found a similar result for Pt/Pd bimetallic
films.

Schottky diodes are still being used as commercial hydrogen sensors because of
their small size, durability and high sensitivity at concentrations below the explosion
limit. However, oxygen is needed in these sensors to improve the recovery time and they
need to operate at high temperatures for a fast response time and high sensitivity. There
is, thus, a need for more versatile sensing elements that can also respond at lower
temperatures in vacuum and inert atmospheres.*

2. Surface Acoustic Wave Sensors

D’Amico et al.*"® in 1982 introduced a new Pd film based sensor with a response
based on the velocity changes undergone by surface acoustic waves (SAW) propagating
on a piezoelectric YZ-LiNbO3 film substrate. To make these sensors sensitive to

hydrogen, the substrate is coated with a Pd film. Hydrogen absorption and desorption on
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the Pd film affects the propagation velocity of an acoustic wave by changing its density
and elastic properties and the changes are proportional to the hydrogen concentrations.

By adding a 720 nm Copper(ll) phthalocyanine (CuPc) layer under a 20 nm Pd
layer, Jakubik et al.®® increased the sensitivity by 92% compared to conventional SAW
sensors but had to operate at higher temperatures (70 °C vs 30 °C). With this
modification these sensors were able to detect hydrogen concentrations from 50 ppm to
30,000 ppm.

SAW type sensors have the potential to detect hydrogen at a wide range of
concentrations. However, their implementation as a commercial hydrogen sensing
technology is still a challenge in terms of their long term stability and interference with
other gases.’® The response time with these sensors is also still slow ranging from 100 s
to 25 min.

3. Optical Sensors

Butler’*™ developed a new type of hydrogen optical sensing element by
sputtering a single mode optical fiber with a 10 um Pd film coating. As hydrogen is
absorbed on Pd it expands, changing the effective optical path of the length of the optical
fiber, which can be detected by interferometry.

Following Butler’s work, Tabib-Azar™ developed a new type of fiber optic
hydrogen sensor consisting of a thin film of Pd deposited on the exposed core of a
multimode optical fiber. The light traveling through the core excites evanescent fields at
the surface of the core. When the sample is exposed to hydrogen, the expansion of the Pd

film changes the refractive index and induces a strain in the fiber which influences the
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phase of the guided light. The response time of these sensors was 20-30 s and could
detect hydrogen concentrations in the range of 0.2-0.6%v/v H>.

Zhao et al.”® investigated the humidity effect on PdgoAuao thin film based optical
sensors. The bimetallic 20 nm films were deposited on glass substrates using radio
frequency (RF) magnetron sputtering and its transmittance was measured as a function of
humidity. As the humidity was increased, the response of the sensing element decreased
to the point that the sensor was almost unresponsive. They attributed this effect to two
possibilities: 1) blistering of the Pd film and 2) Pd catalyzed surface H>O reactions that
consumed Ho.

Optical sensors have the possibility to be implemented in explosive environments
since there are no internal electrical signals that can cause ignition sources. In 2013 work
was still being done to improve the stability of optical hydrogen sensing elements, which
is still a major challenge.”’

4. Micromechanical Sensors

Following on the preliminary prototype by Britton et al.”® and Okuyama et al.”® on
cantilever based hydrogen sensors, Baselt et al.®® in 2003 conducted an extensive study
on the design and the effects of environmental parameters on microelectromechanical
hydrogen sensors. The sensor consisted of cantilever beams with a PdgoNiio 20 nm
coating deposited by dual electron beam evaporation on a 5 nm Zr adhesion layer. As the
Pd expands as a consequence of hydrogen absorption the cantilever is bent. The level of
bending is measured by the capacitance between the cantilever and a stationary
conductive lower plate. These sensors can detect hydrogen concentrations between 0.1

and 100%, however the response time is in the order of minutes.
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5. Ferromagnetic Sensors

A new idea that is been developed by Chang et al.®!, is to use a (5-40 nm) Co thin
film under a (10-20 nm) Pd thin film as a ferromagnetic sensor. Hydrogen absorption
shifts and narrows the ferromagnetic resonance of the Co film, which can be measured by
microwave ferromagnetic resonance. According to Chang, this measurement method
allows sensing of the hydrogen remotely.
6. Chemiresistors

Chemiresistors are devices that change their resistance when exposed to a gas or
vapor. On Pd based chemiresistors, the resistance increases or decreases proportionally to
the amount of hydrogen absorbed. Chemiresistor based sensors require low power and
low temperatures in order to work and are fast responding (<15 s), accurate (x <5%), and
can detect hydrogen concentrations between 0.1-100%v/v."®

Hughes and Schubert® were among the first to probe Pd based MOS devices as
chemiresistors and found that they could easily detect hydrogen. In 1992%° and 19958
they studied Pd/Ni alloys chemiresistors and found that films with Ni concentrations
higher than 8% delay the o to B-phase transition to ~80%v/v Hz in nitrogen. This results
in a stable baseline in the sensor signal and reduces blistering and delamination of the
film caused primarily by the large volume expansion as the Pd goes through the B-phase
transition. Nickel concentrations higher than 56%, however, made the sensor
unresponsive to hydrogen. They concluded that these sensor elements could be used with
a nickel concentration not higher than 10% and should be operated at 50 °C.

As the Pd goes through the o to B-phase transition the structure undergoes lattice

strain deformation. The relaxation of these strains during hydrogen desorption is much
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slower than their formation resulting in a hysteresis in a resistance-composition
diagram.18238283 Thjs effect affects the sensor stability. Lee et al.?38 studied the effect of
thickness and alloys on this hysteresis. They used Pd and Pd/Ni thin films ranging from
5-400 nm in thickness deposited by DC magnetron sputtering on silicon substrates with a
300 nm oxide layer to deposit. They showed that by decreasing the thickness of pure Pd
films, the hysteresis in the sensitivity versus H» concentration curve decreases gradually,
while adding Ni to the film eliminates it. Kim et al.>* observed the same behavior by
adding a titanium layer between a Pd thin film and an oxidized silicon substrate.
A. Response of Discontinuous Pd Nanostructures

In 2001, a widely cited article by Favier et al.®° reported hydrogen sensors made
from arrays of 50-300 nm Pd wires supported on graphite that had an inverse response to
hydrogen than bulk Pd. They proved that the mechanism of detection was dominated by
the closing of nanoscopic gaps in the wires due to the volume expansion associated with
the Pd phase transition. These sensors had a response time of ~75 ms in 5% H». After
this year the number of publications on hydrogen sensors has grown exponentially.”

Inspired by Favier’s results®® and on the early findings of Morris et. al.8"%,
Dankert et al.2% proposed in 2002 a new way to explore the lattice expansion effect for
hydrogen sensing. They fabricated discontinuous Pd films of 2-5 pum agglomerates by
Joule heating over a sapphire substrate. The resistance of the sensing element decreases
in the presence of hydrogen due to the induced lattice expansion provoked by the
absorption which increases the number of conducting percolation pathways.

Following the work by Dankert, Xu et al.*® synthesized Pd nanoparticles close to

the percolation threshold forming a Pd film ~3.3 nm thick by thermal evaporation on
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glass substrates. They demonstrated that by adding the siloxane self-assembled
monolayer (SAM) between the glass substrate and the Pd film they could enhance the
hydrogen sensing performance of the samples by improving response time and
sensitivity. The Pd film on the siloxane covered glass showed an increase in conductance
(Ao/oo with Ac=c6-60) as high as 68% and a t90 of 68 ms when exposed to 2% H». The
SAM reduces the friction between the film and the substrate during the hydrogen induced
lattice expansion therefore improving the responsiveness of the sensing element.

More recently, Wagner et al.® studied further the effect of nanoscopic gaps in 15
nm Pd films with meandering 14 nm island gaps deposited by sputtering on a sapphire
substrate. These films show an enhanced percolation effect when exposed to up to 8% v/v
H> with a resistance drop of ~5000%.

A. Effect of the Pd Film Substrate

Previous work in semiconductor-based devices had already concluded that
hydrogen could be entrapped in SiO2°"%°, thus affecting their response. Adding layers on
top of the SiO2 minimized this effect but this phenomenon motivated the study of other
substrates in chemiresistor sensors. The most relevant works are described below.

B. SWNTs as Substrates

Single wall carbon nanotubes (SWNTs) are nanometric materials with high
mechanical strength and stiffness and large surface area. Depending on its asymmetry,
SWNTs can be semiconducting, metallic or semimetallic. SWNTs used for chemical
sensors are semiconducting because adsorbed molecules cause a charge transfer between

the tubes and the molecules, thus changing the conductance of the nanotube.®%%2
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One of the first studies on using SWNTs as substrates in chemiresistors for
hydrogen sensing applications was done by Kong et al.?? in 2001. They functionalized the
SWNTs with ~5 A Pd thin films deposited by electron beam evaporation. They
demonstrated that by modifying the SWNTs with Pd they could impart sensitivity to
molecular hydrogen to an otherwise insensitive material. These sensing elements were
able to detect hydrogen concentrations from 40 ppm to 400 ppm in air. The decrease in
the conductance was reversible and the t50 response times were between 5 and 10
seconds.

In 2007 Sun et al.> developed one of the first flexible hydrogen sensing elements.
A SWNTs film was grown by chemical vapor deposition on a 100 nm SiO2 over Si
substrate. The SWNT network was then transferred to a poly(ethylene terephthalate)
sheet with a thin layer of epoxy resin and bilayers of Ti/Pd were used to form the
electrodes. Finally, by electron beam evaporation, a 5 to 30 A Pd film was deposited. The
flexible sensors could detect hydrogen at concentrations as low as 30 ppm in air.

C. TiOz as Substrate

Titanium dioxide is an n-type semiconductor that is very stable at high
temperatures and harsh environments.”* Mor et al.® developed sensors using
perpendicularly aligned titania (TiO2) nanotube arrays as a substrate over which a 10 nm
discontinuous Pd film was deposited using thermal evaporation. The hydrogen atoms
dissociatively adsorb and diffuse through the Pd films. The spillover hydrogen then
adsorbs on the TiO- intertubular contact regions changing its electrical properties. They
report a reduction in the resistance of the sensor by four orders of magnitude when

exposed to 1000 ppm (~0.1% v/v) of Hz in N2 at room temperature and a t90 of 30 s.
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D. Anodic Aluminum Oxide as Substrate

Anodic aluminum oxides as substrates are of particular interest because of their
ordered pore structure and density. These materials can be used as templates for the
production of nanowires or as support for conducting or semiconducting materials to
produce a wide range of electronic, magnetic, and optical devices.®®

By the end of 2005, Lu et al.% were one of the first researchers to use anodized
aluminum oxide (AAOQ) as substrates for hydrogen sensing elements. Hexagonally closed
packed AAO nanowells were prepared by anodization of high purity aluminum sheets.
The nanowells had a diameter of 50 nm and were less than 100 nm deep. Pd films 10-50
nm thick were synthesized over these AAO nanowells by reduction of a Pd(OAC):
solution in Poly(DL-lactide). They concluded that AAO substrates are excellent for
hydrogen sensing devices because its rough surface has a large surface area for the
formation of the nanostructures, and because they are weakly conductive. They
demonstrated that by varying the anodization time of the AAO substrates they could
change the response time and the sensitivity of the sensing element at room temperature.
Higher anodization times increase the surface area. This also increases the Pd surface
area and therefore, the Pd hydrogen adsorption capacity resulting in larger sensitivity
values. However, this could lead to slower response times as later shown in work done by
the same group.®

Ding et al.%” in 2006 used Radio Frequency sputtering to deposit Pd thin films of
different thicknesses 45-110 nm in AAO templates. They concluded that thinner films

were more sensitive and had faster response times than thicker films. They stated that
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AAO templates where also ideal substrates because porous surfaces provide better
adhesion of the nanostructures.

In 2007 Wang and Feng? synthesized zigzag microstructured Ag/Pd 200 nm
films in alumina substrates that could detect hydrogen concentrations up to 4%v/v with
good response times and sensitivity. As others before, they conclude that Ag/Pd films are
more stable than their pure Pd counterpart.

Rumiche et al.*® combined Xu’s*® siloxane SAM technique and Lu’s® nanowell
substrates to produce fast and highly sensitive Pd thin films in AAO They report
response times based on relaxation theory3 (t36.8) as low as 1.15 s.

Meanwhile, Tasaltin et al.®® investigated the temperature dependence on the
hydrogen sensing properties of 60 nm Pd thin films supported on AAO templates
deposited by thermal evaporation. As the temperature is increased, the sensitivity of the
sensing element decreased but the response time was faster. High diffusivity rates
account for the fast response at higher temperatures, but no explanation is given in their
report to the smaller sensitivity at higher temperatures. However, this can be explained by
examining Sieverts’ law, which states that the natural logarithm of the hydrogen
solubility decreases linearly with increasing temperature at a given hydrogen partial
pressure.*®
E. Effect of Film Morphology on the Response

The Pd film’s roughness and thickness can affect the response of the sensors. For
these studies silicon nitride was used as a substrate due to its insulating properties and its

ability to function as a barrier to hydrogen diffusion.%°1%
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RaviPrakash et al.*® investigated the role of Pd thin film roughness in hydrogen
sensing elements. They used p-doped silicon wafers with a 500 A layer of silicon nitride
to prevent trapping of Ha in the silicon substrate. Two 3000 A thick Pd film morphologies
were obtained by sputter deposition: one smooth film resulting from depositing at a
pressure equal to 5 mTorr and one rough film deposited at 25 mTorr. The smooth surface
is a densely packed columnar structure, while the rougher film is a void filled faceted
columnar structure. The sensors were tailored such that both films had the same initial
resistance value and approximately the same thickness. They observed that the rough film
had a higher resistivity, a slower response, and lower sensitivity than the smooth film.
The lower sensitivity was attributed to the higher resistivity of the rough films.

