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Abstract

Currently, most of the hydrogen is produced through steam reforming of methane. Methane
reforming and water gas shift reactions are often not completed, leaving very small concentration
of CO (~50 ppm) in the fuel stream. Trace amount of CO (few ppm) causes a substantial
degradation in the fuel cell performance as CO acts as poison for Pt-based catalysts, therefore,
residual CO concentration in the hydrogen rich stream should be controlled. Rapid and accurate
hydrogen detection in the presence of other interfering gases (e.g. detection of H» in the presence
of CO) is necessary during the production, storage and use of hydrogen. It is also essential for
monitoring/controlling the hydrogen concentration in nuclear reactors, coal mines, semiconductor

manufacturing, etc.

The main goal of the present work is to investigate the suitability of polymer-derived
microporous ceramic filters for their applications in enhancing H>/CO gas sensing selectivity of
chemiresistor gas sensors by integrating filters with chemiresistors. Polymer-derived ceramics
possess thermochemical stability and tunable porosity, hence, can be applied for applications in
harsh reducing conditions. In the present work, various types of ceramics are synthesized by
polymer-pyrolysis route and their performance in the enhancement of gas sensing selectivity have

been evaluated.

Commercially available vinyl-functionalized polysiloxane, polysilazane and ally hydrido
polycarbosilane have been selected as pre-ceramic polymers and are pyrolyzed at 700 °C, 800 °C
and 900 °C in argon atmosphere. Polymer-to-ceramic transformation, structural characterizations
and porosity characteristics of the synthesized ceramics are investigated. All synthesized ceramics
were x-ray amorphous. Porosity characterization of the synthesized ceramics shows that SiOC
ceramics are microporous in nature where as SiCN and SiC derived from polymers are found to
be non-porous. Moreover, SiOC ceramics obtained at 700 °C are microporous with a mean pore-

size of about 4.6 A as measured using nitrogen physisorption method.

Microporous SiOC ceramics layers are coated on SnO;- and GaN-based planar
chemiresistors with a thickness of about 5-6 pm by dip-coating of polysiloxane solution on planar

chemiresistors followed by pyrolysis at 700 °C under argon atmosphere. The diameter of

micropores in SiIOC (~4.6 A) is larger than the kinetic diameter of H» (2.89 A) and CO (3.76 A)
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molecules, allowing in this way their diffusion towards the bottom sensing layer. Transient
response characteristics and sensor signals of uncoated- and two-fold SiOC-coated sensors
exposed to CO (50, 70 and 100 ppm) and H> (50, 500 and 1000 ppm) in nitrogen at 400 °C have
been performed. The results indicate that uncoated sensors show high response towards both CO
and H> whereas for microporous SiOC coated gas sensors the sensitivity towards the interfering

gas CO is significantly reduced.

Keywords: Polymer-Derived Ceramics; Microporous; Filter; Hydrogen; Gas Sensor; Selectivity.
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Successful development of gas sensors should possess three important characteristics: sensitivity,
selectivity and stability. Among the well-known gas sensitive oxides (SnO2, ZnO, TiO;, Cr20s3,
WO3 and In203), SnO> is most commonly used for detection of toxic and combustible gases. Metal
oxide gas sensors generally show high sensitivity but poor selectivity if pure sensing material is
used and are also not stable in hydrogen-rich atmospheres at high temperatures. In the last few
years nitrides and oxynitrides, such as GaN and GaON have attracted an increased attention in the
detection of Hz, CO, CH4, and NHj3 in harsh reducing conditions, However, these sensors behave
more or less similar to various reducing gases (H», CO, etc.), which could lead to false alarm and
error in gas concentrations measured by detectors due to difficulty in separating the effects of
different gases.

Currently, hydrogen is mainly produced through steam reforming of methane. Methane
reforming and water gas shift reactions are aften not completed, leaving very small concentration
of CO (~50 ppm) in the fuel stream. As CO acts as poison for Pt-based catalysts, even a few ppm
of CO causes a substantial degradation in the fuel cell performance. Therefore, accurate hydrogen
detection in the presence of other interfering gases (CO, humidity) is necessary during the
hydrogen production and storage.

Among the various ways of enhancement of gas sensor selectivity — by use of (i) catalysts,
(i1) temperature control, (iii) specific surface additives, and (iv) physical or chemical filters on the
top of sensing materials — one of the effective methods of enhancing gas sensing selectivity is to
apply a thermally stable porous filter layer on sensing materials. Recently reported works show
improving H»> selectivity against CO using Au-loaded SnO», palladium-capped copper oxide
(Pd/CuO) thin films and by temperature modulation of the SnO;-based metal oxide sensor with
the addition of PdOx. A well-defined microporous (pore diameter < 2 nm) filter layer can block
larger CO molecules from diffusing towards sensing materials by allowing smaller H> molecules
for selective Hy detection. Microporous polymer-derived ceramics (SiC, SiOC, SiCN, etc.) are

excellent candidates due to their thermochemical stability and tunable porosity.

The research work of this thesis is focused on:




Introduction and Motivation

(i) Synthesis and characterization of microporous ceramics using polymer-pyrolysis
route,

(ii) Integration of microporous polymer-derived ceramics with chemiresistors,

(iii)  Enhancing gas sensing selectivity of H> with respect to CO using microporous ceramic-

coated sensors.

This thesis is organized as follows:

Chapter 1. Introduction and literature review: The first chapter of the thesis provides an
introduction to chemiresistive gas sensors and polymer-derived ceramics with exhaustive literature

survey, definition of problem, and specific objectives of the thesis.

Chapter 2. Experimental procedures: This chapter presents the experimental procedure used for
the synthesis of ceramic materials (using polymer-pyrolysis route), gas sensors (using RF/DC
sputtering and screen printing methods) and also briefly describes various structural

characterization methods applied in this work.

Chapter 3. Design and realization of experimental gas sensing set-up: This chapter describes
the design and operation principle of a laboratory-scale gas sensing set-up and which has been
realized during the present research work. The set-up mainly consists of mass flow controllers,
multimeters, power sources and communication systems. A LABVIEW program was developed

to control the set-up and acquire real time data during gas sensing measurements.

Chapter 4. Synthesis of microporous polymer-derived ceramics: This chapter investigates
various types of precursors (polysilazane, polysiloxane and polycarbosilane) used for the synthesis
and selection of suitable microporous (pore size < 2 nm) ceramics. Precursors were pyrolyzed
under inert environment up to 800 °C and pore-size characteristics were studied using nitrogen

adsorption-desorption method.

Chapter 5. Microporous SiOC-coated SnO2 and SiOC-coated GaN sensors: In this chapter
enhancement of H,/CO selectivity of SnO; and GaN sensors coated with amorphous microporous
silicon oxycarbide (SiOC) filter layer has been discussed. Amorphous SiOC ceramic has been

synthesized by pyrolysis of vinyl-functionalized polysiloxane at 700 °C under argon. SiOC layer
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was coated on sensor substrate by two-fold coating/pyrolysis steps. Transient response
characteristics and sensor signals of uncoated sensors and SiOC-coated sensors were measured

towards H> and CO at 400 °C.

Chapter 6. Conclusions and outlook: This chapter summarizes the present study and underlines
its prospective future by evaluating the obtained results in terms of gas selectivity performances

of integrated porous ceramic and sensor combinations.




Chapter 1. Literature review

Chapter 1. Literature review

Hydrogen is an odorless and colorless gas with highly flammable properties, commonly used in
various industrial research applications. For instance, it has significant affinity towards moisture,
which must be prevented in aluminum melting processes and galvanic plating to avoid hydrogen
embrittlement. In nuclear reactors, hydrogen gas is used for safety monitoring, while in coal mines,
its low-temperature oxidation produces gas at the ppm level, requiring monitoring to prevent
accidental explosions. In transformer lubrication oil, there is a possibility of hydrogen gas leakage
in power plants. In the semiconductor industry, hydrogen gas is used for thin film deposition,
making controlled monitoring and detection crucial. Additionally, in the shuttle launching and
aerospace industries, hydrogen leak detection is necessary. As the use of hydrogen as an energy
source is rapidly growing, continuous monitoring of hydrogen leakage is essential for safety in

hydrogen production, storage, and transportation[1].

1.1 Gas sensors
A gas sensor is a transducer that responds to changes in the concentration of a specific gas by
producing a measurable output signal, typically in the form of voltage, current, or resistance,

through a chemical, physical, or electronic process [2].

Gas Sensor
G lecules ——— Receptor Transducer Signal
as molecules (Chemical) | (Physical) _—

Figure 1.1 Construction of gas sensors with receptor and transducer (adapted from reference [3]).

Gas sensors are typically assembled by integrating two primary functions — the first function
involves the identification of gas molecules, while the second function is responsible for
converting this identification into a signal output, as illustrated in Figure 1.1. Gas recognition
primarily occurs through the interaction of gas molecules, including adsorption and chemical

reactions, with a selected material known as the receptor. This interaction results in various
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physical or chemical effects that affect the receptors or their surroundings, such as the formation
of reaction products, the generation of heat, or changes in the mass or dimensions of the receptor.
These effects can then be transformed into electrical or optical signals by exploiting specific

material properties, known as transducers.

1.1.1Basic characteristics of gas sensors

Chemiresistor sensors, which are based on semiconductors, are commonly used for detecting
poisonous and flammable gases because of their low cost and ease of use. In a chemiresistive gas
sensor, the interaction between the gas and the semiconductor causes the electrical resistance to
change. When exposed to the analyzing gases, the electrical resistance of the chemiresistive sensor
changes (increases or decreases). As can be seen in Figure 1.2, the change in resistance is caused
by the presence of either a reducing or oxidizing gas, and the type of sensing materials used. Under
normal (with oxygen and humidity) atmosphere, optimal operating temperature range of these

sensors is between 100 and 500 °C.

a A oxidising gas: reducing gas:
) Gas b tc SNoro.. CO, EtOH, propanal ...
concentration
c
t
L d
\/ C) AR t1 t2 t3 t4
Sensor
t
Response } } } } >
RorG t t ty t,

Figure 1.2 Sensor working principle: (a) functioning of a metal-oxide-based gas sensor, (b) the gas
is applied at t1, t3 and removed at t2, t4, (c) which lead to changes in the resistance R or conductance

G of the sensor (adapted from reference [4]).

Some of the important characteristics (basic terminologies) of gas sensors are mentioned below

[3]:
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1.1.1.1 Sensitivity or Response

It is defined as response to small concentration change of gases. It is mathematically expressed as
sensor signal (S) which is the ratio of resistance of sensor in air to that in target gas. Under reducing
type of target gases S is determined as Ra/Rg, while for oxidizing target gases it is calculated as
R¢/Ra. Here, R, signifies the resistance of gas sensors in the reference gas, typically air, while Ry

denotes the resistance in the target gas.

1.1.1.2 Response Time and Recovery Time

In gas sensors, "response time" denotes the time taken by the sensor to respond as the sensor
resistance changes moves from its initial state to a specific value and stabilizes at roughly 90% of
its maximum value. "Recovery time" is defined as the time during which the sensor resistance

reduces to the 10% of the saturation value after the gas flow stops.

1.1.1.3 Selectivity

Selectivity in gas sensors refers to the ability of a sensor to distinguish between different gases or
vapors in a mixture. It is determined by the degree of response of the sensor to a target gas relative
to other interfering gases in the environment. In other words, the selectivity of a gas sensor is its
ability to respond to a specific gas while being insensitive to other gases. This property is critical
for accurate and reliable detection of target gases in complex and diverse environments. A high
level of selectivity is often achieved through the use of advanced sensing materials, such as
selective coatings, functionalized nanostructures, and molecularly imprinted polymers, as well as

through signal processing algorithms and pattern recognition techniques.

1.1.1.4 Stability
It is defined as the ability of the sensor to maintain its properties when operated continuously for
long time under extreme conditions. A good sensor should work for several years without showing

significant degradation in the performance.

1.1.2 Types of gas sensors
The choice of gas sensor depends on factors such as the target gas, sensitivity, selectivity, response

time, and the intended application. Different sensors are suited for different environments and
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requirements. Some of the commonly used type of gas sensors are categorized below based on

their working principle.

1.1.2.1 Optical sensor

Optical sensors possess the capability to perceive light within specific segments of the
electromagnetic spectrum, including ultraviolet, visible, and infrared regions. These optical gas
sensors operation principle are based on parameters that detects wavelength, frequency, or
polarization of light by converting this parameters into electrical signals through the photoelectric
effect. The presence of gas molecules causes the change absorbance, luminescence, or refractive

index of the material resulting in a change in the output signal [5].