The slower response was attributed to the higher binding energy of the hydrogen
atoms adsorbed on the grain boundaries and defects that slows the kinetics of the
desorption step.

Ramanathan et al.* reported a crossover behavior of the sensing mechanism of Pd
thin films, deposited on Silicon Nitride substrates by sputtering, with varying film
thickness. Films thinner than 5 nm showed a decrease in the resistance of the film when
exposed to hydrogen due to swelling of Pd. Thicker films (>5 nm), on the other hand,
showed an increase in the resistance of the film. They explained that in thicker films the

grains are interconnected yielding a response mechanism analogous to the bulk.
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1.4 CONCLUSIONS

The development of Pd thin films as part of the hydrogen sensing technology was
briefly reviewed since its inception. It is evident that there are many types of Pd thin film
hydrogen based sensors, each of which has its advantages and disadvantages depending
on its intended application.

Metal-oxide semiconductors although slowly responding and working only at
high temperatures are very sensitive to low hydrogen concentrations. In addition, their
small size and durability make them very appealing. Surface acoustic wave sensors can
detect a wide range of hydrogen concentrations but their stability and interference with
temperature and other gases still poses a challenge. Optical fiber type sensors can be
useful in explosive environments and can detect high hydrogen concentrations; their
fabrication however is complicated. Resistor type sensors are the most simple and are the
most promising sensors since they can readily detect hydrogen at room temperature or
higher. The possibility of adding a second metal expands the concentration range of these

types of sensors even though sensitivity is sacrificed.
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2 SYNTHESIS AND CHARACTERIZATION OF PD,
PT/PD AND AG/PD THIN FILMS USING
SOLID-STATE REDUCTION (SSR) METHOD

2.1 INTRODUCTION

Palladium (Pd) and palladium alloys (M/Pd) are materials of interest due to their
high hydrogen (H.) adsorption capacity. As films, they are used as hydrogen sensors'?,
as well as other applications such as H separation membranes,® membrane reactors for
hydrogenation and dehydrogenation”?, and others®*.

Pure and multimetallic films for these applications are commonly obtained by
vacuum processes such as sputtering?*4, electron beam evaporation*'®, chemical vapor
deposition!®!’, and atomic layer deposition'®. Through these techniques the film
thickness, deposition rates, and microstructure can be controlled. However, these
techniques require specialized equipment and high energy®®. These films can also be
obtained through more economical non-vacuum processes such as electrodeposition and
electroless deposition.?*?! With these techniques you also have control of the film
thickness and composition by adjusting the identity and concentration of the reactants in
solution but there is an excess of unreacted species that result from the process.

In this chapter the solid-state reduction (SSR) synthesis technique®?2® is explored
as an alternative to obtain Pd and Pd bimetallic films. The technique consists on the
impregnation of a pure metal precursor and its solid-state reduction using sodium
borohydride. This method has been shown to yield pure Pd, Cu, and Ag nanowires.?
Here the technique was applied to allow the formation of pure Pd and bimetallic film

structures.
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Within SSR, two impregnation methods were studied: solid impregnation and
solution impregnation. Solid impregnation uses the minimum water possible and allows
better diffusion of the precursor into the membrane, which is restricted by the surface
tension of the water on the surface. This method, however, cannot be used effectively to
impregnate more than one metal and leads to inhomogeneous films, and hence, solution

impregnation was also studied.

2.2 METHODOLOGY
221  Synthesis for Pure Pd Films - Solid Impregnation

A mass of 0.0054 g of Pd(NOz)2xH20 (Alfa-Aesar, 99.9% metal basis) was
placed in powder form over one side of commercial Anodic Alumina Membranes
(Whatman, Anodisc 25mm with an average pore diameter of 200 nm) to obtain a metal
loading of 5% wt Pd. After deposition, the samples were left at room conditions for 30
minutes. This results in adsorption of sufficient ambient water by the hydrophilic
Pd(NO3)2xH20 to completely dissolve. Then, the wet precursor was carefully dispersed
through the membrane and then left standing for 30 more minutes. This side of the
membrane is referred to as the impregnation side.

Afterwards a small pellet of solid sodium borohydride (~0.006 g) [NaBH4
98%mm-—Alfa Aesar] was spread on the opposite side of the membrane (reduction side)
making sure that the entire surface was covered. To improve the reduction process a
small amount of water (~2pL) was added to the NaBH4 pellet as illustrated in Figure 2.1.
Immediately the membrane changed to a dark grey color indicating that the metal was
reduced. After reduction, the samples were washed three times for 30 minutes in a large

bath of cold distilled water.
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Pd(NO,),x H,0

Figure 2.1 Schematic showing the SSR method

222 Synthesis for Pure and Bimetallic Films - Solution
Impregnation

For the Pd sample, 0.0048 g of palladium nitrate hydrate [Pd(NO3).sH.O Alfa-
Aesar] were dissolved in 9 pL of deionized water. The solution was sonicated for 5
minutes and 3 pL of this solution were impregnated over one side of a commercial
Anodic Alumina Membrane (AAM) (Whatman® Anodisc 13mm, pore size 0.02um) to
achieve a 5%wt Pd loading. The sample was then dried at room conditions for 2 minutes
and for 10 minutes in an oven at 80 °C. Metal reduction was attained by spreading a
small pellet (~6 mg) of solid sodium borohydrate [NaBH4 98%mm-Alfa Aesar] with 2 puL
of deionized water on the opposite side to the impregnation. The samples were dipped in
cold deionized water in three intervals of 30 minutes to remove any excess NaBH4. The
sample was then dried overnight at 80 °C.

The bimetallic films were synthesized following similar steps maintaining a 5%
wt total metal concentration and a M1oPdgog composition. The solution for the AgioPdgo
sample had 0.0016 g of silver nitrate [AgNOs, Alfa Aesar] and 0.0200 g of
Pd(NOs3)2+H>0 dissolved in 42 pL of deionized water. The solution for the PtioPdgo film

had 0.0013 g of tetraammineplatinum(ll) nitrate [Pt(NH3)4(NOs)., Sigma Aldrich] and
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0.0068 g of Pd(NO3).¢H>0 dissolved in 16 pL of deionized water. For both samples only
3 uL of the solutions were impregnated to achieve the desired concentrations. The final
10:90 ratio of the M:Pd metals was chosen because it has been suggested in the literature
that this ratio is the one suited for hydrogen sensing applications.*?*
2.2.3  Characterization

The crystallinity of the Pd, Agi0Pdgo, and PtioPdgo films was determined by X-ray
diffraction (XRD) on a Rigaku Ultima III diffractometer unit using CuKa radiation
operating at 40 kV and 44 mA. The o to B palladium structure transition of the Pd,
Ag1oPdgo, PtioPdgo samples were also studied with the Rigaku Reactor X attachment by
flowing hydrogen at different concentrations with a total gas flow of 152 mL/min and a
total pressure of 1 atm. Each run was taken in intervals of 5 minutes to ensure that the
sample reached equilibrium. A scanning speed of 1-2.5°/min and a 0.02° step size was
used to obtain the diffraction patterns in the 30° - 50° 26 range.

The morphology and homogeneity of the films were obtained on a JEOL-JSM —
6390 Scanning Electron Microscope (SEM) equipped with an Energy Dispersive
Spectrometer. X-ray Photoelectron Spectra (XPS) were obtained on a PHI 5000 Versa
Probe using a monochromatic AlKa X-Ray Source. Binding energies where calibrated
using as reference the Pd 3d 5/2 peak at 335.2 eV obtained from the spectrum of a pure
Pd sample.

An Atomic Force Microscope (AFM) Veeco di CPIl AP0O100A and a KLA-
Tencor Alpha-Step IQ Surface Profiler was used to study the samples’ surface thickness
and roughness using a scan length of 1000 um, a scan speed of 5 um/s with a sampling

rate of 50 Hz, and a cut-off filter value of 250 pum for the profiler.
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2.3 RESULTS AND DISCUSSION
231  Pure Pd films - Solid Impregnation

Figure 2.2 shows the different surface morphologies that result from the SSR
method, the reduction side (A) and the impregnation side (B). They show that for both
sides, a Pd film covered the entire surface of the AAM. They also show that a coarse film
was formed on the reduction side and a continuous film was formed on the impregnation
side. The films have an average thickness of 1.1 + 0.4 um on the reduction side and 1.0
0.3 um on the impregnation side according to AFM experiments. For this sample the root
mean squared (RMS) roughness obtained by AFM of the film on the impregnation side is
0.131 +£0.042 um and 0.232 + 0.028 um on the reduction side.

The reaction below? describes how the reducing agent reacts with water to

produce hydrogen,

BH, + 2H,0 - BO, + 4H, (Eq. 2.1)

In our synthesis method the solid NaBHj4 reacts with the absorbed water of the Pd
loaded membrane thus producing hydrogen. This hydrogen can then reduce the Pd
precursor dispersed on the other side of the AAM membrane. This reaction is presumably
very abrupt on the reduction side, where the water concentration is higher, resulting in a
coarser film.

As previously observed,?? during the process nanowires 300 nm in diameter and 5
pm in length were formed inside the membrane pores as shown in Figure 2.3. This image
was obtained after dissolution of the AAM with 10 M NaOH. Figure 2.4 is a schematic

showing how the samples’ different morphologies are arranged within the membrane.
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X19,000"" 4pum

Figure 2.2 SEM images showing the Pd film surfaces on the reduction side (A) and the impregnation
side (B) for the 5%Pd sample.

Figure 2.3 SEM image of the Pd nanowires obtained after removal of the AAM support

Reduction
with NaBH, Alumina

\ membrane
- é Pd Nanowires

Pd precursor
deposition

Figure 2.4 Schematic representing the combination of morphologies
To understand the phase behavior upon hydrogen absorption of these films, the
XRD patterns of the 5% Pd sample were obtained at various H> concentrations (Figure

2.5). The peaks observed at low concentrations correspond to the typical bulk Pd fcc
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peaks at 20 = 40.1° and 46.5° corresponding to the (111) and (200) planes. The a to the B
phase transition begins to occur at 1%v/v H, and is approximately complete at 2%v/v. For
bulk Pd the two phases coexist between 1 to 2% v/iv H,%%.

Bragg’s law states that the wavelength of the incident X-rays is proportional to the
lattice spacing between the atoms and the sine of the scattering angle as shown in
Equation 2.2.

nA = 2dsinf (Eq. 2.2)
For cubic structures, such as the Pd structure, the lattice parameter a can be calculated

form Bragg’s law:

W
a=n/1h-|.-k +1 (Eq. 2.3)
2sin @

Therefore, as the incident angle decreases, the lattice parameter increases. Using
equation 2.3, it is found that the lattice parameter for the sample in Figure 2.5 increases

from 3.889 A to 4.022 A which are close to the accepted values in the literature.?

,’"\M — 2% H,
™\ — 1.7%H,
,Mh — 1.5% H,
NWWMMW ="
M\ —— 1.3% H,
o™\ —— 1.25% Hy)

1.1% H,

M memw —— 0.75% H,
0.5% H,
1 —— 0% H,
J —— Pd theory
L

30 35 40 45 50 55 60
2-theta

Figure 2.5 X-ray diffraction patterns at different hydrogen concentrations showing where phase
changes occur for the 5% Pd sample.
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To study the effect of time on the Pd structure at a specific concentration, XRD
patterns of the 5% Pd sample were obtained when exposed to 0.5% v/v H» (Figure 2.6)
and 1.25% v/v H (Figure 2.7) for 25 minutes in intervals of 2.7 min using the same total
gas flow. It can be seen that at 0.5%v/v H> the structure is at equilibrium at all times and
no structural changes occur after long exposure. At 1.25% v/v H> the presence of the 3
phase is evident after 2.7 min and reaches equilibrium at 5.4 min. The time it takes for
formation of the B-phase in Pd bulk samples depends on surface conditions and can take
hours or even days.?®3° The formation of the B-phase within minutes in our samples is
because H> can better penetrate through the rough surface of our samples as explained by

Blackford et al.?°

MW.,'/\&W — 21.6 min
—— 18.9 min
‘4_‘\,‘,‘.—\/"/\'\‘\« o
Mw/w\w —— 13.5 min
MJ/I/»\\" —— 10.8 min
Ww’//"\\\. — 8.1 min
Mw/\\,\___\h —— 5.4 min
—— 2.7 min
. " . 0 min
— 0%
—— Pd theory

T™TTTT TTTTTTTTTT

T
40.0 41.0
2-theta

T T
38.0 39.0

Figure 2.6 Long exposure to 0.5% H: for a 5% Pd sample
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Figure 2.7 Long exposure to 1.25% H: for a 5% Pd sample

These diffraction patterns do not show alumina peaks because our supports do not
have peaks in this angle range. Furthermore these Pd peaks are broad, which is
unexpected for a highly crystalline substance. This is due to artifacts by the use of an
attachment needed for the flow-through experiments, the Reactor X (Appendix A). The
Pd XRD peaks of the samples obtained without this attachment are well-defined intense
peaks as observed in Appendix B. However, using the reactor resulted in broad peaks that
are shown in Figures 2.5, 2.6 and 2.7. We believe that the massiveness of the reactor
affects the amount of X-rays that the detector receives thus affecting the signal of the
instrument.