In Figure 1.3, an illustrative example of an operational optical methane gas sensor is shown. This
sensor comprises three main components: a light source that generates mid-IR light, a tube that
contains the gas sample under examination, and an optical spectrum detector. The mid-IR light
emitted by the light source travels through the gas sample, bouncing off the inner walls of the tube.
Within the gas, molecules resonate at infrared frequencies, leading them to absorb some of the
infrared radiation emitted by the light source. After passing through the gas sample, the infrared
light reaches the optical spectrum detector, which measures the intensity of the emitted light. By
comparing the input and output light intensities from the light source and considering the distance
the light traveled, we can calculate the effective absorption coefficient of the gas. This coefficient

is a crucial parameter used to determine the presence of methane in the gas sample."

Gas entrance Gas export Optical filter
| I I | Sensor
° °
° o m ¢
o L]
" ® ° ® L]
Control signal . 8 . Output signal
] ° .
® L ] "
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@ ® ®
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1 ° Intensity
Initial intensity «— L through

target gas

Figure 1.3 Schematic of an optical gas sensor (adapted from reference [6])




Chapter 1. Literature review

1.1.2.2 Electrochemical sensor

Electrochemical sensors measure a target gas's concentration by generating a voltage or current
signal in response to a chemical reaction. The sensor, which has two electrodes (a working
electrode and a counter electrode), functions by enabling charged molecules to diffuse across an

electrolyte membrane. As shown in the Figure 1.4.

NO

Gas membrane

Working :

Potentiostat

/’ Reference G\)

Counter NV

Figure 1.4 Schematic of electrochemical gas sensor (adapted from [7]).

1.1.2.3 Acoustic sensor
Microphones and other acoustic sensors (also known as "sound sensors") function by transforming
acoustic energy into electrical currents. Sound-induced pressure changes in the air are detected by

these sensors, and the resulting changes are converted into electrical signals.

Sound is absorbed in two ways: the first, classically, is caused by transport phenomena such heat
conduction, viscosity, and diffusion; the second, non-classically, is caused by thermal relaxation
involving the vibrational and rotational levels of the molecules. Energy is transferred between
molecules in a gaseous medium through collisions. Without any external disturbances, the gas
molecules' inherent degrees of freedom, such as vibration and rotation, quickly become
thermalized. The gas thus remains at a fixed temperature in a state of thermal equilibrium. The
release of an acoustic wave into the gas disrupts this equilibrium, causing the internal degrees of

freedom DOF activated by collisions to return to their thermal state at the acoustic temperature. In
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most cases, the acoustic wave does not quickly regain the energy it expended in order to activate

the internal degrees of freedom of the molecules [8].

1.1.2.4 Catalytic Sensor

For almost a century, catalytic sensors have been utilized for fuel gas detection. In 1923, Jonson
invented the first catalytic combustion sensor for detecting methane in mines[9, 10]. These sensors
are primarily used for detecting fuel petrol and vapors. A chemical reaction occurs when fuel gases
reach the temperature of combustion, and they are not ignited until that point. The detector element
is made of catalytic material that reacts with fuel gases, while the compensator element remains
inert. When fuel gas burns on the detector element, it decreases its resistance by increasing its
temperature. The compensator temperature and resistance, however, remain constant as the fuel
gas does not burn on the compensator. In the past, platinum filaments were used to achieve the
ideal electrical current temperature, but they evaporate at temperatures exceeding 1000 °C. This
issue was resolved by coating platinum with metal oxides [11]. A Wheatstone bridge circuit
maintains formal equilibrium in pure air without fuel gases by using a variable resistor. When fuel
gases are present, the detector device's resistance increases, causing a bridge circuit difference and
an output voltage signal. The output voltage signal is determined by the concentration of

combustible gas. These detectors are not sensitive at ppm levels.

1.1.2.5 Colorimetric sensor

Colorimetric gas sensors are devices that utilise colour change reactions to detect the presence
and concentration of a particular gas. These sensors can be used in a variety of applications. This
is accomplished through the utilisation of chemically sensitive materials, which, when exposed

to the target gas, go through a noticeable colour change.

1.1.2.6 Metal oxide based gas sensors

In 1950s two scientist Brattain and Bardeen demonstrated the change in resistance of Ge depending
upon the atmosphere in the bel laboratories [12]. Later on the first resistive gas sensor was
introduce in early 1960 by Seyama, which was based on ZnO sensing layer based gas sensor
operated at 485 °C [13]. Taguchi fabricated the first SnO; based gas sensor and patented in the
1970s. Seyama and Taguchi pioneered the use of metal oxide semiconductors (MOS) as gas
sensors [14]. As flammable gases come into contact with metal oxides they excite a new electron

level inside the solid and alter the electrical resistance of the gas sensing component. As a result,
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this type of gas sensor involves altering the resistance or conductivity of the sensing material in
response to target gas contact. Since metal salts are abundant on the earth surface further gas
sensitivity research is focusing on them because they are readily accessible, cost-effective, simple
to handle, highly stable, strong, durable, and unreactive when metal oxides are formed as well as
being environmentally friendly. They can be transformed into their nanostructured oxides using a
variety of techniques including sol-gel, chemical vapor deposition, hydrothermal and microwave.
Metal oxides have attracted researchers due to their practical applications in optoelectronics,
catalysis, medicine, environmental remediation, renewable energy, solar cells, biological

applications, and sensors.

Numerous metal oxide semiconductors exhibit wide band gaps and electrical conductivity
differences depending on the amount of gases that surround it. Due to their high sensitivity, rapid
reaction selectivity and ability to recovery for more gases than any other detector semiconductor
gas sensors produce substantial results [15]. Far more work is being done to optimize sensor
efficiency through the addition of catalysts, noble metal doping, and metal oxide doping,
increasing porosity, decreasing particle size, and increasing the sensor surface area. By carefully
controlling all of these parameters metal oxide semiconductors can achieve high sensitivity and
selectivity owing to the ease with which chemical reactions occur and charges are transferred to

the surface semiconductor [16].

Table 1.1 Various metal-oxide based chemiresistive materials, additives and the analyzing gases

which can be detected (data taken from reference [3]).

Base metal-oxides Additives Analyzing gas

ALO3 Al, Si02/Si Humidity, CH4, NH3
Bi20s Sb203 Smoke, CO, NO

CdoO ZnFe>O4 Ethanol

Cr203 TiO; NOz2, Oz, NH3, Humidity

10
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Co0304

CuO

Fe;O3

Gax0s3

In O3

MoO3

Nb20Os

NiO

Tax0s

SnO»

TiO;

WOs

Zn0O

Si02

SnO>

Au, Zn

(Pt, Pd, RuO»)

SnO», Pd, Ta;0s, WO3,
NiO

MoQOs, Au, Al, SnO;

Ti
SnO»

Li, TiOx

Pt, Ag, Pd, Os, Fe, Au,
In, Ru, Bi»O3, CeOs,
CuO

La, Pt, Cr203, WOs3

Mg, Zn, Mo, Re, Au,
Pd

Al, Sn, Cu, Pd, Fe:x03

NH3, CO2, CH4, C3Hs, Hz, NO2,
Cl

CO, Ethanol, H,S

Methane, propane, Benzene,

Toulene,
CO3, NO;, Methanol, Acetone

0,, CO2, NO, NH3

O3, NO2, Ha, CO, C3Hs, HaS,
Clp, CO3, SO, NH3, Ethanol,
Acetone

NH3, CO2, NO;

NH3, CO,, CoHsOH, H»

H>, HCHO, CH4, CH3, COOH,
CO, NO2

Humidity

CO, CHy4, SO3, N2O, CO2, NO»,
CH30H, C,HsOH, CsHs, Ho,
LPG, H5S, NH3, CoHons2

CH3;0H, C,H50H, C3H70H, O»,
H», NH3, NO2

NO,, NH3, CoHsOH,
Butylamines, Propanaol,
Toulene

NH3, Ho, NO», LPG, CH4, CO,
H>S, CH30OH, C;HsOH,
CsH,0OH
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Besides metal oxides, III-nitrides such as GaN [17-19], InN [19], and gallium oxonitride [20] have
also shown chemical gas sensing application at higher temperatures for the detection of H», O»,

NH; etc.

1.1.3 Gas sensing mechanism in semiconductors

A simple model to explain the mechanism of gas sensing (resistance change in a metal-oxide based
gas sensors) is that, in air, oxygen adsorbs on the surface (to form oxygen ion), where the electron
on the oxygen is extracted from the conduction band of semiconductor. This electron extraction
tends to increase the resistance for an n-type semiconductor, such as SnO». This model is known
as “lonosorption model”. At lower temperature of adsorption (150-200 °C) oxygen adsorbs on
SnO; nondissociately to form molecular oxygen ion (O2 (ads)) and at higher temperature between
200400 °C, it dissociates to atomic oxygen ion (O ads)) [21-23]. Combustible gas like H» reacts
with the adsorbed O-, to form water and electron is send-back to the semiconductor which tends to

decrease resistance. These competitive processes are illustrated by the following equations:
02 (ads) + € — O27 (ads)
02 (ads)+ € — 2 O (ads)
H> + O (aas) — H20 + €

In the case of reducing gases such as CO in the presence of oxygen, the oxidation of CO into CO»
by reaction with ionosorbed oxygen is responsible for the decrease in electrical resistance by

generating delocalized electrons:
CO+ O (adsy = CO2 + €

In the absence of oxygen, CO acts as electron doner: it is adsorbed as a CO* ion, thus inserting an

electron into the conduction band [22], according to following equation:

CO - CO*+¢

1.1.4 Selectivity problem in semiconducting gas sensors
Metal oxide-based gas sensors generally show high sensitivity but poor selectivity if pure sensor

materials are used. Sensitivity is often improved by incorporating noble catalyst particles.

12
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Reproducible performance may be improved by using highly stable materials, which can be
operated at quite high temperature, but this cannot solve selectivity problem. Among the well-
known gas sensitive materials (SnO2, ZnO, TiO2, WOs3, In;03, etc.), SnO> is most commonly used
and often doped with noble metals such as Pt and Pd to enhance sensing performance. These
sensors behave more or less similar to various reducing gases (Hz, CO, etc.) and therefore, this
could lead to false alarm and error in the concentrations measured by the detector due to lack of

difficulty in separating effects of different gases.

Figure 1.5 shows results obtained with commercial thick film SnO; based gas sensors [24]. SnO>
based sensors show good sensitivity for many reducing gases, resulting in a poor selectivity. One
can observe that the effects of the different gases are very difficult to separate. Also, the effect of
the presence of humidity in various amounts can significantly affect the sensor signal, causing an

uncertainty in interpreting sensor data [25].
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Figure 1.5 SnO» sensor response to different gases (1000 ppm) indicates difficulty in separating

effects of different gases [24].
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1.1.5 Approaches towards selectivity enhancement
Selectivity of semiconductor gas sensors can be enhanced in different ways [26]: (i) by applying
catalysts and promoters, (ii) controlling temperatures, (iii) depositing filters (physical or chemical

filters).

1.1.5.1 Catalysts and promoters

Catalysts are substances that facilitate chemical reactions without being consumed in the process.
When added to a gas sensor, a catalyst can increase the rate of the desired chemical reaction
between the target gas and the sensor material. This enhanced reaction rate leads to a faster and
more specific response to the target gas. With coating of Pt-HZSM-5 zeolite, a commercial
product, onto top of Pd-SnO: films, the sensors became selective and sensitive to CHa, even with
a co-existence of high concentrations of CO and ethanol [27]. Some of the reported catalytic filters

are as mentioned in the Table 1.2.

Table 1.2 Selective gas sensing using various catalytic additives and promoters.

Catalyst Sensing Target gas Interfering gas Concertation Reference
material material (ppm)

Pt, Pd, SnO2 H>, Co, air 1000 [28]

Ag CH4
V205 MoO3 H» CHa4, CO, NO», 1000 [29]
NH3, SO»

Ferrierite  La>O3 Au/SnO» H» CHa4, C4H 1o, C2H4, 55 [30]

zeolite Ethanol
Pt/ZSM- StTiosFeo203 Propane CO, NO, NO, [31]
5 zeolite propene, H>

Nafion SnO» CO Ethanol 50 [32]

1.1.5.2 Controlling temperatures
Gas sensors often exhibit different sensitivities to various gases at different temperatures. By
carefully controlling and adjusting the operating temperature of the sensor, it is possible to enhance

the sensor's selectivity for specific gases [33]. Depending on the target gas under study it is found

14
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that there is temperature were the metal oxide gas sensor shows very high sensitivity based on the
reaction rate of target gas with sensing surface at a particulate temperature [26]. These temperature

ranges are used as selective detection with the temperature control.