23.2  Pure and Bimetallic Films - Solution Impregnation

Figure 2.8 shows that, when the metal precursors are added in solution, films are
also formed on both sides of the AAM. For all the samples, and contrary to what was
found with solid impregnation, coarser films were formed on the impregnation side while
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smoother films were formed on the reduction side. For this sample the average root mean
squared (RMS) roughness of the film on the impregnation side is 0.210 £ 0.023 pm and
0.102 + 0.016 pm on the reduction side.

With solid impregnation, the water concentration is higher on the reduction side
while, with solution impregnation, the concentration is higher on the impregnation side.
This reinforces the idea that the reaction in equation 2.1 occurs more violently on the side
with the higher water concentration yielding coarser films. Nanowires were also formed
inside the AAM pores in all the samples as reported with the solid impregnation (Figure
2.9). These nanowires have diameters similar to those obtained by solid impregnation
(~300nm) but their average length (~1 pum) is much smaller and their morphology and
shape are greatly affected. This suggests a repression of their growth when using solution
impregnation.

Table 2.1 shows the surface roughness percent change of the samples when
compared to the roughness of a clean AAM, 0.157 £ 0.027 um. The surface roughness of
the impregnation side is consistently ~30% rougher than the clean AAM. However, the
surface roughness on the reduction side varies significantly which also suggests the

repression effect on the growth of the films on this side.
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Table 2.1 Percent change between the surface roughness when compared to clean a AAM

Solution form Solution form Solution form

Orig. SSR
Sample 1 Sample 2 Sample 3
Reduction side -18.3% -8.8% -35.2% -20.9%
Impregnation
-10.4% 39.9% 34.1% 34.4%

side

Figure 2.10 shows the EDS elemental mapping of M1oPdgo bimetallic films. These
qualitative results show a homogenous metal distribution on the surface of the films in all
samples. However, Ag (Figure 2.10A) has a higher relative M/Pd content on the surface
compared to Pt. This might be a result of the tendency of the Ag atoms to segregate to the
surface when alloyed with Pd®!3 and to the poor interaction of the Ag with the alumina
support®l. For the Pt/Pd combination no surface segregation of the solute has been

reported.>*
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Figure 2.8 SEM micrographs of pure Pd (1), AgioPdso (2), PtioPdo (3). Column (A) shows the films on
the impregnation side and the column (B) on the reduction side.

"
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Figure 2.9 Pd nanowires formed after dissolution with NaOH.
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Figure 2.10 Metal distribution of AgioPdeo (A), and PtioPdeo (B) films on the impregnation side
obtained by EDS. The studied area is showed on the left, Pd on the middle, and the second metal on
the right.

Figure 2.11 shows the X-ray diffraction (XRD) patterns for the two M/Pd samples
at the impregnation side and in all samples the Pd (111) and Pd (200) peaks are in their
characteristic positions suggesting that Pd is in its metallic fcc configuration. For the
AgioPdg sample (Figure 2.11A), a peak at 260 = 38.3° lies between the characteristic Pd
(111) peak and the characteristic Ag (111) peak which suggests the partial formation of a
Ag/Pd alloy.® No characteristic or Pt peaks were observed for the PtioPdeo samples
possibly due to overlap with Pd peaks.

The phase transition of the AgioPdgoand PtioPdgo films were also studied as shown
in Figure 2.12 and Figure 2.13, respectively. The phase transition of the AgioPdgo 0ccurs
between 0.5%v/v and 1.5%v/v H; but the lattice expansion is restricted as evidenced by
the location of the B phase peak at a higher angle. The phase transition of the PtioPdgo
film is shifted to higher concentrations (1.5%v/v H> to 3%v/v H;) and the lattice

expansion is also restricted. This is consistent with results of other bimetallic films
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reported by Hughes et al.*3% where Ag/Pd films were used to suppress the lattice
expansion of Pd based Schottky diodes and also in Ni/Pd based resistors, as discussed in

Section 1.3.1.

A —— Impregnation side
1) e Pd theoretical peaks
—— Metal theoretical peaks (A) Ag, (B) Pt

(111)

35 40 45 50 55
2-theta

Figure 2.11 XRD patterns of the Pd bimetallic films on the impregnation side of A) Agi0Pdgo, B)
PtioPdgo.

41



— 1% H,

— 0.5% H,

— 0% H,

T T T : T 7T+ r 1 T+ 1 [ 1 1 T —Pdalpha
30 35 40 45 50 55 — Pdbeta
2-theta (deg)

Figure 2.12 X-ray diffraction patterns with Hz concentration for the AgioPdoo sample
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Figure 2.13 X-ray diffraction patterns with Hz concentration for the PtioPdso sample

XPS experiments were done to study the efficiency of the synthesis method. Full

scan XPS spectra did not show the presence of boron, sodium, or nitrogen suggesting that
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the washing procedure is appropriate to remove any remaining solids as shown in Figure

2.14 for Ag/Pd and Figure 2.15 for Pt/Pd.

Pd 3p
—— Pd/Ag Impregnation Side 0ls

wu Pd/Ag Reduction Side

Pd 3d

Ag 3d

CPS

1400 1200 1000 800 600 400 200 0
Binding Energy(eV)

Figure 2.14 Full XPS spectra for the AgioPds sample

Pd 3p
—— Pd/Pt Impregnation Side 01s

----------- Pd/Pt Reduction Side Pd 3d

CPS

1200 800 400 0]
Binding Energy(eV)

Figure 2.15 Full XPS spectra for the PtioPdso sample
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Element specific XPS spectra of the AgioPdeo sample (Figure 2.16A) show that Pd
is predominantly in its elemental state with an intense 3d5/2 peak at 335.2 eV. A second
small peak at 336.3 eV appears corresponding to an interaction with oxygen which could
be physisorbed 3’ (as studied in Chapter 6) or from the alumina support in thinner areas of
the film®. The Ag XPS spectrum has a low intensity 3d 5/2 peak at 368.3 eV
corresponding to pure Ag and a strong intense peak shifted approximately -0.6 eV. For
Ag/Pd alloys, negative BE shifts have been reported with values between ~0.7 and ~1.0
eV for Ag:Pd ratios up to 10:90 due to hybridization of the Ag and Pd valence states.31*-
2 These XPS results agree with XRD results, and confirm that both metal precursors
were reduced by SSR and that a partial alloy was formed between these two metals.

The Pt XPS spectrum of the PtioPdeo sample (Figure 2.17) shows the two
characteristic 4f 7/2 and 4f 5/2 peaks at 71.1 eV and 74.5 eV respectively. The Pd XPS
spectrum of the same sample has two peaks in the same positions as in the AgioPdgo
sample. These results show that both metals were reduced by SSR without forming an
alloy.

These results show that all the metal precursors studied were reduced by SSR.
This is probably because anhydrous and low hydrated salts require a lower reduction
energy than the hydrated precursors.*® In addition, the standard reduction potential (E°) of
Pt?*, Pd?*, and Ag*are high (1.180 V, 0.915 V, and 0.799 V, * respectively), compared
to sodium borohydride (1.20 V) which further explains why these cations were reduced
by SSR.* Also, the fact that the reduction potentials of Pd?* and Ag* are close, could

explain why they tend to make alloys.
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Figure 2.16 A) Pd and B) Ag XPS Spectra of the AgioPdso sample
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Figure 2.17 XPS spectrum for the Pt in the PtioPdgo sample.

The SSR is, thus, an alternate facile method to obtain bimetallic Pd/M films and
nanowires for metals with a high reduction potential and precursors with low hydration

shells.
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2.4 CONCLUSIONS

The SSR is a facile synthesis method to obtain pure and bimetallic films
supported on anodic alumina membranes. This technique is a cost-effective alternative to
obtain films, as it does not require the use of excess amounts of reagents or solvents,
sophisticated equipment, nor high temperatures or voltages.

Through this technique two films of different morphologies are formed on either
side of the anodic alumina membranes membrane for both solid and liquid impregnation
and for all metal combinations studied. A rough surface is formed as a consequence of
the violent reaction of sodium borohydride with water at room temperature where the
latter is at a higher concentration. One way the surface roughness could be controlled is
by using ice-cold water for the precursor solution.

With solution impregnation it is possible to obtain more consistent films as the
method relies less on human and environmental variability. It also yields a more even
distribution of the metal. However, this method represses the growth of the nanowires
and of the film on the reduction side presumably because diffusion of the metal is limited.
In general, solution impregnation results in more reproducible film structures whereas
solid impregnation produces longer nanowires. Moreover the solution form provides
means for producing bimetallic films since the mixture of the two metal precursors can be
easily achievable.

The incorporation of a second metal to the Pd films causes suppression in the
expansion of the Pd lattice and a shift in the phase miscibility gap of the films. This
technique works best with anhydrous metal precursors and for metals that have a positive

standard reduction potential and is capable of making alloys.
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3 BAsIC SENSING CHARACTERIZATION OF PD FILMS
OBTAINED BY SSR:. EFFECT OF ELECTRODE
CoNNECTIiVITY, PD CONCENTRATION, PARTIAL
REDUCTION AND PHASE CHANGE

3.1 INTRODUCTION

As discussed in section 1.3.4, chemiresistors are materials that change their
electrical resistance when exposed to a chemical environment to which they are sensitive.
As these changes are easily measured, chemiresistors are ideal materials to detect
chemical species. These chemiresistors must have a high solubility towards the analyte
specie and are usually supported on a material with high thermal stability, high electrical
resistance, and good adhesion properties?, such as aluminum oxide (Al.Os). Thus, the
composite Pd based materials developed through Solid State Reduction (Chapter 2) are
good candidates as chemiresistors to detect hydrogen and their response is explored in
this Chapter. The effects of electrode connectivity, partial reduction of the sample, metal
content, and phase changes are discussed.

3.2 METHODOLOGY

Samples were synthesized following the solid impregnation method described in
section 2.2.1. In a typical synthesis 0.0028 g, 0.0054 g and 0.0113 g of Pd(NO3).xH.0O
was deposited over different Anodic Alumina Membranes (Anodisc-25mm 0.02um) to
obtain samples with 2.5%, 5% and 10% wt Pd, respectively.

The sensing chamber was a PVVC cylinder with a 5.9 inches (15 cm) diameter and
15 inches (38.1 cm) length (V~7,000 cm?®) referred to as Ch-7000. A schematic of this

chamber is shown in Figure 3.1. The electrical measurements were obtained using a
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Keithley 2400 multimeter and the voltage used was 1V. Labview 2010 was used to

monitor and record the changes in the electrical properties of the sensor. MKS gas flow

controllers were used to regulate the flow of gas into the chambers. The electrical

connections were made on the sample in the Ch-7000 using tungsten needles or copper

wires manipulated using KRN-09S micromanipulators.

For the experiments the chamber was first exposed to nitrogen until the current

from the sample was stabilized at the desired voltage. Then the samples were exposed to

continuous alternating cycles of different gas combinations at different concentrations

using the same total volumetric flow. The sensitivities were calculated using Equation

1.1.

Legend:

(1) Flow inlet, Hex
Bushing, 1.5” x 0.5”

(2) Flow outlet, Hex
Bushing, 1.5” x 0.5”

(3) Cable input. 1” x 0.5”
CGB connector

(4) Steel bases for
micromanipulators, 3" L x
2"Wx 1" H

(5) Sample holder base,
acrylic, 2”Lx 1" W x 0.5”
H

(6) Split Conduit, PVC, 15
cm (5.9”) diameter

(7) Sanitary Cleanout
adapter, PVC, 6” diameter

Figure 3.1 PVC chamber, ~7000 cm?.
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3.3 RESULTS AND DISCUSSIONS
3.3.1 Effect of Electrode Connection

Films with two different morphologies are formed on either side of the AAM as
discussed in Chapter 2. These morphologies affected the signals obtained. If the
electrodes were connected to the rougher film, the signal was stable whereas if they were
connected to the smoother film either no signal was detected or the signal was very noisy
with very low currents. As discussed in Chapter 2, when using solid-state impregnation
the rough films formed on the reduction side are also thicker. This morphology effect can
be explained because the conductance of thin films increases with increasing metal
content? and with increasing surface roughness if the correlation length is large.>* The
effect of the film morphology on the signal is further discussed in Chapter 4.

The electrode connection used also affected the signal. Two types of connections
were used; microprobe tungsten (W) needles and copper (Cu) wires attached by silver
paste. Figures 3.2 A and B show that the samples exhibit the same sensing mechanism as
bulk Pd described in Section 1.3.1, i.e., the current decreases upon hydrogen absorption.
These results also show that using the copper wires the signal was significantly more
stable than with the microprobe connection. The differences between a moveable and
stationary electrical contacts have been described in the literature® and silver is one of the
preferred metals to reduce the contact transition resistance between two metals.
Moreover, the connection of the Cu wires with the silver paste had more contact area
with the sample than the microprobe needles that have a single contact point. This allows
the formation of more a-spots, which are the contact points between the metal connector

and the metal surface. Depending on the surface asperity or roughness, and the ductility
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of the contact metal, these a-spots can increase in number providing better conduction
paths. This is because the formation of a-spots depends on the force exerted on the
connecting surface by the connector and the area for the connector to penetrate. The
known ductility of Pd, the roughness of the film, and the increased contact area of the Cu
wires promote the formation of many a-spots thus enhancing the electrical connectivity
between the film and the wires.