1.1.5.3 Applying filters
One of the effective ways of transforming a sensor to a highly selective and sensitive sensor is to

apply a filter directly on the sensing layer as shown in the Figure 1.6.

Chemical Filter

Physical Filter
» o Qi0.) {e.g. porous Catalyst layer)

Measuring electrodes

Substrate

Figure 1.6 The concept of physical and chemical filters [34].

A physical filter with well-defined pore size hinder the interfering gas (bigger molecules) from
reaching the sensing layer but allow the gas to be detected to reach sensors surface. Dense [35, 36]
or mesoporous [37] SiOz, zeolites [38] and charcoal [39] are few of the examples. These filters are
included as sensor add-ons, e.g., in the housing above the sensor element and there are many
commercial sensors that are offered in such form. Chemical filters eliminate interfering gases via

a chemical reaction [40] or preferentially transform the target gas into a more active species [41].

1.2 Membranes (filters) for hydrogen separation

A membrane is a physical barrier that lets only specific molecules flow between phases.
Membranes may filter microorganisms, separate gases, and cleanse water, as in reverse 0Smosis.
Since 1965, metal membranes have been used for hydrogen purification, and in 1979, Monsanto
released the commercially significant gas separation membrane "PRISM," made of polysulfone
membrane material [42]. Over the last two decades, significant advancements have been made in

the development of gas separation membranes. These membranes can be categorized based on

15
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their composition (whether they are polymeric or inorganic), their structure (whether they are
symmetric or asymmetric), and their porosity or density. Membrane gas separation is a promising
alternative that offering low energy consumption, continuous operation, lower investment costs,
ease of operation and control, mild process conditions, and the potential to combine with other
separation technologies [43, 44]. In recent years, significant efforts have been made to develop
inorganic H»-selective membranes due to their high thermal resistance and mechanical strength.
The use of membrane separation processes is growing slowly but steadily, with many companies,
nations, and organizations viewing clean hydrogen as essential to meeting the Paris Agreement
goal of keeping global warming below 2 °C and moving in the direction of 1.5 °C [45]. The
development of inorganic H>-selective membranes is expected to further enhance the efficiency

and cost-effectiveness of hydrogen production.

According to membrane pore-size, membranes can be divided into microfiltration (MF),
ultrafiltration (UF), nanofiltration (NF) and gas separation membranes. According to the
definition of [UPAC in terms of the pore size [46], the MF, UF and NF membranes correspond to
macroporous (pore diameter dp > 50 nm), mesoporous (2 nm < d, < 50 nm) and microporous (0 <

dp < 2 nm) membranes, respectively.

The microporosity analyzed by various semi-empirical methods, such as the HK method of
Horvath and Kawazoe [47], the CY method of Cheng and Yang [48] and the S&F method of Saito
and Foley [49], exist for estimating pore size distributions (PSDs) in the micropore size range.
However, these methods generally underestimate true pore sizes. A more accurate approach is
based on the statistical mechanics of adsorption and phase behavior of fluids confined within well-
defined pore structures. Density functional theory (DFT) [50] and Monte Carlo (MC) [51]
simulation are two widely used approaches for PSD analysis over the complete micropore range.
Similarly, the analysis of mesopore size distributions has traditionally relied on the Kelvin
equation [52] and with the modified Kelvin equation proposed by Barrett, Joyner, and Halenda
(BJH) [53]. Sometimes, Peromporometry method is also applied to determine pore-size of
mesoporous materials. In this method, a mixture of non-condensable gas (e.g. He) and condensable
vapor (e.g. hydrocarbon) is fed to a porous membrane and the permeation rate of non-condensable
gas is measured. For the characterization of macroporous materials (up to 1000 um pore size) is

often done using Mercury Intrusion Porosimetry (MIP) and Bubble Point Test methods [54].
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1.2.1 Gas separation mechanisms

Many factors such as feed composition, operating pressure and temperature, membrane pore size,
and interactions between molecules passing through the membrane and the membrane's pore
surface, all play a part in the processes by which gases are separated by porous membranes. With
respect to hydrogen separation, separation can be through one or combination of five separation
mechanisms [44]: (i) Knudsen diffusion, (ii) surface diffusion, (iii) capillary condensation, (iv)
molecular sieving, and (v) solution diffusion. Separation mechanisms are different for porous
membranes and dense (nonporous) ones. Generally, transport and separation mechanisms in
porous membranes are Knudsen diffusion, surface diffusion, capillary condensation and molecular
sieving, whereas in dense membranes the transport is by solution diffusion. In the following

sections, aforementioned five mechanisms are described in detail.

Nonporous
Porous membrane membrane

Figure 1.7 Hydrogen separation mechanisms in porous/non-porous membranes (adapted from
reference [44]): (i) Knudsen diffusion, (ii) surface diffusion, (iii) capillary condensation, (iv)

molecular sieving, and (v) solution diffusion.
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1.2.1.1 Knudsen diffusion

Knudsen diffusion takes place when gas molecules have a mean free path much longer than the
pore size. In mesoporous materials the mean free path of a gas molecule is larger than the size of
the pore. Therefore, the interaction between gas molecule and pore wall is more important than the
molecule-molecule interaction. The Knudsen number K, is a characteristic parameter defined as
the ratio of the mean free path of gas molecules [55]. Its value is given by K, = //d,, where 4 being
the average free path of the gas molecules and d,, is the pore diameter. When 4 >> d,, the movement
of molecules inside the narrow pore channels takes place through collisions of diffusing molecules
with the wall rather than with each other. In the regime of Knudsen diffusion the permeance (Pk)

is given by following equation [56]:

1
&d 8 2
P, =—* , 1.1

S (97MRTJ (1-)

where & is the porosity of the membrane, dp is the pore diameter, 7 is the tortuosity, L mean
membrane thickness, R is the gas constant, 7 is the temperature, and M is the molecular weight of

the diffusing gas.

As the driving force for transport is the partial pressure of the gas species, Knudsen transport can
occur either by concentration gradient or by pressure gradients. The permeation rate of each
component is inversely proportional to the square root of its molecular weight. Gas permeance
selectivity is calculated as the ratio of square root of the molar masses of gases involved (based on
equation 1.2). For example, the selectivity of H, with respect to CO; by Knudsen diffusion will be
4.7. Hence, separation by Knudsen diffusion has a limited selectivity and it depends on the
molecular masses of gases and is therefore only for applied for the separation of light gases from

heavier ones.

1.2.1.2 Surface Diffusion

Gas molecules may move freely over a surface, adsorb on specific locations there, and interact
with the surface itself. As part of the surface diffusion processes, the diffusing species first adsorb
on the pore walls before being easily transported over the surface in the direction of decreasing
surface concentration. The membrane surface preferentially adsorbs molecules with a higher

molecular weight, polarity, and polarizability [57]. The transport of non-selectively adsorbed

18



Chapter 1. Literature review

molecules through the pore may also be significantly reduced or eliminated by the adsorbed
species on the membrane pores. When the pore size is between 2 and 3 molecular diameters of the
adsorbed species, a hindrance effect is introduced that causes non-adsorptive separation selectivity
for the adsorbed species. Conditions like as temperature, pressure, and surface type affect the
adsorption efficiency. Even at mild temperatures, the surface diffusion effect is noticeable.
Adsorption weakens with increasing temperature, therefore surface diffusion slows down as well.
To use surface diffusion as a separation method, the pores must be very tiny (pore radius 3 nm)
and the temperature must be maintained low (300 °C) owing to the required physical adsorption

of the gas [58].

1.2.1.3 Capillary condensation

At temperature below the critical temperature point of the diffusing gas, in porous system the
increase of pressure first leads to multilayer adsorption until all pores are filled with liquid. This
phenomenon is known as capillary condensation [59]. In the capillary condensation process, vapor
condensation occurs below the saturation vapor pressure, Psar, of the pure liquid. When the pores
are completely filled with condensed phase, then only the species soluble in the condensed phased
can permeate through the membrane, therefore, fluxes and selectivities are generally high for
capillary condensation. Although this separation mechanism appears to be effective, it is limited
by the need for a condensable component. This limits its applicability range due to the temperature

and pressure range needed for capillary condensation.

1.2.1.4 Molecular sieving and activated diffusion

Molecular sieving is a technique for separating molecules that works when the pore diameters of
membranes are very narrow (< 2 nm). As the pore size decreases to a certain point, only molecules
of a certain size are able to pass through the membrane. Molecular sieving may be used to provide
high selectivity and permeability for the smaller gas molecules in a mixture, but it requires
extremely fine-tuning of the membrane pore sizes to achieve the appropriate separation efficiency
[60]. One of the most important characteristics of microporous membranes which results in very
high separation factors is the “activated gas transport”; microporous materials have a permeance

(Pwms) that rises as a function of temperature [61] as shown in the equation 1.2.

Pys =P, exp(— If;,j’ (1.2)
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where P, is pre-exponential factor, E, is activation energy, R is gas constant, and 7 is temperature.

1.2.1.5 Solution diffusion

In dense membranes, normally pores are not available for gas diffusion using the above mentioned
mechanisms. The most common model to describe gas transport through dense membranes is
solution diffusion mechanism. Gases are soluble in the dense membrane to a certain extent.
Separation of gases occurs due to difference in solubility and diffusivity of gases in the membrane,
separation occur [62]. A gas molecule is firstly adsorbed on one side of the membrane, dissolves
in membrane, diffuses through the membrane and desorbs on the other side of the membrane.
When diffusion through the membrane takes place in the form of ions and electron or as atoms,
the molecules first split up after adsorption and recombine after diffusing through the membrane.
Separation through polymeric membranes is based on this mechanism as well as in dense inorganic
membranes. Although selectivity by solution diffusion mechanism is quite high, but the flux is

quite low, in comparison that is observed in porous membranes.

1.2.2 Materials

Gas selective membranes can be broadly categorized into four types: polymeric (organic), metallic,
carbon and ceramic (the latter three are named as inorganic). Much work has been done in the
development of polymeric membranes compared to inorganic membranes due to relatively lower
cost of the polymer. Interest in the field of inorganic membranes development has grown rapidly
in the last two decade due to their ability to be operated under higher temperature than polymeric

membranes and relatively higher chemical stability.

1.2.2.1 Metallic Membranes

Metallic materials are of great interest for hydrogen-selective membranes. The fundamental
mechanism governing the performance of dense metallic membrane is quite different from porous
membranes. In a dense metallic membranes, H, permeates through the solid material via the
solution diffusion mechanism that involves a total of seven steps [44]: (i) arrival of a mixture of
H> and undesired gas stream to the feed end of the membrane; (ii) dissociation of chemisorbed H»
into H* ions and electrons (e!); (iii) adsorption of H* ions into the membrane bulk; (iv) diffusion
of H* ions and electrons through the membrane; (v) desorption of H* ions and the electrons into

discrete molecules of Hy; (vi) reassociation of the H* ions and the electrons into H2 molecules; and
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(vii) diffusion of the H» from the permeate-end of the membrane. The diffusive flux of hydrogen

through a bulk metal membrane of thickness L is generally described by Sievert’s law [63][63]:

k)
)

(1.3)

where J is diffusive flux (molm™2s™), k is the hydrogen permeability of the metal (molm!s'Pa?),
L is the membrane thickness (m), Prand P, are the hydrogen partial pressures (Pa) on the feed side
and permeate side of the membrane surface. The square-root proportionality of hydrogen flux with
respect to the partial pressure driving force is indicative of the bulk phase diffusion as the rate-
limiting step [64]. As hydrogen is transported through a unique dissociated atomic form through
the metal, the metal membranes are 99.9% selective to hydrogen and allow the permeation of

undesired gas species through pin-holes and defects in the metal membrane.