Due to these results in the experiments described in the following sections the

electrodes were connected with silver paste to the rougher film.
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Figure 3.2 Hydrogen response of a 5%Pd sample rough film using a 4000 sccm total flow connected
with (A) microprobe W needles and (B) Cu wires adhered with Ag paste.

3.3.2  Effect of Partial Reduction

As described in section 2.2.1, to promote the reduction of the precursor, a small
amount of water is added during this step. Figure 3.3 shows that for samples where no
water was added the baseline current drifted significantly to higher values as a function of
time whereas the sample with added water had a stable baseline current. The increase in

baseline current shows that, with continuous exposure to hydrogen, more metal is present
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in the sample suggesting that hydrogen is acting as a reducing agent to any remaining
unreduced Pd precursor. Adding water to the reduction step accelerates the reduction
reaction (Equation 2.1) resulting in a significantly larger fraction of Pd metal leading to a
stable baseline from the outset. Moreover, sensitivity is enhanced by 19% and response
time is decreased by 8% at 1%v/v Hz. Alternatively pre-treating the samples with an on-
site exposure to 5% v/v Hy for 5 hours prior to the experiments also leads to a stable
baseline as observed in Figure 3.2 C. However, this is a lengthy procedure and exposure
of the samples this Hz concentration can lead to structural changes as discussed below.
These results show that the addition of water is a necessary and sufficient step for the
efficient reduction of the Pd precursor. In the samples studied below, water was added

during reduction to obtain a stable baseline.
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Figure 3.3 Response of 5%wt Pd sample rough film under a total flow of 4000 sccm (A) with no
water added during reduction, (B) with water added during reduction, and (C) pretreated with
5%v/v Ho.

3.3.3  Effect of Pd Concentration

Figures 3.4, 3.5 and 3.6 show the hydrogen response of typical samples with
2.5%, 5% and 10%wt Pd, respectively. All samples are able to detect hydrogen at
concentrations ranging from 0.01% to 2%, which are below the lower flammability limit

of hydrogen (4% v/v). They show that the samples’ current decreases upon hydrogen
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absorption. This behavior is consistent with previously reported results for thin films with

thicknesses higher than 10nm®.

There is an initial jump in current observed for all the samples after first exposure

to hydrogen. This behavior will be discussed in Chapter 6.
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Figure 3.5 Hydrogen response to a 5% Pd sample
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Figure 3.6 Hydrogen response to a 10% Pd sample. " There was a problem with the nitrogen flow
control at this point.

These results show that, contrary to mesowires and discontinuous films, these
samples do not need to undergo a phase transition to detect H». Instead the signal relies
on the resistivity changes that occur as hydrogen electrons fill holes in the Pd energy
bands. This suggests that solid-state reduction yields fairly robust Pd films that will
exhibit a similar sensing behavior before and after the phase transition at ~1.5% v/v.

Samples with 2.5% and 5% wt Pd show a stable response with minimal baseline
drift showing that the addition of water during reduction was enough to obtain a stable
baseline. Samples with 10% wt Pd, on the other hand, show a gradual and steady increase
in the baseline, as was observed in partially reduced samples discussed in section 3.3.2.
This suggests that these samples have a large fraction of unreduced metal precursor being
reduced by the flowing hydrogen. This is probably because there is too much metal
precursor in the sample and there is either insufficient reducing agent or insufficient

contact between the reducing agent and the precursor leading to a reduced Pd film over
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unreduced Pd precursor. Hydrogen, on the other hand, diffuses through the Pd film and

keeps reducing the underlying Pd precursor.

Table 3.1 Sensitivity values for the different samples

H2 Concentration 0.01% 0.1% 0.5% 1% 2%
Sample Sensitivity (%)
2.5%wt Pd 0.6 2.2 5.2 7.6 9.2
5%wt Pd 0.6 2.0 4.7 6.6 8.3
10%wt Pd -- 0.5 1.0 1.4 2.0

Hydrogen can diffuse through Pd membranes 25pum thick”® and it has been
demonstrated that, in the absence of external diffusion limitations, the absorption process
is internal diffusion limited.® At each hydrogen concentration the samples can reach an
equilibrium between the amount of hydrogen atoms being adsorbed, incorporated into the
structure, and desorbed that dictates the solubility at those conditions.®° This solubility
affects the sensitivity of the material used in sensing applications.

For samples used in sensor applications the sensitivity (S) is proportional to the
hydrogen absorption which is defined by Sieverts” Law as:*!

H

S & o7 = 2 ()"
Pd K 2 (Eqg. 3.1)

where Ks is Sieverts’ constant and py, is the Ha partial pressure. The sensitivity values for

these samples at different concentrations are tabulated in Table 3.1. Overall the samples

with the highest sensitivities are the ones with a 2.5%wt Pd loading while the samples
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with 5%wt Pd have slightly lower sensitivity values and samples with 10%wt Pd have
significantly lower sensitivities.

Lee et al.! observed sensitivities of ~6% at 1% H, for 100 nm Pd films
synthesized by sputtering, while our 2.5%wt Pd samples showed an average sensitivity of
7.5% at the same concentration. On the other hand, Rumiche et al.'?> observed
sensitivities of ~3% at 1%v/v H> on 8 nm thermal evaporated Pd thin films, 60% lower
than our observed value for the 2.5%wt Pd sample. In addition the Pd films studied by Lu
et al.’® supported on Anodized Aluminum Oxide (AAO) showed sensitivities close to 6%
at 1% v/v Hz. It is evident that through Solid State Reduction highly sensitive H> sensing
Pd films are obtained.

Figure 3.7 shows that our sensitivities are linearly dependent on the square of the
hydrogen partial pressure, as suggested by Sievert’s law. The slopes for samples 2.5%,
5%, and 10%wt Pd are 0.0022, 0.002, and 0.0004 Pa’® respectively (Figures 3.4-3.6).
The two factors that affect the value of the sensitivity are the penetration depth of H
atoms and the Pd effective exposed surface area.!! The small slope of the 10% wt Pd
sample further suggests that the H atoms had a shallow penetration due to remaining
unreduced Pd precursor underneath the surface Pd film.

The agreement between Sieverts’ law and our results shows that these films can
be calibrated as hydrogen sensors to monitor hydrogen concentrations below 2%v/v Ha.
The average sensitivity results and standard deviations of multiple samples that are
shown in Figure 3.8 show that these results are reasonably reliable. These results also
show that the sensitivities of the 2.5%wt Pd and the 5%wt Pd samples are within

experimental error of each other at all hydrogen concentrations.
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Figure 3.8 Average sensitivity variation at different Hz concentrations between various samples.
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Figure 3.9 Average response time too and standard deviation at different hydrogen concentrations for
samples with 2.5%, 5% and 10% wt Pd loadings.

Figure 3.9 shows that the average response time (tgo) for all the samples in this
chamber are in the range of 1.7 min and 2.8 min. These response times are significantly
higher than those reported by Lee!', Rumiche'? and Lu'®. However, as explained in
section 1.3.3 and further discussed in chapter 4, this variable depends heavily on the
experimental conditions.

The fastest response times are for the samples with 10%wt Pd but their
sensitivities are very low and the signal is unstable while, in general, samples with 2.5%
Pd had higher sensitivities but slower responses. Samples with 5%wt Pd had similar
characteristics as the 2.5%wt Pd samples; it had fast response time and high sensitivities.

For subsequent experiments, this was the Pd concentration used as the precursor
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quantities were more precisely measured at this concentration and it allowed the scale
down to the smaller supports studied in Chapters 4 and 5.
3.3.4  Effect of Phase Change on the Response.

As discussed in section 2.3.1, the samples undergo a phase transition that starts at
1%v/v Hz and it is completed at approximately 1.5%v/v Hz. This phase transition can
cause structural changes that can affect the sensor response'**® as discussed in section
1.3.4. Figure 3.10 shows a 2.5% Pd sample that was exposed to repeat cycles of Ha. It can
be observed that when the sample is exposed to 2%v/v Ha there is a steady increase in the
value of the response current. At this H2 concentration, Pd transitions to the B phase and
the volume expansion associated with it closes void spaces or imperfections that may
exist in the sample,® this improves electrical continuity which can be observed as an
increase in current. Afterwards, when the sample is exposed to nitrogen there is a
decrease in the current baseline value but maintains the sensitivity in subsequent
hydrogen exposures. This can be explained with the reported hysteric behavior of Pd
samples where the resistance is higher upon hydrogen desorption than upon adsorption

after transforming to the p-phase.*
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Figure 3.10 Sample exposed to various cycles of Hz showing the effect of phase transition on the
response in Ch-7000.

Figure 3.11 shows a curve of sensitivity vs. concentration upon hydrogen
adsorption and desorption of our samples. As previously reported,!’ the sensitivity
follows a trend that can be related to the phase transition. At 1%v/v H> there is a
significant change in sensitivity that can be identified as the start of the phase transition
and at 3.5%v/v Ha it appears to stabilize, signaling the end of the transition. However,
upon desorption this sample did not return to the original sensitivity values suggesting
that the morphology of the sample is affected by the phase transition through deformation
or delamination as suggested by reports by Hughes and Choi.}*® and discussed on
Chapter 1. Exposing the sample to concentrations higher than 2% significantly affects the

response suggesting film delamination and deformation as demonstrated in Figure 3.12.
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Figure 3.12 Sample exposed to Hz concentrations higher than 2% vi/v.
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This effect was more pronounced in a 1.5% Pd sample (Figure 3.13), where the
N2 baseline did not recover from the exposure to 2%v/v H> probably due to deformation
or delamination of the films caused by the exposure to high concentrations of H» (section
1.3.4).

The SSR method produces sensing elements that can accurately detect hydrogen
concentrations below the explosion limit, however there are still obstacles that need to be

conquered to be able to implement these sensing elements in actual devices.
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Figure 3.13 Response of a 1.5%wt Pd sample to different hydrogen concentrations.
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3.4 CONCLUSIONS

The Pd samples obtained through the solid state reduction (SSR) method produces
highly sensitive hydrogen sensing elements showing sensitivities as high as 7% for
1%v/v H with stable signals for 2.5 and 5%wt Pd loadings and are able to detect in the
0.01% - 2% range. The samples follow with great accuracy Sieverts’ law making them
good candidates for hydrogen monitoring applications.

The electrode connectivity, film roughness, and reduction state of the sample
affected significantly the stability of the sample signal. The electrode connection that
yielded the more stable results were Cu wires adhered with Ag paste to the rougher film
because of the increased a-spots (contact area) and decreased contact resistance. In
addition, adding water during the reduction process not only increases the surface
roughness but also the fraction of reduced metal leading to a stable baseline.

The addition of water during SSR can only reduce samples with a loading of less
than 10% wt Pd. For practical purposes a 5% Pd loading is a good amount of metal to be
used for the sensing elements because it shows a balance between sensitivity and
response time. Finally, H> adsorption/desorption curves showed that the samples
suffered morphological changes during phase transition that affects the responses above

the phase transition concentration.
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4 OPTIMIZATION OF THE SENSING RESPONSE OF
PD FILMS OBTAINED BY SSR: EFFECT OF
RESIDENCE TIME, SOLUTION IMPREGNATION,
AND VOLTAGE

4.1 INTRODUCTION

In Chapter 3 we discussed how the electrode connectivity, partial reduction of the
sample, metal loading, and phase changes affected the response of our Pd chemiresistors
to hydrogen. In this Chapter we discuss how the chamber flow dynamics, surface
morphology, and voltage affect the sensor response.

Voltage is known to affect the sensitivity and response time of Pd nanowires!?
and single nanowires® and the morphology of films is also known to affect the response
of Pd based chemiresistors*®. This Chapter describes the effect of voltage on the two
different synthesis approaches covered in Chapter 2. Since our SSR method produces
different film morphologies, their effect on the sensor response is also included in this
Chapter.

According to Boon-Brett® the response time is an important property for hydrogen
safety sensors, however its value changes with experimental methods. Therefore this
chapter includes experimental sensing results obtained in different chambers and the
results are compared using residence time. The results of a simple Navier-Stokes
simulation are included to illustrate how the flow dynamics of a chamber can affect the

response of a sensor.
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4.2 METHODOLOGY

Samples were synthesized following the solid and solution impregnation methods
described in section 2.2.1. All the samples studied in this Chapter had a 5%wt Pd loading.
The solid approach to the SSR will be referred as Solid-SSR and the solution approach as
Solution-SSR. Water was added on both methods during the reduction step.

The samples were connected to copper wires using silver paste. All the results
presented in this chapter were obtained using a 1%v/v H> concentration to avoid any
structure damage related to the phase transition.

The samples’ response to hydrogen was obtained in three sealed chambers
constructed in house. The first chamber was a polycarbonate rectangular prism with
dimensions 17 inches (43.2 cm) in length, 14 inches (35.6 cm) width, and 11 inches (27.9
cm) height (V~43,000 cm?®). This chamber is referred to as Ch-43000 and its
configuration can be observed in Figure 4.1. The second chamber was a PVC cylinder
with 5.9 inches (15 c¢m) in diameter and 15 inches (38.1 cm) in length (V~7,000 cm?®).
This chamber is referred to as Ch-7000 and was described in Chapter 3 (Figure 3.1). The
third chamber was a stainless-steel cylinder 1 inch (2.5 cm) in diameter and 7 inches
(17.8 cm) in length (V~90cm?®) with two side Swagelok 1” brass inlets. This chamber is
referred to as Ch-90 and can be observed in Figure 4.2. The electrical measurements were
obtained using a Keithley 2400 multimeter. Labview 2010 was used to monitor and
record the changes in the electrical properties of the sensor. MKS gas flow controllers
were used to regulate the flow of gas into the chambers.