High-purity hydrogen could be available through dense metallic membranes especially through Pd
and its alloys. Hydrogen selectivity is typically very high in these systems, since dense structure
prevents the passage of large atoms and molecules such as CO, CO,, O3, N, etc. This high
selectivity translates to very high purity hydrogen and the increased thermal stabilities allow higher
operating temperatures. The metals which are most suitable for H> separation membranes typically
have high H> permeabilities [65], high diffusivities or solubilities [66], and good thermal stability
elevated temperatures [67]. Metallic membranes for hydrogen separation could be of many types,
such as (i) pure metals: Pd, V, Ta, Nb, and Ti; (ii) binary alloys of Pd: Pd-Cu, Pd-Ag, Pd-Y etc.;
(iii) complex alloys: Pd alloyed with more that two other metals; (iv) amorphous alloys: typically
Group IV and Group V metals; and (v) coated metals: Pd over Ta, V, etc. The permeability of H>
through these types of membranes is a function of the lattice structure and various types of lattice
defects (vacancies, dislocation) and reactivity towards H>. Body centered cubic (BCC) metals such
as Fe, V, Nb, and Ta exhibit high H> permeabilities [65, 66] than face centered cubic (FCC) metals
such as Pd and Ni [68]. Pd possessing significantly higher H> permeability than Ni. H> permeability
decreases with increasing temperature in the case of Nb, V, and Ta. This is due to the decrease of
hydrogen solubility more rapidly that the increase of the diffusion coefficient. Although Nb, V,
and Ta have higher permeabilities (10—15 times greater than Pd), these metals form oxide layers

and are difficult to use as hydrogen separation membranes [68].
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Historically, H> separations were performed with Pd-based membranes, since they naturally
catalyzed the surface dissociation/reassociation processes and are highly permeable to hydrogen.
Extensive research works have been done in the field of Pd-based membranes [69-75]. Pd is the
most widely researched material since it is highly permeable to the H, resistant to ambient
conditions of air, oxygen and moisture, and is able to rapidly dissociate H> molecules into atoms
on the surface. Pd alloy membrane can be used to produce H» for practical purposes with a purity
of up to 99.99%. Earlier in United States and former Soviet Union, relatively thick-walled tubes
of Pd were employed. The nearly perfect hydrogen permselectivity of thicker Pd membranes
enables them to provide very high purity H» for use in semiconductor manufacturing industry. But
monolithic Pd foils and tubes are very costly and hence prohibitive for most purposes. There, to
produce economic means of H> separation on industrial scale, a thin layer of about < 20 pm,
adherent and durable Pd film must be applied to a hydrogen-permeable support [76]. Kikuchi and
Uemiya have done an extensive work on Pd composites that uses porous membranes as supports
[77-80]. Over the last decade, composite Pd membranes coupled with high permselectivity and
reasonable H» fluxes have been fabricated using a range of deposition methods and supports.
Composite membranes consist of a thin layer of Pd on H> permeable support so that Pd films with
micron thicknesses or less are attainable. Very high H permselectivity is possible if a defect-free
Pd can be deposited onto the membrane support. In addition, the membrane can be operated at
high transmembrane pressure differentials because the substrate provides mechanical supports for

the thin Pd film.

A major limitation of Pd membrane is the high cost of this metal and difficulty of fabricating defect
free membranes with films of the order of micron or less. There are several other problems that
impede the use of Pd membrane technology. Additionally, Pd may undergo a phase transition
(a—P) in the presence of H> at temperature below 300 °C [81, 82]. This leads to an increase in
lattice size as it absorbs H, leading to wraping and embrittlement. To avoid metal embrittlement
and resulting membrane cracking or distortion, pure Pd should not be exposed to H at
temperatures below 300 °C. Pd is also susceptible to contamination/poisoning by common
industrial constituents such as hydrogen sulfide, chlorine, carbon monoxide, and hydrocarbons.
Long-term stability at high temperature, above 450 °C, has been a problem, mainly deactivation

by carbon under reaction conditions in a membrane reactor [83-85]. To increase resistance to
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embrittlement, Pd is alloyed with other metals such as Ag and Cu. In addition to providing thermal
stability, alloying Pd with other metals also increases its resistance to chemical contaminants. Pd-
Ag alloy is found to maximize the hydrogen permeability. Alloying of Pd with Cu has been
reported to offer significant tolerance to the presence of hydrogen sulfide in the hydrogen gas
stream [86, 87]. Several other alloying elements, such as Au, Y, and Ce have been identified with
significant increase in hydrogen permeability [88]. Ternary alloy compositions (Pd-Cu-transition

metal) are also being investigated for maximizing membrane permeability and stability.

For Pd membranes to be economically attractive in H» separations one must try to increase their
flux by a factor of 2—4. Hence, research is focused on the preparation of thin metallic films. Thin
membrane would reduce the cost as well as increase the H> flux. Thin Pd membranes are deposited
on porous supports. Two supports were widely used, such as porous Vycor (silica glass), and
porous alpha-alumina [68]. These supports are used because of their smooth surface. However,
fitting ceramics to metals gives the mechanical stability. Therefore, stainless steel could be used
as a support material because of its mechanical stability, its thermal expansion coefficient close to
that of Pd, and its ease of sealing. Generally there are three methods for coating thin metallic films
onto supports: electroless-plating, chemical vapour deposition (CVD), and physical sputtering
[89]. Under controlled conditions all these methods produce good quality membranes with high
hydrogen selectivity. Table 1.3 presents some of the selected metallic membranes, substrate used

for coatings, and their hydrogen permeance and selectivity.

Table 1.3 Selected hydrogen separation metallic membranes.

Method (material) Support H:2 Permeance Selectivity

(10" molm2sPa’l)

CVD (Pd) v-ALO3 0.1-0.2 at 773 K [90]  200-300 (H2>/He)
electroless (Pd) TiO» 6.3at773 K[91] 1140 (H2/N2)
electroless (Pd) stainless steel ~ 0.22 at 623 K [92] 110 (H2/N2)
electroless (Pd-Cu) v-ALO3/ZrO2  0.023 at 723 K [86] 1150 (H2/N>)
electrodeposition (Pd-Cu) Ni-porous 8.4 at 723K [93] 3000 (H2/N»)

stainless steel
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electrodeposition (Pd-Ni) stainless steel 6.7 at 723 K [94] 10000 (H2/N2)

electrodeposition (Pd-Ag) silicon wafer 45 at 723 K [95] 4000 (H2/N>)

1.2.2.2 Polymer

In the past few decades, a considerable amount of attention has been paid to polymeric membranes
for gas separation applications. Polymer membranes are used industrially for hydrogen separation
from gaseous mixtures consisting of No, CO, or hydrocarbons. Polymeric membranes such as UOP
Polysep membrane systems and Monsanto PRISM membrane systems are used to recover

hydrogen from refinery, petrochemical, and chemical process streams [96].

Polymeric membranes are generally used generally in lower-temperature hydrogen-recovery
where the operating temperatures are limited to 90-100 °C [97]. These membranes are cost
effective, easier to process, and more mechanically tunable than inorganic membranes. Good
ability to sustain high pressure drops and lower costs are key advantages of polymer membranes.
However, limited mechanical strength, relatively high sensitivity to swelling and compaction, and

susceptibility to chemicals such as HCI, SOy, and CO>, make them less attractive.

Polymer membranes are dense type and are further divided into glassy (prepared at temperature
below the glass transition temperature) and rubbery (prepared at temperature below the glass
transition temperature) polymeric membranes. Glassy membranes have higher selectivity and
lower flux, whereas rubbery membranes have higher flux but lower selectivity [97]. Glassy
polymers are dominated by diffusivity selectivity and are often employed to remove lighter gases
such as Ho, whereas rubbery polymers are dominated by solubility selectivity and are used to
remove gases like CO». Polymer membrane used for gas separation processes generally follow
solution-diffusion mechanism. Some of the polymers which have been tested with respect to
hydrogen permeation are polysulfone, polystyrene, polymethyl methacrylate, polyvinylidene
fluoride [98]. Polysterene shows the best combination of H» gas permeability and selectivities over

N>, CH4, and CO» [99], with H2/N> and Ho/CO» selectivity of about 39.7 and 2.3, respectively.

As known that metal and alloys membranes are sensitive to gases such as CO or H»S, ceramic
membranes which are inert to these poisonous gases would be of better choice for Ho purification.

In microporous ceramic membranes, the flux is directly proportional to the pressure, where as in
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Pd membranes, it is proportional to the square root of the pressure. Hence, microporous ceramic
membranes become more attractive options when systems are operated at higher pressures. Also,
in microporous inorganic membranes permeance increase with temperatures. Therefore,
microporous ceramic membranes can be operated at higher pressures and temperatues. In the

following sections zeolite and polymer-derived ceramics based membranes are described.

1.2.2.3 Zeolite

Zeolites are crystalline aluminosilicates materials that have uniform, molecular-sized pores.
Zeolite structure is made up of TO» units, where T is a tetrahedral framework atom (Si, Al, B, Ge,
etc.) [44]. Since the development of first zeolite membrane in 1987 [100], significant progress has
been made to improve membrane quality. Today more than 14 zeolite structures, including MFI,
LTA, MOR, DDR, and FAU have been employed as hydrogen separation membranes. Among
various types of zeolite membranes available, the 10-membrane ring MFI structure (silicalite-1
and ZSM-5) is the most extensively studied for gas separation. MFI membranes with high Si/Al
ratios possess outstanding thermal and chemical stabilities. Highly siliceous DDR-type zeolite
consists of cages connected by narrow elliptical windows of 8-member ring openings [101].
Molecular transport through DDR-type zeolite is mainly controlled by the narrow windows which
have dimensions of 3.6 x 4.4 A2 [101]. The DDR zeolite has excellent thermal stability allowing

high temperature operations in moist atmosphere.

Zeolite materials are commonly prepared by precipitation under hydrothermal conditions in the
presence of a template that dictate the zeolite structure during crystal growth. Generally tetrapropyl
ammonium hydroxide (TPAOH) is used as a common template, which is burned off after zeolite
crystal growth. In the secondary growth (template-free method), a zeolite seed layer is dip-coated

on the support followed by the growth of seeds into continuous zeolite layer [102].

Mechanism of gas permeation through the MFI-type zeolite membrane depends on the gas
adsorption properties on the zeolite. Nonadsorbing gas molecules may directly enter the zeolite
pores. Permeation of strongly adsorbing gases through MFI membrane is controlled by either
adsorption or activated diffusion, or both. In MFI zeolites, H» selectivities over other gases were
observed to be rather moderate at higher temperatures because gas transport through the 5.6 A
diameter MFI channels is governed by Knudsen-type diffusion. Dong et al. obtained a Ho/CHa4
selectivity of 2 with H> permeance of about 107 mol m?s™' Pa™! [103]. All the MFI type membranes
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exhibited ideal H2/CO; selectivities below the theoretical Knudsen diffusion selectivity ~ 4.69.
This low H» selectivity was attributed to the existence of nonselective membrane defects, such as,
pinholes and sealing leakage as well as possible chemical interactions between the molecules and
the chemical impurities in the zeolites structure. DRR-type zeolite membranes having an effective
pore-size of 4 A was expected to offer high Ha selectivities over gases such as CO2, CO, CH, etc.
The DDR zeolite membranes achieved H»/CO» ideal selectivity slightly greater than the Knudsen
factor at 500 °C, but the selectivity was far lower than that was expected [104]. Also, the H»
permeance was lower than that in the MFI membranes by an order of magnitude because of
relatively large membrane thickness (~ 10 um). Low H; selectivity in DDR membranes has been

attributed to the presence of intercrystalline path in the membranes [101], as shown in Figure 1.8.

intracrystalline path intercrystalline path
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Figure 1.8 A general representation of a zeolite membrane deposited on a porous Al,Os support,
showing possible gas permeation pathways either through interzeolite crystals or intrazeolite

crystals (adapted from reference [44]).

To improve the performace of zeolite membranes, surface modification techniques have been
employed by different research groups. To enhance the H; selectivity, MFI membranes must be
modified to reduce the intercrystalline pore size as well as to minimize the non-selective
intercrystalline pores. In case of DDR-type membranes, improvements are needed to eliminate the

intercrystalline pores and to significantly reduce membrane thickness to enhance H> permeance.
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Masuda et al. [105][105] modified zeolite membranes by catalytic cracking of silanes molecules
(methyldiethoxysilane) preadsorbed at the active sites. After calcination, mono-SiO» units formed
in the zeolite channels that reduced the effective MFI pore-size. H> separation factor for H2/N»
mixture was increased by more than 50 times at 110 °C but the H> permeance was reduced by an
order of magnitude from 2.8 x 107 to 2 x 107 mol m? s Pa’l. Zheng et al. [106] used the
counterdiffusion CVD technique to modify the intercrystalline pore in an in situ made DDR zeolite
membrane (thickness ~ 10 um). They used TEOS as silica precursor. H»/CO> permeselectivity of
the membrane was increased from 2.6 to 32.7 after modification. However, H> permeance was
decreased of magnitude from about 10 to 108 mol m2s™' Pa™!. Enhancement in Ho/CO»z selectivity

for the modified DDR membrane was attributed to the reduction in intercrystalline pore.