The electrical connections were made on the sample in the Ch-43000 and Ch-

7000 using copper wires manipulated using KRN-09S micromanipulators. For the Ch-90
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the Cu cables were connected to the sample through the sample holder specifically built
for this chamber.

For the mathematical models presented in this Chapter, the numerical solution
was found using MATLAB’s built in PDE solver (pdepe) with a mesh of 200 points for

the space and time variables. The routine can be found in Appendix C.
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Legend

(1) Cable input
Compression nut with two
septum MS seals, Stainless
steel (SS), 1/4"

(2) Straight union Ultra torr
tube fitting with plug, SS,
1/4"

(3) Flow inlet, Compression
nut and fitting with 1/8"
male thread (3a), Brass, 1"

(4) Flow outlet,
Compression nut and fitting
with 1/8" male thread,
Brass, 1"

(5) Sample mount with
cables attached, custom
made, plastic

Figure 4.2 Stainless Steel Chamber, V~90 cm?®

4.3 RESULTS
431  Effect of Voltage

The effect of voltage was studied for samples synthesized by Solid-SSR and
Solution-SSR in the Ch-90 chamber with a total flow of 300 sccm. Voltage was varied
from 1000 mV to 15 mV.

Figure 4.3 shows that for the samples obtained by Solid-SSR the sensitivity
increases but the response time is slowed as the voltage decreases. These results are
consistent with a behavior first reported for Pd nanowires by Offermans et al.»:? and later
studied in more detail by Yang et al.® The reduction in response time with higher voltages
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is explained by the effect of self-heating of the Pd films known as Joule heating
(Equation 4.1) which is proportional to the square of the current in a closed circuit where
t is the time. As the voltage is increased the inner temperature of the metal increases due
to the higher charge carrier flow therefore increasing the diffusion rate of the hydrogen

atoms through the Pd structure.®

— ;2

Q=i"Rt (Eq. 4.1)
The reduction in sensitivity with increasing voltage is explained by taking a closer

look to Sieverts’ law (Eq. 3.1). The dependence of Sieverts’ constant with temperature is

given by:’

AH AS

InKs = —5prt 57 (Eq. 4.2)

where AH and A'S are the standard molar enthalpy and standard molar entropy of

desorption, respectively. Therefore, if the inner temperature of the sample increases,
Sieverts’ constant increases thus decreasing the solubility and decreasing the sensitivity.
This effect, however, is diminished when the sample is synthesized by Solution-
SSR where the voltage variation on sensitivity and the response time (Figure 4.4) is
negligible. An electrical current versus voltage analysis shows that the bulk resistance
values for the Solid-SSR and Solution-SSR samples used in these experiments were 5 Q
and 172 Q, respectively, a 189% difference. A high resistance (R) value implies that a
sample would not significantly change its current (i) as the voltage (V) is changed as

described by Ohm’s law:

(Eqg. 4.3)
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The insignificant changes in current as a function of voltage leads to a more stable
self-heating, yielding more stable sensitivity and response times for the Solution-SSR
samples. This suggests that the Solution-SSR method leads to more reliable samples than
Solid-SSR. However, it is evident from the differences in the sensitivity values that the
morphology of the films obtained by the two methods affect their response as will be

discussed below.
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Figure 4.3 Voltage dependency on sensitivity and teo for a 5%wt Pd sample obtained by Solid-SSR.
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432  Effect of Impregnation Form and Film Morphology

All surfaces are not perfectly smooth; they all have asperities even at the atomic
level. The more defined these asperities are, the greater the roughness of the sample could

be. It has been demonstrated that the roughness of the sample can change the response

time and sensitivity of Pd film based chemiresistors.*

Significant differences were observed in the hydrogen responses of the samples
obtained by Solid-SSR and Solution-SSR. The average sensitivity for different samples
obtained with Solution-SSR is 4.4 % + 0.7 while with Solid-SSR itis3.5% +23at1V
and 300 sccm in the Ch-90, where all samples were connected on their rougher side
(Section 3.3.1). The Solution-SSR samples have a higher sensitivity to hydrogen and a

lower standard deviation. This suggests that the Solution-SSR method leads to more
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homogeneous samples that yield more consistent results and that the samples have a
better electrical conductivity. Moreover, the smoother films of the samples obtained by
Solution-SSR also lead to stable signals, as described below.

As discussed in Chapter 2, films with different surface roughness are obtained on
either side of the AAM, which varies with the synthesis method (solid vs. solution
impregnation). The effect of the roughness of the films on the sensitivity was studied in
samples synthesized by solid and solution impregnation at 1%v/v Hz and the results are
shown in Figure 4.5. The results show for the Solution-SSR method the films on both
sides of the samples respond to H>. The smoother film had higher sensitivity values than
the rougher films and lower initial electrical current values were observed for this side.
Meanwhile, the rough films (impregnation side) of these samples have lower sensitivity

values but have a lower standard deviation.
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7.5% f '
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+' bl = Sample 2: Solution-SSR Rough
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2 6.0%
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Figure 4.5 Sensitivity values compared to the surface RMS roughness. Various sensitivity and
roughness measurements were performed on each sample.
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The roughness of the films also affected the response times, teo, of the solution-
impregnated samples (Figure 4.6). Moreover the results for teo were more consistent
(18% difference vs. 71% difference) for this side when compared to the smooth side and

faster when compared to the Solid-SSR’s rough side.
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300 —— m Sample 1: Solution-SSR Rough
250 F m Sample 2: Solution-SSR Rough
0 4 Solid-SSR Rough
»
*‘ 0.124,13.8
15.0 f [
100 F 0.210,7.4
50
0.211,6.2
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0.080 0.130 0.180 0.230 0.280
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Figure 4.6 Response time values compared to the surface RMS roughness. Various sensitivity and
roughness measurements were performed on each sample.

The possibility of having greater metal content on the rough side of the Solution-
SSR and the interconnectivity between the grains of these samples produces fast
responding sensing elements with fair sensitivities when compared to the smooth side of
the same sample and to the rough side of the Solid-SSR sample. This high electrical
current observed for this side causes the metal to raise its internal temperature by the
phenomenon of Joule heating thus increasing the diffusivity of hydrogen through the film

therefore decreasing the response time of this side. Meanwhile, the sensitivity for this
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side is lower than the smooth side because the self-heating induced by the current,
decreases Sieverts’ constant thus reducing the solubility and therefore the sensitivity,
however the high surface area for the rough side still gives fairly high sensitivities.
Therefore, the rough film obtained by Solution-SSR yields more reliable H> sensing
results than the smooth film obtained by the same method and the rough film obtained by
Solid-SSR.
433  Effect of Residence Time on Response Time

The residence time ris the ratio between chamber volume and total gas flow and

it describes the average amount of time that a particle spends in a particular system.

Vv (Eq. 4.4)

Table 4.2 shows how the response times (to0) changes in the different chambers
described above by using the same volumetric flow rate using SSR-Solid samples at 1 V.
As the chamber volume (and the residence time) decreased, the response time also
decreased. For the Ch-43000 the tgo was ~11 min whereas for the Ch-90 the too was ~6
sec; this represents a 99.1% decrease in tg. However the sensitivity is reduced

significantly.
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Table 4.1 Response time for 5%wt Pd samples to 1%v/v Hz in chambers of different volumes

Chamber V(cm®  v(scem) v (cm®min) T (min) too (Min) S

Ch-43000 ~43,000 4000 1822 23.6 11 7.4%

Ch-7000 ~7,000 4000 1822 3.8 2.5 7.2%
Ch-90 ~90 4000 1822 0.05 0.1 2.7%

To further study the effect of flow on the response time, the chamber volume was
fixed and the flow was varied. The chambers studied were the Ch-7000 and Ch-90 as
they exhibited the fastest response times. Table 4.3 summarizes the response time of the
sample response as a function of the residence time. As the total flow of the system
increases, the residence time decreases and the response time of the sample decreases
until almost a constant value is achieved. The sensitivity for the sample remains
practically unchanged throughout the sensing cycles. This suggests that the response time
is limited by external diffusion during low flows and tends to a stable value when the
flows are increased. Also, the fact that the response time is reaching a plateau at high
flows suggests that the system is reaching a condition where the system is no longer

limited by external diffusion.
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Table 4.2 Results for teo and sensitivity in the Ch-7000 of a 5%wt Pd sample at 1%v/v Hz:as a
function of total flow. To reduce the experimental sample variances, this experiment was done on one
sample with cycling of different flows.

v (sccm) v (em®min) T (min) too (Min) S
2000 911 7.6 4701 72% £0.1
4000 1822 3.8 25+0.0 7.2% = 0.0
8000 3643 19 12+0.1 7.3% x0.0
10000 4554 15 1.0+0.0 73% 0.1

To understand the effects of external diffusion of hydrogen on the response time,
the fluid dynamics of a cylinder of length L and radius R where the gas flows in the z-
direction were analyzed using the Navier-Stokes equation. This analysis assumes that the
external diffusion is controlling the response time and does not include the adsorption
and internal diffusion steps of hydrogen on the Pd structure. To solve the equation, it was
assumed that there is no permeation through the walls of the cylinder and that there is no
variation in the angular and radial velocity. The concentration profile of this system thus

can be described with Equation 4.5:

ac ac 10, aC 0%C
ot =P [m(ra) +ﬁ] (Eq. 45)
where D is the diffusivity of hydrogen in nitrogen which can be estimated with the
Wilke-Lee model.® As illustrated in Figure 4.7, Cinand Cou are the concentrations at the
cylinder’s inlet and outlet, respectively. For this analysis it was assumed that the

concentration Cout changes with the concentration C inside the cylinder. These

assumptions result in the boundary conditions depicted in Table 4.4.
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Figure 4.7 Cylinder of length L and radius R with gas flowing in z-direction.

Table 4.3 Initial and boundary conditions for equation 4.5

Left Boundary Right Boundary Wall Boundary
Initial Condition
Condition Condition Condition
ac
C(z,1r,0)=Cpy;: =0 C@0,r,t) =Cip C(L,r,t) =Cout Pl 0 for r=R

To facilitate the analysis, Equation 4.5 can be expressed with the dimensionless

parameters:
C.. —C t r Z
Cin — Cout f R L

where Ci, and Cot are the concentrations at the entrance and the exit of the cylinder, t is

the time to reach steady state, and R and L are the radius and length of the cylinder. Using

these parameters Equation 4.5 becomes:

1 06 0 K a ; 06\ 0°0
(77 ) (Eq. 4.6)

Foap T Fear ~qan\"an) Tarz
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where Fo is the Fourier number, Pe is the Péclet number, and K is the ratio between

length and radius:

Dt; V,L I? L\?
Fo=—- Pe="2"=_—_ K=(—>
L? D ™™D R
The initial and boundary conditions for this system are now:
Table 4.4 Initial and boundary conditions for equation 4.6
Left Boundary Right Boundary Wall Boundary
Initial Condition
Condition Condition Condition
06
or,n,0) =1 6(0,n,p) =0 6(1,n,p)=1 %=0 for n=1

For K >> 1, Equation 4.6 can be lumped by averaging each term for #. So 8(T, p)

can be defined as:®

J, 6T, p)n dn '
0 fl y =2j9(F,TI;P)TldTI (Eq. 4.7)
o 1dn 0

(T, p) =

By integrating each term by fol n dn Equation 4.6 becomes:

%6 _, 00 100
arz " °ar " Foap (Eq. 4.8)

The steady-state analytical solution for this equation is:

1

o) = T

(e —1) (Eq. 4.9)

For this equation, Figure 4.8 shows that as the Pe number increases the profile

goes from a linear to an exponential behavior. Moreover, as the Pe increases the

concentration along the cylinder approaches the concentration at the inlet at steady state.
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That is, at large flows the hydrogen concentration that reaches the sample is closer to the

desired inlet concentration.

1
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Figure 4.8 Steady-state concentration along z at different Pe numbers.

However, it is the unsteady solution to Equation 4.8 that can give a better
indication on the effect of flow on the response time. The solution for Pe numbers equal
to 0.1, 10, 20, and 30 with Fo = 0.259 are shown in Figure 4.9. The function reaches the
steady state solution with time, as expected. For small Pe numbers the concentration in
the chamber is controlled by the diffusion of hydrogen through nitrogen as the initial
concentration along the cylinder approaches Cou. For large Pe numbers convection
controls the concentration along the chamber and the steady state response is reached
faster. These results show that by increasing the Pe number, the time it takes to expose
the sample to the desired inlet concentration is significantly reduced, which helps explain

the decreasing response time with increasing flow.
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Figure 4.9 Changes in the cylinder concentration in z with time at different Pe and p.