One of the main hurdles to the industrial applications of zeolite membranes is the high cost
associated with the time-consuming, energy intensive membranes preparation processes. Another
challenge in zeolite membrane development is the minimization of intercrystal pores formed in
polycrystalline zeolite films. The existence of intercrystal pores with sizes large than the zeolitic
pores is the major cause for decline in molecular separation efficiency. Presently the zeolite
membrane development is at a laboratory scale. For commercial applications, greater H» flux and

selectivity needs to be demonstrated.

1.2.2.4 Polymer-derived ceramic (PDC)

Since the last few decades ceramics derived from preceramic polymers have attracted great
attention due to their advantages over traditional ceramic processing methods. Traditional method
to prepare SiC and Si3N4 ceramics, powder technology, requires sintering additives and very high
temperature (1700-2000 °C) [107, 108]. Polymer-derived ceramics (PDCs) offer an easier route
to synthesize ceramic fibers, thin layer or composites materials which in principle cannot be
produced using powder technology [109]. Relatively low temperature (1000-1300 °C) to produce
Si-based ceramics is of economical interest. PDCs exhibit exceptional properties, such as, thermal,

chemical and oxidation stability up to 1500 °C and above [110].

The first synthesis of non-oxide ceramic ‘SiC’ was reported by Fritz in 1956 [111] and and later
by Yajima in 1975 [112]. However, the production of these ceramics starting from polymeric
precursors was reported for the first time in the early 1960s. Later the first practical application —

manufacturing of small-diameter Si3N4/SiC fibers for high-temperature applications — from
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polyorganosilicon compounds (polysilazanes, polysiloxanes, and polycarbosilanes) to ceramic
was reported by Verbeek and colleagues [113, 114]. Different classes of preceramic precursors
(polysilazane, polycarbosilane, polycarbosiloxanes, polysiloxanes, etc.) which are generally used

for the synthesis of PDCs are illustrated in Figure 1..
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Figure 1.9 Classification of Si-based pre-ceramic polymers [115]: polysilazanes,
polyborosilazanes, polyborosilanes, polyborosiloxanes, polysiloxanes, polycarbosiloxanes,

polysilylcarbodiimides, etc.

These polymers are characterized by an inorganic backbone and organic substituents. The
backbone provides thermal resistance and the substituents can possess the ability to modify

properties, such as, solubility, hydrophobicity/hydrophilicity. These substituents also affect the

28



Chapter 1. Literature review

cross-linking ability between polymeric chains. The molecular structure of preceramic polymer
influences — the composition, number of phases and phase distribution, microstructure of the final

ceramic materials.

Formation of PDCs consists of mainly three main steps [116]: (i) synthesis of preceramic polymer;
(i1) cross-linking of polymer at moderated temperature to get organic/inorganic network; (iii)
ceramization process of the cross-linked polymer — polymers are converted to inorganic
amorphous/crystalline materials depending of the pyrolysis temperature between 800 °C to 1800
°C. One of the main advantages of using PDCs route is — control over the final composition of

ceramic using different preceramic polymeric precursors, cross-linking and pyrolysis conditions.

Chlorosilanes RxSiClsx (x=0, 1, 2, 3) are the most common used starting material used for the
synthesis of above shown different preceramic organosilicon polymers (Figure 1.10). The
monomer used in the synthesis of organosilicon polymers contain active sites such as Si-H, Si-Cl,
Si-C=C, which allows polymerization by means of elimination, substitution or addition reactions.
These polymers are generally produced in large scale by the Miiller-Rochow process — involving
the reaction of gaseous methyl chloride with silicon, containing copper as catalyst in a fluidized-
bed reactor at 250-300 °C. Different syntheses routes of organochlorosilicon polymers are shown

in Figure 1.10.
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Figure 1.10. Synthesis routes of most representative classes of Si-based preceramic polymers from

organochlorosilanes [116].

29



Chapter 1. Literature review

As already mentioned above, the second step in the processing of PDCs is cross-linking process.
During this step polymeric precursors are converted into organic/inorganic materials at low
temperatures (150-300 °C). This transformation prevents the loss of low molecular weights of
components (monomers) of the precursors, and thus increases the ceramic yield. Various reactions

occurring during cross-linking of polysilazane is illustrated in Figure 1.11.
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Figure 1.11 Cross-linking reactions of polysilazanes: (a) transamination, (b) hydrosilylation, (c)

vinyl polymerization, (d) dehydrocoupling (adapted from reference [116]).
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Cross-linking of polysilazanes occurs via four major reactions: transamination, dehydrocoupling,
vinyl polymerization and hydrosilylation. Hydrosilylation reaction occurs for the precursors which
contain Si-H and vinyl groups, which leads to formation of Si-C-Si and Si-C-C-Si bonds. This is
a fast reaction which can even occur starting from 100-120 °C. Higher ceramic yield as well as
higher carbon can be achieved in the final ceramic due to hydrosilylation reaction [117].
Dehydrocoupling of Si-H/N-H or Si-H/Si-H lead to Si-N and Si-Si bond formation and hydrogen
evolution. This reaction generally starts at 300 °C. Vinyl polymerization occurs at higher
temperatures with no mass loss. Transamination reactions (200—400 °C) are associated with the
evolution of amines, ammonia etc. and hence mass loss occurs. This reaction leads to decrease in

nitrogen content.

During the last step, polymer-to-ceramic conversion, thermal decomposition of basic
organosilicon polymer occurs — ceramization process [116]. The ceramization process of cross-
linked precursors involves thermolysis and volatilization of their organic groups in the temperature
range of 600-1000 °C, which finally transforms into amorphous ceramics. Investigation of volatile
species and fragments of the decomposition products during organic/inorganic transformation is
monitored by simultaneous thermal analysis coupled by mass (TGA) and FTIR spectrometery.
During ceramic formation evolution of gases, such as, CH4, NH3, Ho, etc., leads to generation of
pores in the ceramic. This process of pore generation is used for the development of microporous
ceramic membrane by depositing polymeric precursor on porous support followed by pyrolysis
process. Thermal decomposition behavior of different organosilicon polymers is illustrated in
Figure 1.12 After thermal treatment above 800 °C different preceramic polymers like
polycarbosilane, polysiloxane and polysilazanes/polysilylcarbodiimides are transformed to

amorphous SiC, SixCy0, and SixCyN; ceramics, respectively.
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Figure 1.12 Thermal decomposition of silicon-based polymers [115]. Polymer-derived silicon
carbide (SiC), silicon oxycarbide (SixCyO.) and silicon carbonitride (SixCyN,) ceramics are
obtained after the thermal treatment of polycarbosilane, polysiloxane and
polysilazanes/polysilylcarbodiimides, respectively, at T > 700 °C under inert atmosphere (Ar or

No).

The detection of Hz and CO in oxygen-free conditions is crucial for various applications, including
online control of hydrogen fuel cell performance [118]. Most hydrogen is produced through steam
reforming of methane, which leaves small concentrations of CO in the fuel stream [119]. CO is an
effective poison for Pt-based catalysts, causing substantial degradation in fuel cell performance.
Therefore, if hydrogen from steam reforming is used as fuel in fuel-cells, the residual CO
concentration should be precisely controlled. Previous works on filter/sensor integration have not
focused on small molecules like H> and CO, nor studied amorphous ceramic materials or applied
filter/sensor combination in oxygen-free conditions. Therefore, the present thesis works aims to
investigate the suitability of polymer-derived ceramics for gas separation filters integrated with
chemiresistors. Polymer-derived ceramics due to their thermochemical stability and tunable
porosity could be a prospective filter material for application in enhancing gas selectivity under

harsh reducing conditions.
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Chapter 2. Experimental procedures

This chapter presents the experimental methods and equipment used for the synthesis and
characterization in this work. Pyrolysis conditions applied to obtain ceramics from polymeric
precursors, structure of gas sensor substrate, deposition methods of sensing materials on sensors
substrate and coating process to deposit polymer-derived filter layer on sensor substrate is
described in this chapter. Also, various characterization equipment and applied parameters to

characterize the structure of synthesized samples are briefly discussed at the end.

2.1 Pyrolysis parameters to obtain polymer-derived ceramics

In this work pyrolysis (a heat treatment process in inert environment to cross-link and decompose
precursors at high temperatures) of three pre-ceramic polymers were done to obtain ceramics for
structural characterization. The temperature of pyrolysis was calculated based on thermal analysis
data described in sections 4.1.3, 4.2.3 and 4.3.3 of chapter 4. The applied parameters of heat

treatments are mentioned below:

SiOC ceramic derived from polysiloxane: To prepare the S1IOC ceramic powder commercial vinyl-

functionalized polysiloxane precursor (XP RV200, Evonik Hanse GmbH) was taken and
pyrolyzed at various temperatures (700 °C, 800 °C and 900 °C). The polymer was kept in a quartz
boat under glove-box and transferred to a high temperature furnace. The polymer was heated from
room temperature to 200 °C at a heating rate of 100 °C h™! hold for 1 h at 200 °C to facilitate cross-
linking and further heated to the required temperatures (Tr) with a heating rate of 100 °C h*!, hold

for 1 h at Tr and then cooled to room temperature [120].

SiCN ceramic derived from polysilazane: SiCN ceramic power was synthesized by pyrolyzing

commercially available polysilazane (Durazane 1800, Merck) at various temperatures (700 °C,
800 °C and 900 °C). The polymer was kept in a quartz boat under glove-box and transferred to a
high temperature furnace. The polymer was heated from room temperature to 250 °C at a heating
rate of 100 °C h™! hold for 1 h at 250 °C to facilitate cross-linking and further heated to the required
temperatures (Tr) with a heating rate of 100 °C h!, hold for 1 h at Tr and then cooled to room

temperature.
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SiC ceramic derived from polycarbosilane: To prepare SiC ceramic powder commercial allyl-

hydrido polycarbosilane precursor (SMP10, Starfire Systems) was taken and pyrolyzed at various
temperatures (700 °C, 800 °C and 900 °C). The polymer was kept in a quartz boat under glove-
box and transferred to a high temperature furnace. The polymer was heated from room temperature
to 200 °C at a heating rate of 100 °C h™! hold for 1 h at 200 °C to facilitate cross-linking and further
heated to the required temperatures (Tr) with a heating rate of 100 °C h™!, hold for 1 h at Tr and

then cooled to room temperature.

2.2 Gas sensor substrate

(a) 3 mm

£ I 5 Cross section

~ ; 10 - 50 um > Sensing layer
£ 5pm > Pt-electrode
il LK 900 um —» Substrate - Al,0,
)
E 3 Spm > Pt-heater
2 3

25.4mm x 4.2mm

(b) (c)

Sensing Layer

Figure 2.1 Gas sensor substrates: (a) schematic layout of planar alumina substrate with Pt-electrode
and Pt-heater, (b) actual photo of sensor substrate, (c) screen-printed GaN sensing layer on the

front side of sensor substrate.

Figure 2.1 shows schematic design of sensor substrate used for coating of sensing materials. It
consists of planar Al>O3 substrate with Pt-electrodes on the front side for measuring resistance and
a Pt-heater on the backside to heat the sensor at the required temperature of sensing measurement.

The interdigited structure of electrodes allow measuring resistance even if a small area is coated
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with sensing material. Before using sensor substrate, it was cleaned with acetone and then dried in

a hot air oven for 4 h at 120 °C to remove any contaminants and moisture.

2.3 Deposition of sensing layer on sensor substrate
Gas sensing materials were deposited on sensor substrates using two methods to study the effect

of sensing layer thickness on sensing behavior.