Table 4.5 shows that on the Ch-90 a different trend is observed, the sensitivity
decreases as the residence time decreases. Note that in this chamber the residence time is
on the order of seconds. This suggests that, in this range of residence times, a step other
than external diffusion is controlling the response time. Other steps in the adsorption

mechanism are:

HZ = 2Hadsorbed

2Hadsorbed = Habsorbed
The first step is the dissociative adsorption of hydrogen on the surface of Pd and
the second step is the diffusion of the adsorbed hydrogen atoms inside the interstices of

its structure. In clean samples the limiting step is the second step*® and, thus, the rate of
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absorption depends on the concentration of adsorbed hydrogen atoms. Because the
sensitivity depends on the concentration of absorbed hydrogen atoms (Eg. 3.1) a
decreasing sensitivity suggests that, in this limit, the decreasing residence time results in
a decreasing number of adsorbed atoms. Furthermore, the response time also decreases
but it is probably because there are fewer hydrogen atoms that need to be absorbed to
reach steady state.

These results suggest that there is an optimum residence time where the
sensitivity is high and the response time is small. Figures 4.10 and 4.11 show that for
samples Solid-SSR and Solution-SSR, there is an optimum at t ~ 120 s where the
response times and sensitivities are 60 s, 6.6% and 61.5s, 6.1% for the Solid-SSR and
Solution-SSR samples respectively. However, there is gap in the sensitivities due to a
change in chambers and it was not possible to have a residence time where the two
chambers coincided. Thus, the results might be affected by the different flow
configurations of the chambers. It can be also observed that the gap between the high
sensitivities and low sensitivities is larger for the SSR-Solid sample than for the SSR-
Solution sample. This was due differences in current after the connection was made after
changing from one chamber to the other. The percent difference in current for the
Solution-SSR after changing chambers was 6%, whereas for the Solid-SSR was 121%.
As discussed in section 4.3.1, big changes in base current can affect the sensitivity of the
sample. Possibly the non-uniform nature of the Solid-SSR surface plus the fact that the
two chamber connections are not identical, results in this bigger gap which affects the

stability of the sample.
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Table 4.5 Results for teo and sensitivity varying total flow for the Ch-90 chamber at 1% H..

v (scem) v (cm®min) T () too () S
500 228 23.7 60.9+5.7 51+0.0%
1000 455 11.9 26.7+12.1 46%0.1%
2000 911 5.9 128+1.1 3.1+£0.1%
4000 1822 3.0 4.0+ 0.58 2.7+0.1%

Depending on the proposed application of the sensor, the chamber or casing for
the sensing-element should be engineered to have a high sensitivity or fast response or a
balance between the two. Furthermore, this shows that the guidelines set by the DOE for

sensitivity and response times need to be balanced within a sample.
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Figure 4.10 Sensitivity and response time dependence on residence time for a Solid-SSR sample at
1% Ho.
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Figure 4.11 Sensitivity and response time dependence on residence time for a Solution-SSR sample at
1% Ha.

4.4 CONCLUSIONS

In this Chapter it was shown that the sensitivity and response time of the samples
are affected by voltage applied, morphology of the film, and residence time. Changes in
the voltage did not change the results of the Solution-SSR samples and the rough films of
these samples yielded the more reliable results. These rough films also yield the fastest
signal with good sensitivities because of the low resistance values that they show
compared to the smooth surface of the same sample. The interconnectivity between the
grains of the rough film results in high current which in turn increase the response time as
described by the Joule heating effect.

Residence time was found to greatly affect the response time and sensitivity by
shifting the rate-controlling step of the absorption process. When the residence time is in

the order of minutes the external diffusion was the rate-limiting step; thus increasing the
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flow of hydrogen yielded faster response times whilst maintaining the sensitivity.
However, when the residence time was in the order of seconds the sensitivity decreased
suggesting a decreased concentration of adsorbed hydrogen.

The best results were obtained at low residence times and 1 V with the rough
films of samples synthesized by Solution-SSR. These samples yielded a sensitivity of
2.7% and a too of 4 s, which is close the specifications of DOE. However, this study
shows that, in order to compare the performance of the different sensors reported in the
literature, the DOE should standarize the testing conditions for the different applications.
For example for hydrogen detection in enclosed facilities, probably a batch chamber is
more appropriate where the location of the sensor and the hydrogen source are specified,
whereas for hydrogen monitoring a flow through chamber is appropriate with specified

flow and volume conditions as studied here.
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5 SENSING CHARACTERIZATION OF PD/PT
AND PD/AG FILMS OBTAINED BY SSR

5.1 INTRODUCTION

In previous chapters it was discussed that Pd films formed by SSR undergo an o
to B phase transition that starts at ~1%v/v Hz2/Nz and is complete at 2%v/v H2/N: (Figure
2.5). The volume expansion associated with this phase transition closes voids that exist
between the metal grains which increases the electrical current but also causes instability
in the films as it can lead to morphology deformations.® As discussed in Chapter 1, the
addition of a second metal such as Ni,> Ag,® or Pt* can delay the phase transition to
higher H> concentrations thus improving the detection range of the Pd based sensing
films.

In Chapter 2 we studied the lattice expansion for PtioPdeo and AgioPdgo films
obtained by SSR. For PtioPdgo (Figure 2.13) a lattice expansion starts at ~1% and, while
at 3%v/v Hz/N. the lattice is apparently still expanding, it is less than the o to
expansion of pure Pd. For AgioPdeo (Figure 2.12) a lattice expansion seems to start at
0.5%v/v Hao/N2 and by 1.5%v/v Ha2/Nz it has reached the maximum lattice expansion but,
as Pti1oPdoo, the lattice does not reach the Pd B-phase lattice parameter. These constraints
in the lattice expansion can reduce the instability on the sensor signal caused by hydrogen
adsorption, such as delamination, film peeling, and embrittlement,>® thus improving the
detection range for the films. Researchers believe that the changes in the phase transition
behavior of Pd alloys can be explained mainly by the geometric effect that causes

structural changes within the metal lattice.”*° However, while our AgioPdgo film formed
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an alloy, our PtioPdgo film did not.! These different interactions between Pd and the
second metal challenges the understanding of the behavior of these films when exposed
to Ha.

In this chapter the response of these bimetallic films to hydrogen is described and
discussed.
5.2 METHODOLOGY

Samples were synthesized following the solution impregnation method described
in section 2.2.1. All the samples studied in this Chapter had a 5%wt total metal loading.

Two solutions with a 90:10 ratio of the Pd:M metals were made. The solution for
the AgioPdgo sample had 0.0016 g of silver nitrate [AgNO3, Alfa Aesar] and 0.0200 g of
Pd(NOs3).+H20 dissolved in 42 pL of deionized water. The solution for the PtioPdgo film
had 0.0013 g of tetraammineplatinum(ll) nitrate [Pt(NH3)s(NO3)2, Sigma Aldrich] and
0.0068 g of Pd(NO3)2*H20 dissolved in 16 pL of deionized water. For each sample 3 pL
of each bimetallic solution was impregnated over a 13mm Anodic Alumina Membrane to
achieve the desired concentrations. The 90:10 ratio was chosen because it has been
suggested in the literature that this ratio is the one suited for hydrogen sensing
applications.?!? The reduction was carried out using solid NaBH4 and adding ~2uL of
water as described in Chapter 2.

The sensing response was measured in the Ch-90 described in section 4.2 using
the methodology described in sections 3.2 and 4.2.
5.3 RESULTS AND DISCUSSION

As discussed in section 3.3.4, the signal of the Pd films becomes unstable with

increasing hydrogen concentration. This instability is first evidenced in the hydrogen
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response as an increase in the initial hydrogen baseline current as is observed at 4%v/v
H2/N2 in Figure 5.1. This increase suggests that the phase change is closing void spaces
in the film. At concentrations higher than 4% v/v H2/N2 the signal becomes unstable
probably due to irreversible morphological changes caused directly by the phase change
such as hydrogen embrittlement and film delamination.

The PtioPdgo sensor, on the other hand, can detect H, at a wider range of
concentrations than the pure Pd sensor. In this film the first increase in current is first
observed at 8%v/v Ho/N2 (Figure 5.2). This delay to a higher concentration can be
explained by the restriction in the lattice expansion of this sample at this concentration
compared to pure Pd. The XRD patterns in Figure 2.13 suggest that above 3% v/v H2/N>
the lattice expansion continues; therefore there is a possibility that at 8% the lattice
expansion has reached the Pd B-phase value. Furthermore, no instabilities, i.e. N2 baseline
drift, are observed in the response to higher concentrations up to 50% v/v H2/N:
suggesting that this sample does not suffer from irreversible morphological changes.

The results shown in Table 5.1 and a PtioPdeo hydrogen adsorption/desorption
experiment (Figure 5.3) show that the sensitivity of the PtioPdeo sample increases almost
linearly with respect to hydrogen concentration up to 4%v/v Hz/N2 and reaches a
sensitivity plateau at 8%v/v H2/N.. Earlier studies on PtioPdgo alloys also show a linear
increase in normalized resistance as the hydrogen loading is increased® and Ni-Pd alloys
show a similar linear behavior.’® The maximum probably occurs as the hydride vacancies
are filled as suggested by Sakamoto et al.** This can produce a “blocking effect”® as the

number of vacancies is reduced therefore limiting absorption of hydrogen.
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Figure 5.1 Sensing response of a pure Pd sample to hydrogen concentrations ranging from 1% to 4%
(A) and the sensing response of a sample up to 50% v/v H2/N2 (B).

A E —— Response —— H, Valve B 3 —— Response —— H, Valve
28F r—- r-' 28F
~ 26F E
B f z 26
z ] E
€ €
o 24f g 24f
3 St
1%H,  1%H, 2%H, 4%H. 8% H, 10% H, 2% H, 4%H, B8%H, 10% H, 20% H, 50% H;
22F ‘ 22F
20F — — 20F
T T T T T T T T T T T
0 50 100 150 200 0 50 100 150 200 250
Time (min) Time (min)

Figure 5.2 Sensing response of a PtioPdg sample to hydrogen concentrations ranging from (A) 1% to
10% and (B) 2% to 50%v/v H2/N2

Table 5.1 Sensitivity at various concentrations for the Pd-M samples (NS = Not Stable).

Sensitivity

1% H2, 2% H2 4% H» 8% H2 10% H2: 20% H2 50% H:2
Pd 4.0% 10.1% 8.5% NS NS NS NS
PtioPdoo 2.3% 5.0% 10.9% 11.5% 11.5% 10.7% 10.3%

AgioPdeo  1.7% 3.4% 5.9% 6.6% 5.7% 5.0% 4.5%

The shape of the adsorption/desorption curve (Figure 5.3) is different than for
pure Pd (Figure 3.11) suggesting that there are changes in the thermodynamics of the

phase transition. The smaller hysteresis of this type of sample when compared to pure Pd
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has been previously reported® as was the bigger slope of the desorption curve owing to
the faster desorption kinetics that result form the addition of a non adsorbing element.
Also, the sensitivity during desorption almost reaches the initial value of 0% compared to
4% for pure Pd suggesting that the structural changes in this sample are reversible and
that there is minimal irreversible gas absorption.

The structural stability of this sample at increasing hydrogen concentrations is
also evident in the nitrogen current baseline value.'®” In pure platinum, hydrogen can
exist in either a negatively or positively polarized state depending on the surface
morphology of the film.*® A negatively polarized subsurface state tends to increase the
surface work function, thus decreasing the electrical conductivity.!®?° The small N
baseline drift suggests that only positively charged hydrogen states are present in the
sample. The stable response of these samples makes them reliable for detecting a wide
range of hydrogen concentrations. Moreover, Pt does not suffer hydrogen embrittlement®
possibly adding further stability to the sample.

The PtioPdgo sample has a higher sensitivity than pure Pd at 4% v/v H2/N2 (Table
5.1). Early studies done by Lewis!® show that PtioPdgo alloys gradually increase their
sensitivity with hydrogen loading by a larger factor than pure Pd due to a decrease in the
chemical potential for hydrogen adsorption, that also reflects as a decrease in the heat of
adsorption. Platinum alone however, does not dissolve hydrogen as effectively as pure
palladium since it does not form hydrides even though the chemical potential for

hydrogen adsorption is decreased.??.
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Figure 5.3 Hysteresis during hydrogen absorption and desorption of a PtioPdso sample.

The response time of this sample, however, is slower than for pure Pd under the
same experimental configuration at 4%v/v H> which coincides with the concentration at
which the sensitivity increases (Table 5.2). As the sensitivity increases, the time required
to reach absorption equilibrium increases thus increasing the response time. Moreover,
studies have shown that the rate of diffusion of hydrogen in Pt/Pd systems decreases as
the amount of Pt is increased.?? As the H, concentration increases, the response time
increases as described with relaxation time theory.??

Compared to other Pd/Pt hydrogen sensors studies, the response of our samples is
as stable and fast as those reported in the literature. Similar stability has been observed in
other Pd/Pt nanowire based hydrogen sensors that were studied up to 4%v/v. >#% Phan et
al.?* report high sensitivities of 50% at 4% v/v Hz/N2 and ~3 min response times. In
contrast Li et al.? report faster response times for PtioPdgo nanowire based sensors (4 s at
4% viv H2/N2) but with a lower sensitivity (10% at 4% v/v H2/N2). However, as
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demonstrated in Chapter 4, the response time is highly dependent on testing conditions.
Even though the morphologies are very different, our PtioPdgo film obtained through SRR

IS very competitive in terms of their stability, sensitivity, and response time.

Table 5.2 Response time at various concentrations for the Pd and Pd-M samples (NS = Not Stable)

Response Time (S)

1% H> 2% Hy 4% H, 8% Ho 10% H, 20% H, 50% H>

Pd 33.3 79.5 12.8 NS NS NS NS
PtioPdoo 37.0 73.3 37.5 11.8 9.7 4.3 2.1
Agi0Pdso 15.7 224 13.9 4.3 3.2 2.1 11

The hydrogen sensing response of the AgioPdgo sample is shown in Figures 5.5 and 5.6.
As PtioPdgo, this sample was also able to withstand 50% v/v Ha/N2 exposures. The
sensitivity of this sample however, was lower than for pure Pd and Pt1oPdgo because the
addition of Ag lowers its hydrogen adsorption capacity.® Moreover, the nitrogen current
baseline drifts significantly to lower values with increasing concentrations starting at 4%
vIiv Hz2/N2. Theoretical studies®®?’ have shown that hydrogen absorption in AgioPdgo
alloys can cause the segregation of Ag to the surface which could be causing this shift.
Scharnagl et al.?® showed this experimentally with Auger Electron Spectroscopy and
Scanning Electron Microscopy. They also reported baseline drifts in gate field effect
transistors with AgioPdgo thin films and attributed it to this particle migration; this drift
eventually stabilizes when hydrogen is completely desorbed. The baseline in Figure 5.5
seems to approximate to a stable value after various cycles. Pre-treatment with hydrogen
could stabilize the sample if the segregation reaches a limit where it does not occur any

longer with hydrogen exposure.
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This baseline drift affects the calculations of sensitivity for this sample. In Figure
5.44, the sensitivity of the film to the first exposure to 4% v/v H2/N2 is 14%, whereas the
sensitivity to the second exposition decreases to 10%. This decrease in sensitivity is
probably due to the larger fraction of Ag on the surface after the hydrogen induced
particle segregation that is decreasing the hydrogen absorption capacity. However, the
sensitivity to 1%v/v H>/N> remains unchanged after the sample being exposed to high
hydrogen concentrations possibly because this low H> concentration does not induce Ag

particle segregation.
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Figure 5.4 Sensing response of a AgioPdoo film (A) from 1% to 4% v/v H2/N2 and (B) 1% to 50% v/v
H2/Na.

The response time of this sample is faster than the PtioPdgo sample and to the pure
Pd sample (Table 5.2). This agrees with the high H2 permeability of AgioPdso which is
comparable to pure Pd (2.46 cm3/cm? s for AgzoPdso vs. 1.43 cm®/cm? s for pure Pd).?° It
has been said that Ag can enhance the H, permeation through Pd films"?30 Higher
permeation would mean higher hydrogen content penetrating the sample per unit time.
Therefore, the system would achieve the final resistance base value faster thus decreasing

response time.
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The trends of our AgioPdgo hydrogen sensors are similar to those published in the
literature. Palladium-silver thin film based hydrogen sensors reported by Wang et al.%
have smaller sensitivities when compared to pure Pd but respond faster possibly due to
the decreased absorption capacity?® and high permeability of hydrogen through AgioPdso
alloys, respectively. They show response times of ~15 s for a 2% v/v H2/N2 exposure
which is close to our observed value of 22 s at the same concentration. In contrast, they

report 1.5% sensitivity at 2% Hz, whereas our sensor shows 3.4% at this concentration.

5.4 CONCLUSIONS

Our results show that addition of Pt and Ag increase the range of hydrogen
concentration detection of our samples. Both the Pt1oPdeo and AgioPdoo Samples were able
to respond to up to 50% v/v Ho/N2 concentrations. Of the three samples studied, the
PtioPdgo sample had the most stable nitrogen baseline and high sensitivity across all the
hydrogen concentrations tested due to a higher adsorption capacity, but was slower than
pure Pd films due to increased absorption equilibrium time. The AgioPdgo films, on the
other hand, have lower sensitivities than pure Pd films but faster response times at all
hydrogen concentrations tested probably due to increased H, permeation and lower
adsorption capacity. However, they have an unstable N2 baseline at concentrations higher
than 4%v/v Hz/N. due to Ag segregation.

Overall, SSR is able to produce bimetallic films that expand the range of detection
and applications of pure Pd films for hydrogen sensing that is comparable or better than

similar sensors in the literature.
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6 REDUCTION OF THE EFFECT OF ADSORBED
OXYGEN ON THE PD BASED HYDROGEN
SENSOR RESPONSE BY ADDITION OF A
ZEOLITE LAYER

6.1 INTRODUCTION

Oxygen can dissociatively adsorb on Pd surfaces at temperatures above 200 K as
a physisorbed and a chemisorbed precursor for the formation of PdO.* This ability of Pd
is used in applications such as catalytic converters in cars for carbon monoxide (CO)
oxygenation®>® and fatty acid deoxygenation. ’

Shaikhutdinov et al.® demonstrated with TPD that Pd surfaces that were pre-
exposed to oxygen inhibited the adsorption of hydrogen due to a site-blocking effect
caused by the oxygen ad-atoms. This adsorption competition represents a problem in
hydrogen sensing applications since the signal of the sensing element depends directly on
the absorption of hydrogen. Similarly, other gases such as CO, SO, and H>S can poison
the Pd surface decreasing the ability of the sensing element to reliably detect hydrogen. °
Molecular sieves are an alternative to minimize this adsorption competition and increase
the selectivity of hydrogen-sensing elements.

Zeolites are crystalline porous aluminosilicate materials with a tetrahedral
connected framework with cavities occupied by ions or water molecules®®. The size of the
pores of these materials, which are in the angstrom range, allow them to act as molecular
sieves. There are a variety of zeolite frameworks that are classified according to their

structure and symmetry that give them different separation capacities.
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Among available zeolites, Zeolite P (Figure 6.1) has a Gismondine-like
framework (GIS) with intersecting channels of 3.1 x 4.4 A and 2.6 x 4.9 A along [100]

and [010] directions, respectively. 1112
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Figure 6.1 Gismondine framework viewed along the a-axis®®

According to the International Zeolite Association (IZA) the maximum diameter
of a sphere that can diffuse through axis a, b, and ¢ of this framework is 3.32 A. The
kinetic diameters of oxygen and hydrogen are 3.46A and 2.89A, respectively.
Therefore zeolite P with GIS framework can potentially be used for H2/O> separation. In
this Chapter we report the results of the effect of oxygen on the hydrogen response of our
Pd sensor and how a layer of zeolite type Na-P1 with GIS framework can help their

hydrogen selectivity.
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6.2 METHODOLOGY
6.2.1  Synthesis and Characterization of Pd sensors

The Pd samples were synthesized with the solid impregnation method as
described in section 2.2.1 with 5% wt Pd and adding water during reduction. The sensing

was tested in the Ch-7000 chamber described in section 3.2.

6.2.2  Synthesis and Characterization of Zeolite P

The zeolite synthesis gel was produced following the procedure described by
Dong et al. ** For this synthesis 6.4 mL of sodium silicate and 0.5130 g of sodium
aluminate were dissolved on 25 mL and 14.7 mL of NaOH 0.472 M respectively. The
clear solution of sodium aluminate was added into the sodium silicate solution under
vigorous stirring to obtain a homogeneous synthesis gel. The solution was left under
continuous stirring for 20 hours before use. The solution was deposited inside of a 60 mL
Teflon-lined autoclave. Then the autoclave was placed inside of an oven at 100°C for 12
hours. The characterization was carried out using X-ray diffraction with a Rigaku Ultima

I11 diffractometer unit using CuKa radiation operating at 40 kV and 44 mA.

6.2.3  Deposition of Zeolite

The deposition of the zeolite powder was done by suspending ~0.04 g of zeolite
Na-P1 in 20 mL of deionized water. The Pd ensemble was immersed in the suspension
for 10 minutes and dried at 60 °C for 30 minutes. This procedure was repeated three
times. Afterwards, zeolite Na-P1 was further deposited on the sample by suspending 0.04
g of zeolite type Na-P1 in 3 mL of deionized water and pipetting the suspension on top of
the sample. An attempt was made to synthesize a zeolite membrane by the traditional

hydrothermal treatment but components in the sensor ensemble such as the silver epoxy
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that was used to fabricate the electrodes was reacting with the reactive mixture and

destroying the sample.

6.3 RESULTS AND DISCUSSION
6.3.1  Effect of Oxygen on the Response

For all the properly reduced samples there is an initial sudden jump in the current
values when the sensor is first exposed to Hz that quickly stabilizes. This phenomenon
has been previously reported on the response to hydrogen of a PdO sample *® and is
attributed to its reduction to Pd. As shown in Chapter 2 with XRD and XPS, our samples
are pure Pd, therefore the presence of this initial jump is due to either desorption of
oxygen from the surface of the sample or the reaction of adsorbed oxygen with the
flowing hydrogen. The reaction between oxygen and hydrogen is thought to occur
through the following reaction mechanism where adsorbed atomic oxygen reacts with

adsorbed atomic hydrogen to produce water at T > 200K . 1618
O *+H *— OH * (Eq. 6.1)

OH * +H x> H,0 (Eq.6.2)

Figure 6.2 shows the response of a sample exposed to cycles of H2/N2 and O2/No.
The sample responds as expected to hydrogen when it is mixed with nitrogen, i.e. the
current decreases when exposed to H2 and increases when exposed to N.. However when
the sample is in N2 and is exposed to different O2/N. concentrations, the current also
decreases. This decrease can be attributed to an increase in the Pd surface work function

due to changes to the dipole layer by the strongly adsorbed negatively charged oxygen

atoms. ¥ The correlation between a decrease in electrical conductivity with increasing
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work function was shown by Heras et al. 2° who also reported an increase in the work
function of a Pd(111) surface by 0.8 eV as the surface is exposed to oxygen at 300 K.

When the sample is reexposed to 1% Ha/N2, after been exposed to O, the current
jumps up and then slowly decreases which is similar to what is observed in the first
hydrogen cycle in a nitrogen and hydrogen only environment. Conrad et al. ! reported an
increase in work function of 0.2 eV for adsorption of hydrogen at room temperature,
which is a smaller change in work function than during oxygen adsorption. The current
values during the 1% H/N> flow are lower than those during O2/N2 flow. The
discrepancy between the change in work function and the current values is due to that
hydrogen is adsorbed on the Pd surface in two different forms: negatively and positively
polarized atoms.?? Negatively charged ad-species increase the work function, whereas
positively charged ad-species decrease the work function. Positively charged ad-species
can penetrate into the bulk leading to the formation of hydride species, which are mainly
responsible for the decrease in electrical current of the bulk. Therefore the higher
decrease in current due hydrogen absorption does not happen mainly because of changes
in work function, rather the effect of the positively polarized ad-species.

The increase in current that occurs with hydrogen exposure after being exposed to
oxygen shows that the presence of hydrogen reduces the amount of adsorbed oxygen. The
adsorption energy of oxygen in Pd at room temperature is higher than that of hydrogen
(~55 kcal/mol?® vs. ~21 kcal/mol??), thus the adsorption of the oxygen and the hydrogen
is very competitive. Thus, the reduction of adsorbed oxygen likely occurs through two
mechanisms: desorption of weakly adsorbed oxygen and reaction with hydrogen. The

observed jump in the response when exposed to H2/N> after air can be explained by the
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desorption of weakly adsorbed oxygen. The slow decrease in the signal can be explained
by the subsequent simultaneous reduction reaction and adsorption/absorption of hydrogen

into the structure.
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Figure 6.2 Sample with 5%wt Pd exposed to O: after hydrogen exposure.

To further understand the effect of oxygen in the sensing results we studied the
response of a sample exposed to 0.5%v/v Hz in compressed air when previously exposed
to compressed air (Figure 6.3). Contrary to the response to H2/N2 after exposition to
0O2/N2, the current increases and then slowly decreases with no initial jump. The fact that
there is no jump is explained by the fact that in this system there is a continuous
adsorption and desorption of oxygen. The increase in current can be explained by the
decrease in surface oxygen atoms by their reaction with hydrogen and the slow decrease

in current can be explained by the slow absorption of hydrogen in this system.

104



27.4F
27.2EF
< F
E :
2 27.0F
o ;
= 3
o :
26.8E ~0.5% H, in Air ~0.5% H, in Air
26.6F  Air Air Air
: | " M . M 1 M 2 M M ] . M M " [ . M M " [
0 50 100 150 200
Time (min)

Figure 6.3 Sample with 5%wt Pd exposed to H2/ N2 and Hz/compressed air cycles.

The response time (time to reach 90% of the final change in current after exposure
to hydrogen) for the 0.5%v/v Ha/air after exposure to air (Figure 6.3) was ~5 minutes
which was significantly slower when compared to other samples exposed to 0.5%v/v
H2/N2 (~2.5 minutes). In the presence of oxygen it is more difficult for the hydrogen to
absorb. The jump in current observed when the sample is reexposed to oxygen after being
exposed to hydrogen is possibly due to the fast desorption of hydrogen.