2.3.1 Radio frequency (RF) sputtering

In order to deposit thin film of SnO» of various thickness on sensing substrates, radio frequency
(RF) sputtering method was used. Schematic of the set-up is shown in Figure 2.2. The radio
frequency (RF) sputtering equipment is consisting of a vacuum chamber to ensure a clean,
contaminant-free environment during the process. Inside the vacuum chamber, there is a substrate
holder or stage where the target material is to be deposited. The target holder is typically made of
a conductive material at which target material is attached. RF sputtering process utilizes radio
frequency (RF) power to create a plasma within the vacuum chamber. This field ionizes the
sputtered gas (argon) present in the chamber. The positive ions bombard the target surface with
high energy, dislodging atoms or molecules from the target material through a process known as
sputtering. These ejected particles then travel through the chamber and deposit onto the substrate,
forming a thin film. The sputtering process parameters, such as the gas pressure, RF power, and
deposition time, are carefully controlled to achieve the desired film properties, such as thickness,
composition, and uniformity. These parameters can be adjusted based on the specific requirements

of the application.

In this work, the growth pressure was selected to 5 mTorr, while the RF power was maintained at
100 W with argon gas at flow rate 50 sccm. Two SnO» based sensor samples were prepared with
sputtering times of 90 min and 180 min to obtain an estimated thickness 300 nm to 600 nm,

respectively. As prepared RF sputtered coated substrates were further calcined at 800 °C for 2h.
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Figure 2.2 (a) Schematic of RF sputtering instrument, (b) RF sputtered as prepared SnO> coated

sample, (¢) SnO; coated sensor obtained after calcination of RF sputtered sensor at 800 °C.

2.3.2 Screen-printing process

Commercial SnO; powder (Tin (IV) oxide, 99.6% metals basis, Alfa Aesar) of an average particle

size of 10 pm was mixed with 1,2-propanediol (98%, Alfa Aesar) in the weight ratio of 30:1 and

then milled to obtain a homogenous paste. Using a screen with a mesh size of 420, the paste was

pressed through the holes of the screen onto the sensor substrate. After printing the coated substrate
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was kept at 50 °C for 2 h and followed by heat treatment in air at 600 °C for 2 h in a muffle furnace.

Schematic of the screen-printing process and the actual set-up is shown in Figure 2.3.

(a) (b) (c)

s L .

Material mixing Screen printing process Coated sensor

Screen printing stencil

—~
o
~—"

Vacuum pump

aabesanbs bunjuld usslog

Figure 2.3 Screen-printing process: (a) preparing a homogenous paste of sensing material powder
and 1,2-propanediol, (b) applying paste through a screen on sensor substrate, (c) screen-printed
sensor obtained after calcination or annealing under flowing nitrogen, (d) screen-printing set up

used in this.

Similarly, GaN powder (Gallium nitride, 99.99 % purity, Sigma-Aldrich) was mixed with 1,2-

propanediol and screen-printed on sensing substrate. The coated sensor was dried at 50 °C for 2 h
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under nitrogen followed by heating at 500 °C for 2 h under nitrogen as GaN powder oxidizes under

air at higher temperatures.

2.4 Filter layer deposition on sensors

For the deposition of filter layer on the gas sensors, polymeric precursor was diluted with
anhydrous toluene (40 % by volume) and mixing was done for 5 hours at 500 rpm using magnetic
stirrer at room temperature to obtain pre-ceramic polymeric solution. The prepared sensors (RF
sputtered and screen-printed) were dipped in pre-ceramic polymeric solutions for 3-4 min and were
taken out at a speed of 2 cm min™! followed by subsequent pyrolysis under argon environment
using the pyrolysis parameters as described in section 2.1; Pt-heater on the back-side of sensor
support was protected during dip-coating process using scotch tape during polymer coating process
and then carefully removed before pyrolysis. For depositing multiple coatings of filter layer,
pyrolysis of polymer coated sensor was done before depositing the successive layers. The

schematic of dip-coating process on sensor substrate is shown in the Figure 2.4.

Steppermotor

l

Dip coating Pyrolysis

Sensing layer

\

-

Pre ceramic polymer

Figure 2.4 Schematic of dip-coating process for filter layer deposition on gas sensors.

2.5 Gas sensing measurement and data acquisition
To characterize gas sensors, DC-resistance measurements were performed using

digital multimeter (Keithley 2450 SMU). Uncoated and filter-coated sensors were mounted in a
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gas sensing measurement set-up which was connected to a computer controlled gas mixing system.
Transient response of sensors were recorded during exposure to CO (50 ppm, 70 ppm and
100 ppm) and H> (50 ppm, 500 ppm and 1000 ppm) in nitrogen gas with a flow rate of 100 sccm
at different temperatures. All measurements were performed several times to check the

reproducibility. More details about the gas sensing experiment set-up is described in chapter 3.

2.6 Characterization techniques

2.6.1 Nuclear magnetic resonance (NMR) spectroscopy

298i, *C and 'H liquid-state Nuclear Magnetic Resonance (NMR) spectra of as-received polymeric
precursors were recorded on JINM-ECS NMR spectrometer with operating frequency range of 400
MHz using CDCl; (deuterated chloroform) as solvent. Spectra were referenced to

tetramethylsilane (TMS) as the internal reference.

2.6.2 Attenuated total reflection infrared (ATR-IR) spectroscopy
ATR-IR spectra of air-sensitive polymeric precursors and synthesized ceramics were recorded
using the Smart iTX single-reflection ATR assembly and Nicolet iS50 FTIR spectrometer (Thermo

Scientific) with a spectral range from 500 to 4000 cm™ with a spectral resolution of 1 cm™

2.6.3 Thermal gravimetric analysis (TGA)

Thermal analysis of polymeric precursors were measured using SDT 650 Simultaneous Thermal
Analyzer (TA Instruments) to obtain the ceramic yield of the precursors. Samples were heated
from room temperature to 900 °C at a rate of 5 °C min™! under argon atmosphere at a flow rate of

25 ml min™'.

2.6.4 X-ray diffraction (XRD)

PANalytical X'Pert diffractometer with flat sample stage was used to record the X-Ray diffraction
pattern of sensing powders (SnO2 and GaN), sensing layer coated gas sensors and polymer-derived
based filter coated gas sensors using Cu Ka radiation in the reflection scanning mode in the 26 of

20-80°. Structures of the samples were analyzed using X'pert highscore software.

2.6.5 Raman spectroscopy
Raman spectra of samples were recorded on a confocal micro-Raman spectrometer (LabRAM HR

Evolution, Horiba France SAS) with excitation laser wavelength of 532 nm Laser with 5% of
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maximum laser power at laser head (100 mW) in the range of 500 to 4000 cm’!. The data

acquisition and analysis of Raman spectra was performed by labSpec 6 software.

2.6.6 Nitrogen adsorption-desorption measurements

The porosity measurements of the polymer-derived ceramic powders were done by determining
nitrogen adsorption and desorption isotherms at 77 K using Anton Paar Autosorb IQ2 instrument.
The samples were pre heated at 150 °C for 8 h under vacuum to remove moisture and other
contaminants. Recorded isotherms was analyzed by Brunauer, Emmett and Teller (BET) method
to calculate surface area from the linear part of the adsorption isotherm [121] and pore-size

distribution (PSD) was calculated by Saito-Foley (SF) method [49].

2.6.7 Scanning electron microscopy (SEM)

The surface morphology and thickness of filter layers were investigated using JEOL JSM 6610LV
instrument at an acceleration voltage of 10-15 kV. To measure the thickness of filter layer coated
on sensor substrates, samples were carefully cut such that the cross-section of filter-coated sensors
was visible for imaging purpose. To avoid the charging effect, samples were sputtered with a thin

layer of conductive coating material using Auto Fine Coaters JFC-1600.

2.6.8 Elemental analysis
Elemental analysis of the ceramics synthesized were analyzed using LECO CS744 (carbon

analyzer) and LECO ONH836 (N and O analyzer).

LECO CS744: The probe material is weighed and mixed with tungsten and iron and is put in an
AL O3 crucible. Then crucible is placed in high frequency electric field, and burned up in oxygen
stream. Carbon contained in the sample is completely oxidized to CO» gas before passing it
through an IR-cell. Quantification of carbon content is done based on Lambert Beer’s law, where

the absorption is proportional to the carbon content. Standards used were steel.

LECO ONH 836: The nitrogen and oxygen contents are measured using a hot extraction method.
The powder sample is packed in a tin capsule and then placed in a nickel basket. The powdered
samples is burned in a graphite crucible at about 2700 °C under helium atmosphere. Oxygen in the
sample reacts with carbon forming carbon monoxide which is oxidized to CO; using CuO catalyst.
CO, formed is quantitatively analyzed by IR absorption spectroscopy. Thermally released nitrogen

is measured by thermal conductivity measurement. Oxygen anlaysis is accomplished in an IR-cell

40



Chapter 2. Experimental procedures

as CO,. Formed CO can be oxidized using Pt/SiO; catalyzer. N & O contents in the sample is

compared with calibration standards like steel.
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Chapter 3. Design and realization of experimental gas sensing set-up
This chapter describes the design and principle of operation of experimental gas sensing system —
which has been constructed within the frame of this thesis work — for studying of selectivity of

uncoated and filter coated gas sensors.

3.1 Experimental setup
Figure 3.1a and 3.1b illustrates schematic of the experimental setup and real picture of the

experimental set-up which has been constructed. The set-up consists of the following components:

@) Gas flow and pressure regulation system: gas cylinders, pressure regulators, pressure
gauges, valves, tubings

(i1) Gas mixing station: mass flow controller (MFC), multi gas controller, stainless steel
tubing, PTFE tubing, and valves

(iii))  Sensing chamber and data acquisition: Sensing chamber, multimeters, power sources,

computer system with a LabVIEW program for data acquisition
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Multimeters

(b)

Power Source
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Controller
— w
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MFC
LabVIEW Gas Mixing

DAQ System GUI
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Figure 3.1 (a) Schematic view of the experimental gas sensing set-up, (b) actual photo the set-up
that has been constructed in this thesis work. It consists of mass flow controllers, multi gas

controller, multimeters, power source, gas sensing chamber and computer with LabVIEW DAC.

Different parts of the set-up are described in the following sections:

3.1.1 Gas mixing station

P

| g CC . =

Figure 3.2 Gas mixing bench consisting of six-channel gas mixing station having (a) six mass

controllers interconnected with stainless tubing, (b) multi gas controller.
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To perform gas sensing measurements towards various concentrations of gases, a gas mixing
facility is required. The gas mixing bench consists of six mass flow controllers (Type GMS50A,
MKS Instruments). Mass flow controllers are fixed on a test bench, as shown in Figure 3.2. The
maximum flow rates of these controllers are 5, 10, 50, 100, 200, and 500 cm® min™'. The MFCs
cable has a settling time of less than 750 milliseconds, a typical closed conductance leak rate of
less than 0.1 % of full scale, and the MFCs usual accuracy is about 1% of set point for 20 to 100
% full scale and 0.2 % of full scale for 2 to 20 % full scale. MFCs to withstand a maximum pressure
of 1000 psig during testing, with a burst pressure of roughly 1500 psig. The MFCs are externally
controlled by multi gas controller (946 Vacuum System Controller, MKS Instruments). A
connection was established between the MFCs and the multi gas controller using a RS485

interface.

3.1.2 Gas sensing chamber and data acquisition

The gas sensing chamber was prepared using teflon material which is stable up to 350 °C. The two
ports of the sensing chamber was clipped with stainless steel plate and screws to form leak proof
system. In the sensing chamber, two sensors are connected through multimeters (Keithley 2450)

for measuring resistance and power sources (PWS2326 DC power supply) for heating gas sensors.
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Chapter 3. Design and realization of experimental gas sensing set-up

The power supply maximum voltage output has been limited to a predefined amount to avoid

damage of sensing chamber material.

In order to control the flow through individual mass flow controller connected channels and
measuring resistance of sensors, the experimental set-up is operated by a LabVIEW program

developed indigenously, as shown in Figure 3.3.
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Figure 3.3 Graphical user interface (GUI) for controlling gas concentration and data acquisition

using LabVIEW.