These results might suggest that Pd could function as an oxygen sensor as well as
a hydrogen sensor. Figure 6.4 shows that when a sample is on a nitrogen environment
and is initially exposed to oxygen the current decreases due to oxygen adsorption.
However, this adsorption is very strong and, unlike reexposition to Hz/Na, the
reexposition of the sample to N2 does not change the current significantly since nitrogen

does not react with oxygen nor it promotes its desorption.
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Nitrogen (N2) is known to dissociatively chemisorb at room temperature and
above on transition metals such as Ti, Zr, Nb, among others to form metal nitrides.
However, nitrogen does not chemisorb on noble metals such as Pd and Pt either
dissociatively or molecularly. 2* Due to its inertness, Nz is used on the testing of noble
metal based H> sensing devices. Therefore, the decrease in current of the sample when
exposed to oxygen occurs notably in an oxygen free surface, that is, after the sample has
been exposed to hydrogen and all the oxygen has been removed. The increase in current
when the sample is exposed to nitrogen after being exposed to hydrogen diluted in
nitrogen, appears to occur because nitrogen drags away the hydrogen molecules as the
atoms associatively desorb from the Pd surface since the adsorption of hydrogen is

reversible at room temperature, 2>-%°
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Figure 6.4 Sample with 5%wt Pd exposed to N2 and Air cycles.
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6.3.2  Effect of Zeolite P on the Hydrogen/Oxygen Pd Sensor
Selectivity

Figure 6.5 shows that the X-ray diffraction pattern of our synthesized zeolite
corresponds to zeolite Na-P1 (GIS). Figures 6.6A and B show the response of a 5% wt Pd
sample without zeolite deposition, and with two zeolite depositions, respectively. The
samples were exposed to cycles of 1% H2/N2 and O2/N2 and Table 6.1 shows the results
of the current change associated with these results calculated as:

|i0_ig|
Lo

Ai = x 100

(Eg. 6.3)

where io is the initial current value and ig is the final current value when the sample has
been exposed to a gas (Hz or O2). Because the current does not reach a steady state value,
to be consistent, the final current value has been defined as the value after ten minutes of
exposure.

As before, these figures show that there is a decrease in current upon exposure to
oxygen for both the sample without and with a zeolite layer. Table 6.1 shows that the Ai
for the sample without a zeolite layer upon oxygen adsorption at different concentrations
is very similar while for the sample with the zeolite layer the Ai decreases with oxygen
concentration. Moreover, the Ai for the sample with the zeolite layer upon H2/N:

exposure is significantly increased and for O2/Nz> is significantly decreased.
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Figure 6.5 XRD Patterns for Zeolite type Na-P1 sample compared to theoretical pattern.

The sample without the zeolite layer had a Ai of 7.1% for an exposure to 1%v/v
H2/N2. After the zeolite deposition, the initial Ai to 1%v/v H2/N, decreased to 5.9%, a
17% reduction. However the most change was observed during oxygen adsorption; the Ai
for 10% Oz exposure decreased from 3.8% to 1.9% (a 50% reduction) and for 0.5%v/v O>
the Ai decreased from 3.0% to 1.1% (a 63% reduction) before and after zeolite
deposition.

Moreover the Ai due to hydrogen exposure after oxygen exposure before and after
zeolite deposition increased. Evidently the zeolite layer enhances the response of the
sample to H> when in an oxygen environment. These results can be explained by a

decrease of adsorbed oxygen in the Pd surface such that the hydrogen can more readily
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adsorb. The response time to Ho/N2 in the sample before and after the zeolite deposition
IS similar suggesting that diffusion through the zeolite layer does not slow the response

and that the limiting step is still the removal of the adsorbed oxygen atoms.
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Figure 6.6 Sample with 5%wt Pd exposed to cycles of 1%v/v Hz, N2 and O: diluted with N2, (A) No
zeolite deposited, and (B) zeolite layer deposited.
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Table 6.1 Current changes for the sample with and without zeolite deposition. Response times are
shown for hydrogen cycles after oxygen exposure.

Gas Concentration too (Min) Ai

No zeolite deposited

Initial exposure Hz 1% in 2.9 7.1%
N2

02 10% - 3.8%

H2 1% in N2 8.4 1.6%

02 5% -- 3.8%

H2 1% in N2 7.6 1.4%
021% -- 3.5%

H2 1% in N2 5.2 2.5%
020.5% -- 3.0%

Zeolite deposited

Initial exposure Hz 1% in 3.2 5.9%
N2

02 10% -- 1.9%

H2 1% in N2 7.3 2.2%

02 5% -- 2.1%

H2 1% in N2 6.4 2.7%

02 1% -- 1.1%

H2 1% in N2 4.9 3.4%
020.5% -- 1.1%
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These results show that the layer of zeolite Na-P1 acts as a barrier for oxygen
adsorption. The pores of the zeolite are acting as a molecular sieve to oxygen allowing
the faster diffusion of hydrogen. However, the fact that there is still a response to oxygen
suggests that the deposition method used is not 100% effective by providing void spaces
for the oxygen to penetrate to the sample. Nevertheless, these results demonstrate the
potential of using zeolite coatings for producing highly selective hydrogen sensors.

6.4 CONCLUSIONS

This work is a proof of concept that a local zeolite coating can make Pd based
sensors more selective to hydrogen. The zeolite Na-P1 used in this work suppressed the
diffusion of oxygen onto Pd based chemiresitors presumably by size selectivity. This
work suggests that this method is viable as an alternative to also prevent poisoning to
other gases, such as carbon monoxide, and that through optimization of the deposition
method, more selectivity is possible.

Moreover, this work gives more insight into the effect of oxygen in the response
of Pd based sensors, which is important as oxygen is ubiquitous in land based
environments. The competition between oxygen with hydrogen for adsorption in Pd can
affect the sensor response since it decreases the response time and the sensitivity as well.
Moreover exposure to oxygen decreases the current of the sample, which could be
misinterpreted as response to hydrogen and affect the viability of the sensing elements.

Another phenomenon that was explored were the jumps in current when going
from oxygen to hydrogen environments and vice versa which can have applications in
hydrogen safety sensors because these changes are faster and larger before achieving a

steady state change.
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7 CONCLUSIONS AND RECOMMENDATIONS

The solid-state reduction (SSR) is a facile synthesis method to obtain Pd and Pd
based bimetallic films that are stable, sensitive, and fast resistor-type hydrogen sensors.
This technique is cost-effective, as it does not require excess metal reagents, sophisticated
equipment, high temperatures or high voltages.

The SSR method can successfully reduce the Pd, Pt, and Ag precursors:
Pd(NO3)2xH20, Pt(NH3)4(NOs)2, and AgNOs. Using anodic alumina membranes as a
support two films of different morphologies are formed on either side for all metal
combinations studied. A rough film is formed due to the aggressive reaction of sodium
borohydride with water on the side were the latter is at a higher concentration whereas a
smooth film is formed on the water deficient side. Solution impregnation yielded a more
consistent and even distribution of the metal on the support as it relies less on human and
environmental variability and is also appropriate for producing bimetallic films.

As a hydrogen sensing element, the Pd films obtained through the SSR method
had stable signals at 2.5 and 5%wt Pd loadings and were able to detect 0.01% - 2%v/v
H2/N2 with sensitivities as high as 7%. The Pd films followed with great accuracy
Sieverts’ law making them good candidates for hydrogen monitoring applications. A 5%
wt Pd loaded sample is a good candidate for hydrogen sensing applications since it
showed a balance between response time, sensitivity, and signal stability along with good
reproducibility.

To optimize the stability of the signal, the electrical connection, film roughness,
and reduction state were studied. The best configuration for obtaining a stable signal was
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using Cu wires with silver paste connected on the rough surface of the sample since
better contact area (increased a-spots) were achieved. Adding water in the reduction step
during synthesis increases the roughness of the film and the fraction of reduced metal
leading to a more stable signal.

The sensitivity and response time of the samples were affected by the voltage
applied, morphology of the film, and residence time. The sensitivity and response time of
the films synthesized by solution impregnation were not affected by changes in voltage,
as it did for solid impregnation films, because of the small bulk resistance the former has.
This leads to small changes in current which stabilize the self-heating of the films.

The Joule heating effect and the increased a-spots are probable reasons why the
rough films yielded faster response times with good sensitivities when compared to the
smooth surface. The residence time significantly affected the response time and
sensitivity of the Pd films by shifting the rate-controlling step from the hydrogen
adsorption to the hydrogen convection to the sample.

Hydrogen adsorption/desorption curves showed along with the hydrogen response
plots, that the samples suffered morphological changes during phase transition that
affects the responses above the phase transition concentration. The incorporation of Pt
and Ag to the Pd films caused suppression in the expansion of the Pd lattice and increases
the range of hydrogen concentration detection of our samples. Both the PtioPdgo and
AgioPdgo samples were able to respond to up to 50% v/v H2/N2 concentrations. The
PtioPdgo films had the most stable nitrogen baseline and high sensitivity across all the
hydrogen concentrations tested, but was slower than pure Pd films due to slow diffusion.

Ag10Pdgo films, on the other hand, have smaller sensitivities than pure Pd films but faster
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response times at all hydrogen concentrations tested due to increased H> permeation.
However, they have an unstable N2 baseline at concentrations higher than 4%v/v H2/N>
possibly due to the segregation of Ag particles with H absorption.

This work provided insight into the effect of oxygen in the response of Pd based
sensors, which is important, as oxygen is ubiquitous in land-based environments.
Exposure to oxygen decreases the current of the sample, which could be misinterpreted as
response to hydrogen and affect the viability of the sensing elements. A zeolite type Na-
P1 coating on top of the films made them more selective to hydrogen presumably by
suppressing the diffusion of oxygen by size selectivity. This work suggests that this
method is viable as an alternative to also prevent poisoning from other gases, such as
carbon monoxide, and that through optimization of the deposition method, better
selectivity is possible.

Overall, films obtained through the SSR synthesis method can be engineered to
meet the specifications of the DoE for indoor fueling facility monitoring (response time
of 30 s at 1% H>) By optimizing the sensing conditions a Pd films had a 2.7% sensitivity
and a teo of 4 s and the bimetallic films that expanded the range of detection to 50%v/v
H>. This performance is comparable or better than similar sensors in the literature.

As recommendations, the solution incorporation of the metal precursor in SSR
method could be improved by using techniques such as spin coating to achieve better
precursor distribution by preventing localized high concentration spots. With spin
coating, the SSR could yield more uniform films. With uniform films along with the
addition of the sample onto a strong support, techniques such as SEM, AFM, and

Profilemeters could be used to effectively characterize the delamination and
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embrittlement of the samples. If a uniform film is obtained for the bimetallic samples,
Auger Electron Spectroscopy with depth profiling could be used to effectively
characterize the distribution of species within the sample. Moreover, the addition of a
third metal could be studied.

The testing of the samples can be improved by using a specialized testing
chamber intended for this purpose, were the position of the sensor can be varied to study
the effect this has on the response. This would allow us to perform location validations to
be able to accurately locate the sensor if the source for leaks or monitoring is well
established. Also, with this chamber, the effect that conditions such as temperature and

humidity have on the response could be studied.
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APPENDIX A

Attachment used for the characterization of the phase changes for Pd
(Reactor X)
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APPENDIX B

XRD pattern for a 5% wt Pd sample without the Reactor X attachment.

—5% Pd Sample —Alumina support —Pd theory

A

0 10 20 30 40 50 60 70
2-theta (deg)

119



APPENDIX C

Matlab routines for solving the Navier-Stokes equation:

Please see http://www.mathworks.com/help/matlab/ref/pdepe.ntml for more
information on the pdepe solver.

A. icfun.m

function uO=icfun (x)

$icfun: MATLAB function M-file that specifies the initial condition
%$for a PDE in time and one space dimension.

u0=0;

end

B. bcfun.m

function [pl,ql,pr,gr]l=bcfun(xl,ul,xr,ur,t)

$bcfun: MATLAB function M-file that specifies boundary conditions
%$for a PDE in time and one space dimension.

pl=ul;

ql=0;

pr=ur-1;

qgr=0;

end

C. pdefun.m

function [c,b,s] = pdefun(x,t,u, DuDx)

$pdefun: MATLAB function M-file that specifies

%a dimensionless PDE in time and one space dimension.
inch=7;

L=inch*0.0254; Smeters

tf=1.5*60; %seconds

flow=1l; %cm”3/min

Qf=flow*le-6*(1/60); %m"3/s convertion
area=(3.1416*(1/2)"2)*0.00064516; Smeters”2
vel=Qf/area; %meters/seconds

D=9.089%e-5; %meters”2/seconds

Fo=D*tf/L"2; %fourier number

Pe=L*vel/D; S%peclet number

c=1/Fo; %c, b, and s are the PDE.m function parameters,
b=DuDx; %See http://www.mathworks.com/help/matlab/ref/pdepe.html
s=-Pe*DuDx;

end
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D. PDE.m

$PDE:MATLAB script M-file that solves and plots
%$solutions to the PDE stored in pdefun.m
clear all
close all
m=0;
$Define solution mesh
x=1linspace(0,1,200);
t=1linspace (0,1,200);
%$Solve the PDE
u = pdepe (m, @pdefun, @icfun, @bcfun, x,t);
for 1=20:20:200
set (gca, 'FontName', 'Geneva');
set(gca, 'FontSize', 14);
figure (1);
plot(x,u(i, :), 'Linewidth', 1.25);
xlabel ('z/L', 'FontSize', 14);
ylabel (' (CO0-C)/(CO-Cf) "', 'FontSize', 14);
axis tight

hleg=legend('tl','t2','t3','t4','t5',"te"',"t7"','t8"',"'t9"',"t10"',"t11"', 't
12','t13','t14"','t15"', 'tle6"', 't17"','t18"', 't19", 't20");

set (hleg, 'FontSize',14);

hold on

filename3="'u.xls';

3j=(20:20:200) ;

x1lswrite(filename3,u(j,:),1);
end
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