Data acquisition system for the gas sensing, developed by VISA (Virtual Instrument Software
Architecture) tool in LabVIEW plays a crucial role in facilitating instrument control and data
acquisition within the LabVIEW programming environment. It serves as a standardized interface,
enabling seamless communication with various instruments and devices. One of the primary
benefits of the VISA tool is its ability to support multiple communication protocols, including
General Purpose Interface Bus (GPIB), Universal Serial Bus (USB), Ethernet, and serial interfaces
[122]. This flexibility allows LabVIEW users to connect and interact with a diverse array of

instruments, such as oscilloscopes, multimeters, spectrum analyzers, and more. VISA ensures
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platform independence, means easily ported across different operating systems and hardware
platforms, without requiring extensive modifications. VISA also offers a comprehensive set of
functions (Visa tool command list, Write, Read, Clear, Close, Trigger, Property node, Open, and
Write from file) and tools specifically designed for instrument control tasks. Users can utilize these
functions to send commands, receive data, configure instrument settings, and perform other
essential operations. The tool simplifies the communication process and frees developers from
dealing with low-level protocol intricacies, enabling them to focus on higher-level application
development. Moreover, VISA seamlessly integrates with other features and libraries in the
LabVIEW environment. This integration allows users to combine instrument control with data
processing, analysis, and visualization capabilities, creating powerful test and measurement

systems.

3.2 Procedure for gas sensing measurements

After placing the sensors inside sensor chamber into the appropriate ports, the chamber is securely
tightly closed and gas sensors are connected to the multimeters and power sources. After flushing
sensor chamber with nitrogen to eliminate oxygen and moisture, a continuous supply of inert gas
at a flow rate of 100 sccm is maintained from one of the MFCs for few hours at room temperature.
Thereafter, sensors are heated up to the required temperatures of measurements. After resistance
of the sensors at the set temperature flowing nitrogen gets stable, sensing measurements are started.
The transient resistance data of gas sensors are recorded using the developed LabVIEW program

for data acquisition, as shown in Figure 3.3.

46



Chapter 4. Synthesis of microporous polymer-derived ceramics

Chapter 4. Synthesis of microporous polymer-derived ceramics

This chapter discusses synthesis and characterization of various polymer-derived ceramics for
selecting suitable precursor(s) for developing microporous filter layer on chemiresistor gas sensors
for enhancement of gas sensing selectivity. SiOC, SiCN and SiC ceramics were synthesized by
pyrolysis of commercially available vinyl-functionalized polysiloxane (XP RV 200), polysilazane
(Durazane 1800) and ally hydrido polycarbosilane (SMP10), respectively, under argon. Pyrolysis
process of the forming PDCs using various precursor used in this works are already described in
section 2.1. The structure of polymeric precursors are studied by liquid-state NMR spectroscopy
and ATR-IR spectroscopy; polymer-to-ceramic transformation, structural characterizations and
porosity characteristics of the synthesized ceramics are investigated. In the following synthesis

and characterization of each of the synthesized ceramics are discussed.

4.1  SiOC ceramic derived from vinyl-functionalized polysiloxane
Molecular structure of as-received pre-ceramic polymer vinyl-functionalized polysiloxane is
shown in Figure 4.1 (as provided from the supplier, Evonik Industries AG, Germany) and verified

using 'H, 13C and #Si liquid-state NMR and ATR-IR spectroscopic characterization.

/

Si(CH3),

\

Figure 4.1 Molecular structure of vinyl-functionalized polysiloxane (XP RV 200).
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4.1.1 Liquid-state NMR characterization
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Figure 4.2 Liquid-state NMR spectrum of vinyl-functionalized polysiloxane, CDCl3 as solvent: (a-
b) 'H, (c) 1*C, (d) #Si.

TH NMR: The proton NMR ('H) spectrum (Figure 4.2 a-b) shows two resonance peaks ranging
from -0.01 to 0.24 ppm indicating the methyl groups bonding in the polymeric structure which is
Si-O-(CH3)2, in agreement with reference [123]. The resonance shift ranging from 5.6 to 6.1 ppm
indicates the vinyl group bonding in the polymer which is (CH>=CH) Si-O.

13C NMR: The carbon (!3C) NMR of the polymer shows three resonance peaks at 126 ppm, 128
ppm and 133 ppm, as shown in Figure 4.2 c, are consistent with the vinyl groups present in the

polymeric structure [123].
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29Si NMR: Figure 4.2 d represents the silicon (?*Si) NMR of the polysiloxane polymer (XP RV
200). It shows two resonance peaks, one ranging from -20 to -21.5 ppm corresponds to the methyl
silicon bonding in the polymer which O—-Si(CH3)2—O and the other resonance at around -35 ppm

indicating the vinyl bonding to the silicon group which is (CH3)(CH>=CH)-Si-O [123].

4.1.2 ATR-IR characterization

In Figure 4.3, the infrared spectra of the polymeric precursor and the SiOC ceramic are shown.
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Figure 4.3 ATR-IR spectrum of: (a) vinyl-functionalized polysiloxane (XP RV 200), and (b)

SiOC ceramic obtained after pyrolysis at 700 °C.

The bands observed at 788, 1007, 1257, 1407, 1597, 2962, and 3054 cm™ correspond to Si-CHs,
Si-O-Si, Si-CH3s, C-H, CH=CH,, C-H, and CH=CHa, respectively [124, 125]. Very low intense
bands at 1597 and 3054 cm™! indicating presence of very low amount of vinyl groups which is in

agreement with the data supplied by the supplier and these bands are absent in SiOC ceramic
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confirming the cross-linking reaction of vinyl group followed by pyrolysis process leading to

ceramic formation.

4.1.3 TGA characterization: Polymer-to-ceramic transformation

In order to determine polymer-to-ceramic transformation temperature and to select required
pyrolysis temperature for depositing ceramic filter on gas sensors, Thermal Gravimetric Analysis
(TGA) was done. Figure 4.4 shows the ceramic yield from the polymeric precursor was about 32%
by mass. Simultaneously measuring the gases released via mass spectrometry during mass loss
indicates the polymer-to-ceramic transformation of vinyl-functionalized polysiloxane occurs by
mass loss in several steps due to the release of oligomers (vinyl component, m/z = 28) with low
molecular weight polymers comprising a small number of repeat units between 150 and 400 °C
and due to release of methane (m/z = 16) and hydrogen (m/z = 2) during ceramization process in
the temperature range of 500-650 °C [120]. Negligible mass loss is observed above 700 °C

indicating completion of the ceramization process.
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Figure 4.4 (a) Thermal gravimetric analysis (TGA), and (b) Mass spectra of vinyl functionalized
polysiloxane, XP RV 200 (heating at 5 °C min™! under argon atmosphere).
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The gases (H», CH4, etc.) which are released during polymer-to-ceramic conversion generate
micropores - in the range of the molecular diameter of released gases - in the synthesized ceramics.
This step by which pore-generation occurs in polymer-derived ceramics is the crucial step for
obtaining microporous polymer-derived ceramics. According to a densification mechanism based
on surface reaction accommodated by viscous flow [126], microporosity is eliminated when the
pyrolysis temperature of ceramization step is increased. Therefore, selection of pyrolysis
temperature is one of the main factor to obtain suitable microporous ceramic filter layer for

enhancement of gas sensing selectivity of gas sensors.

Based on TGA data (Figure 4.4) of the polymer, ceramic powders were synthesized by pyrolyzing
vinyl-functionalized polysiloxane under argon at three different temperatures: 700 °C, 800 °C and
900 °C and further structural characterizations (XRD, porosity characterization) are performed on

the SiOC ceramics obtained by the pyrolysis of polymers at and above 700 °C.

4.1.4 XRD characterization
X-ray powder diffraction patterns of SiOC powders prepared from vinyl functionalized
polysiloxane at 700 °C, 800 °C and 900 °C are presented in Figure 4.5. The obtained ceramics are

found to be amorphous in nature as confirmed by featureless broad x-ray diffraction pattern.
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Figure 4.5 X-ray powder diffraction patterns of XP RV 200 polysiloxane-derived SiOC
ceramics obtained by pyrolyzing under argon at 700 °C, 800 °C and 900 °C.
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4.1.5 Porosity characteristics
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Figure 4.6 Nitrogen adsorption-desorption isotherms measured at 77 K (al-a3) and pore-size
distribution using Saito-Foley method (b1-b3) of SiOC powders obtained after pyrolysis of vinyl-
functionalized polysiloxane at 700 °C, 800 °C, and 900 °C.
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The nitrogen gas adsorption-desorption isotherms of SiOC ceramics powder prepared from the
pyrolysis of vinyl-functionalized polysiloxane are shown in Figure 4.6. The isotherm analysis of
the SiOC ceramic powder samples obtained after pyrolysis at 700 °C, 800 °C and 900 °C is found
to be of Type I according to the IUPAC classification [127]. These results confirms that SiOC
which is obtained at 700 °C is microporous with a pore diameter of about ~4.6 A whereas the pore-
size (pore-diameter) of the SiOC ceramics prepared by pyrolysis at 800 °C and 900 °C is found be
larger — bimodal pore-size distribution of about 4.6 A and 5.6 A for 800 °C sample and more than
11.3 A for 900 °C sample. BET specific surface area of the samples are summarized in Table 4.1
along with samples prepared using other precursors described in sections 4.2 & 4.3. Elemental
chemical composition of as-synthesized SiOC powder at 700 °C is found be about 44 wt% Si, 33
wt% O and 23 wt% C.

4.2 SiCN ceramic derived from polysilazane
Commercially available polysilazane (Durazane 1800) was used for the synthesis of SICN-based
ceramics. Molecular structure of the as received polymeric precursor has been studied using 'H,

29Si and 1*C liquid-state NMR spectroscopy and ATR-IR spectroscopy.

4.2.1 Liquid-state NMR characterization

THNMR: 'H spectrum of Durazane 1800 is shown in Figure 4.7 a. SiH protons appear as multiplets
between 4.1 and 4.9 ppm [127]. NH resonace can be observed as broad signals at around 0.76
ppm [128]. SiCH3 protons are found as a broad resonance at around O ppm [128]. Methyl groups
can be seen as broad resonance centred at 0 ppm due to different chemical environments.

Multiplets between 5.6 and 6.2 ppm can be attributed to the presence of Si-CH=CH> [129].

I3C NMR: In the '*C spectrum (Figure 4.7 b), the signals corresponding to methyl and vinyl groups
attached to silicon are observed. The broad resonance signals in the range from -2.4 to 5 ppm is

related to Si-CH3. Chemical shifts of 131-142 ppm are assigned to Si-CH=CH> [8][129].

YSiNMR: In agreement with the literature [130] the recorded broad resonance peaks ranging from
-16 to -27 ppm confirms dominant peaks are related to [-Si(CH3)(CH=CH»)-NH], Figure 4.7 c.
The minor *Si peak at -32.6 ppm could be assigned to presence of trace amount of -SiH»-

functionality [131].
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Figure 4.7 Liquid-state NMR of: (a) 'H spectrum, (b) '*C spectrum, (c) ?°Si spectrum of Durazane
1800, using CDCl3 as solvent.

4.2.2 ATR-IR characterization

ATR-IR spectrum of polymeric precursor Durazane 1800 is shown in Figure 4.8 a. Absorption
bands lines at 870, 1157, 1253, 1402, 1584, 2117, 2957, 3047 and 3387 cm™! correspond to Si-N,
Si-NH-Si, Si-CH3;, CH=CH,, C=C, Si-H, C-H, CH=CH>, N-H functional groups [128]. For the
SiCN ceramic obtained at 800 °C, a broad absorption band ranging from 750 to 1100 cm™ is
assigned to Si-C and Si-N bonds.
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Figure 4.8 ATR IR spectra of (a) precursor Durazane 1800, and (b) SiCN derived by pyrolysis of

the polymeric precursor at 800 °C.

Based on above liquid-state NMR and ATR-IR spectroscopic measurements, molecular structure

of Durazane 1800 is proposed as shown in Figure 4.9.
H,C

N\

CHg CH

A .

H CHs

Figure 4.9 Molecular structure of polysilazane (Durazane 1800) polymer.
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4.2.3 TGA characterization: Polymer-to-ceramic transformation

Figure 4.10 shows TGA curve of polymer Durazane 1800 indicating that mass of lost in three
steps. Mass spectrometry data shows that during cross-linking reaction in the region 150 °C and
300 °C releases hydrogen (m/z = 2), methane (m/z = 16) and vinyl fragments (Cz2, m/z = 28) are
released. In the second region up to 500 °C ammonia (m/z = 17), methane and vinyl fragments are
detected. During the ceramization step from 500 and 750 °C, masses are lost mainly as methane
and ammonia. Very low mass is lost above 750 °C indicating completion of polymer-to-ceramic

transformation process with a ceramic yield of ~65 % by mass.
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Figure 4.10 (a) Thermal gravimetric analysis (TGA) curve, and (b) Mass spectra of Durazane 1800

(heating at 5 °C min™! under argon atmosphere).

4.2.4 XRD characterization
X-ray diffraction patterns of Durazane 1800 polysilazane derived SiCN ceramics obtained at
various temperature (700 °C, 800 °C and 900 °C) are shown in Figure 4.11. Broad x-ray

diffractions patterns of ceramics confirms formation of amorphous SiCN.
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Figure 4.11 X-ray powder diffraction patterns of Durazane 1800 polysilazane-derived SiCN
ceramics obtained by pyrolyzing under argon at 700 °C, 800 °C and 900 °C.

4.2.5 Porosity characteristics

Nitrogen adsorption isotherm analysis of powdered samples of SiCN ceramics derived from
Durazane 1800 polysilazane were performed and the isotherms are presented in Figure 4.12.
Isotherms are found to be of Type III as per IUPAC classification [127][6]; this indicates weak
interaction between SiCN ceramic surface and adsorbate (N2) gas molecules. Very low nitrogen
uptake at low relative pressure indicates absence of microporosity and gradual increasing uptake
at high relative pressure could be due to interparticle void space or macroporosity. As the
synthesized SiCN ceramics are not microporous in nature, therefore, these ceramics were not

selected for depositing on a gas sensor substrate for sensing measurements.
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Figure 4.12 Nitrogen adsorption-desorption isotherms measured at 77 K of SiCN powders
obtained after pyrolysis of Durazane 1800 polysilazane at: (a) 700 °C, (b) 800 °C, and (c) 900 °C.

4.3 SiC ceramic derived from ally hydrido polycarbosilane
The third and the last polymer used in this work is commercially available ally hydrido
polycarbosilane (SMP-10). 'H, 3C and *Si liquid-state NMR and ATR-IR spectroscopic

measurements are done to find the molecular structure of the precursor.

4.3.1 Liquid-state NMR characterization
'H NMR: 'H spectrum of Durazane 1800 is shown in Figure 4.13 a. Resonances corresponding to
CH»=CH, SiH, and SiCH> and SiCj; are observed in the region of 4.6-5.9, 3.2-4.4, and 1.5-2.0

ppm, respectively [132]. A broad resonance at around O ppm corresponds to SiCH3 proton.
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13C NMR: In the '*C spectrum (Figure 4.13 b), the resonances corresponding to ~CH and CH> of
allyl carbons are observed at 134.3 and 114.3 ppm respectively. Multiple resonances observed in
the region 18.5-30.5 ppm are due to —CH>— of allyl groups. Resonances corresponding to Si—~CHj3
carbon are observed at 0.6 to —15 ppm. These resonance peaks are in agreement with literature
[132][11]. Resonances observed in the range 76—78 ppm corresponds to carbon of solvent CDCl3

used.

2Si NMR: Resonances corresponding to silyl linkages are observed in the region —5 to =15 ppm

as also observed in literature [132][11].
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Figure 4.13 Liquid-state NMR spectra of: (a) 'H spectrum, (b) '*C spectrum, (c) 2°Si spectrum of
SMP-10, using CDCl3 as solvent.
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Based on the results of liquid-state NMR and ATR-IR spectroscopic analysis, the structure of

allyl hydrido polycarbosilane polymer is presented in Figure 4.14.
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Figure 4.14 Molecular structure of the allyl hydrido polycarbosilane (SMP-10) polymer.

4.3.2 ATR-IR characterization
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Figure 4.15 ATR-IR spectra of (a) allyl hydrido polycarbosilane (SMP-10) polymer, and (b) SiC
powder sample prepared at 700°C.
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Figure 4.15 shows infrared spectrum of polymer SMP-10. The bands at 743, 830, 933, 1036, 1629,
2116, 2915, and 3077 cm™ are attributed to functional groups of Si-CH3, Si-C, Si-H, Si-CHb»-Si,
C=C, Si-H, C-H and C=C, respectively, in agreement with reference [133]. For the ceramic
obtained after pyrolysis at 800 °C, broad band corresponding to Si-C is observed confirming

formation of SiC ceramic.

4.3.3 TGA characterization: Polymer-to-ceramic transformation

The polymer-to-ceramic transformation of SMP-10 was studied using thermal gravimetric analysis
(TGA), Figure 4.16. TGA curve shows mass loss by decomposition of sample occurs in mainly in
two steps. In the first mass loss step (150 to 300 °C), hydrogen and oligomer (small polymer
fragments) are released. Major mass loss step occurs in the temperature range from 400-800 °C
with the release of Hz (m/z = 2), SiH4 (m/z = 32) and CH3SiH3 (m/z = 46). No significant mass
loss is observed beyond 800 °C confirming completion of polymer-to-ceramic conversion with a

ceramic yield of ~77 % by mass at 800 °C; similar observation were found by Kaur et al. [133][12].
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Figure 4.16 (a) Thermal gravimetric analysis (TGA) curve, and (b) Mass spectra of ally hydrido
polycarbosilane (SMP 10) (heating at 5 °C min™! under argon atmosphere).
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4.3.4 XRD characterization
Figure 4.17 shows XRD pattern of SiC derived by pyrolysis of SMP-10 polycarbosilane at 700 °C,
800 °C and 900 °C. Features broad x-ray diffraction pattern of all the three ceramics synthesized

confirms formation of amorphous SiC.
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Figure 4.17 X-ray diffraction patterns of SiC prepared by the pyrolysis of SMP-10 under argon at
700 °C, 800 °C and 900 °C.

4.3.5 Porosity characteristics

Nitrogen adsorption measurements were conducted to characterize the porosity of SiC ceramics
obtained after pyrolysis at 700°C, 800°C and 900°C; corresponding isotherms are shown in Figure
4.18. All the isotherms are found to be of Type III [126] suggesting weak interaction between SiC
surface and adsorbate (N2) gas molecules and also indicating formation of non-microporous SiC
ceramics and therefore, these SiC ceramics are not a prospective ceramic filter for coating on gas

sensors for selectivity enhancement.
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Figure 4.18 Nitrogen adsorption-desorption isotherms measured at 77 K of SiC powders obtained

after pyrolysis of SMP-10 at: (a) 700 °C, (b) 800 °C, and (c) 900 °C.
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Table 4.1 Summary of nitrogen physisorption measurement results (specific surface area,
micropore volume and pore-type) of polymer-derived ceramics (SiOC, SiCN and SiC) by

pyrolysis under argon at different temperatures.

Pre-ceramic Pyrolysis BET specific Porous structure
Micropore volume®!
polymer / Derived temperature & surface area
(em® g™
ceramics environment (m? gl)
700 °C, argon 350 0.126 microporous
XP RV 200/ SiOC 800 °C, argon 307 0.128 microporous
900 °C, argon 258 0.089 microporous
700 °C, argon 11 - non-porous
HTT 1800/ SiCN 800 °C, argon 11 - non-porous
900 °C, argon 6.5 - non-porous
700 °C, argon 7.5 - non-porous
SMP10/ SiC 800 °C, argon 6 - non-porous
900 °C, argon nil - non-porous

[a] calculated using SF method

Based on porosity characterization results (Table 4.1), it can be concluded that only the SiOC
ceramics derived from polysiloxane (XP RV 200) are found to be microporous (pore-size < 2 nm),
whereas SiCN and SiC ceramics are non-porous. Moreover, the SiOC ceramic synthesized at 700
°C with a pore-size of about 4.6 A and high BET specific surface area of about 350 m? g'is a
prospective filter material for deposition on gas sensors, compared to the SIOC ceramics prepared
at 800 °C and 900 °C due to relatively larger pore-size. Therefore, for further investigation of
polymer-derived porous ceramics as a filter material on gas sensors in this thesis work, solution of
XP RV 200 was prepared and SiOC filter layers on gas sensors were deposited at 700 °C under

argon.
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Chapter 5. Microporous SiOC-coated SnO:2 and SiOC-coated GaN sensors

Trace amount of CO (few ppm) causes a substantial degradation in the fuel cell performance as
CO acts as a poison for Pt-based catalysts, therefore, residual CO concentration in the hydrogen
rich stream should be monitored. Hence, gas sensing measurements of low CO concentration
ranges (50-100 ppm) compared to higher H> concentration ranges (50-1000 ppm) have been
performed and described in this chapter. Gas sensing performances of SiOC-coated SnO» sensor
and SiOC-coated GaN sensor — obtained by dip-coating of polysiloxane solution on sensing
material coated planar alumina substrate with Pt electrodes followed by pyrolysis under inert
atmosphere — have been studied for the Ho/CO gas sensing selectivity in harsh reducing

conditions.
5.1 SiOC-coated SnO:2 sensors

RF sputtered coated SnO2 sensors (described in section 2.3.3) under exposure to Hz at 500 ppm
and 1000 ppm showed similar very low value of resistance; this indicates that RF sputtered sensors
get saturated with H» under these concentration ranges. Hence, it is difficult to estimate accurate
sensor signals of RF sputtered sensors; details are presented in Annexure I. In the following,

structural characterization and sensing performance of screen-printed sensors are discussed.

5.1.1 Structural characterization of uncoated SnO: sensor and SiOC-coated SnO:2 sensor

Figure 5.1 Digital images of: (a) SnO> coated sensor, (b) two-times polymer-derived SiOC-coated
SnO; sensor; (¢) SEM image of fractured cross-section of SiOC-coated SnO> sensor, (d-h) EDS

mapping images of elements Sn, Si, O and C in SiOC-coated SnO: layer.
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SnO; sensor, prepared by screen-printing method onto sensor substrate, was coated with two-fold
SiOC layer by dip-coating of polysiloxane solution followed by pyrolysis process at 700 °C under
argon, as described in the experimental procedures (sections 2). SiOC layer is found to be crack-
free with a thickness of ~5 pm after two-fold coating/pyrolysis steps, as shown in the cross-
sectional view of sensor (Figure 5.1 ¢). EDS elemental confirms the presence of elements Si, O,

C, and Sn in the SiOC-coated SnO; sensing layer (Figure 5.1 d-g).

XRD measurements of commercial SnO> powder, screen-printed SnO; sensor and SiOC-coated
SnO: sensor were performed and the recorded diffraction patterns are plotted in Figure 5.2. XRD
patterns of uncoated SnO, sensor and SiOC-coated SnO; sensor are found to be identical; SiOC
ceramic obtained after pyrolysis at 700 °C is amorphous in nature (section 4.1.4) as the depth of

penetration of x-rays are in the range of several pm.

=
S (i)
> e
2
£ | ()
Jk_ J )'\_J\_j\_ A M
SnoO,
, l | — , ‘ L 1 , L] I L | |
20 30 40 50 60 70 80

2 Theta (°)

Figure 5.2 X-ray diffraction patterns of: (i) SnO> powder, (ii) screen-printed SnO- sensor, and (iii)
SiOC-coated SnO; sensor. The diffraction pattern of reference SnO> (ICSD PDF Code: 01-072-
1147, Tetragonal) is shown at the bottom. Al2O3 and Pt reflections are due to sensor substrate and

electrode.
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The peak positions of SnO> powder, SnO» sensor and SiOC-coated SnO; sensor at 26.61°, 33.92°,
37.99°, 39.02°, 42.68°, 51.83°, 54.81°, 57.92°, 61.94°, 62.68°, 64.84°, 66.04°, 69.32°, 71.39°,
74.56°, and 78.80° are well matched with reference standard SnO> (ICSD PDF code: 01-072-1147,
Tetragonal) indicating chemical stability of SnO; layer on sensor substrate after coating with SiOC
ceramic using polymer-pyrolysis route. The appearance of peaks corresponding Al,O3 and Pt in
the sensors are due to presence of AlbO3 (base substrate) and Pt (as electrode) in the sensor

substrate, as discussed in section 2.1.

To further verify coating of SiIOC on SnO> sensor, Raman spectroscopy study of SnO; sensor and
Si0OC-coated SnOz sensor was done. The Raman shifts of screen-printed uncoated SnO- gas sensor
are observed at 474 cm™, 633 cm™!, and 775 cm™! showed the typical feature of the rutile phase
[134]; however, for two-times SiOC-coated SnO> gas sensor the Raman shift of SnO»> is absent
due to uniform coating of amorphous SiOC ceramic layer on screen-printed SnO> sensing layer

which suppresses the Raman active peaks of SnO».
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Figure 5.3 Raman spectra of SnO» sensor and SiOC-coated SnO> sensor.
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5.1.2 Gas sensing performance of uncoated SnQ: sensor and SiOC-coated SnO: sensor

Gas sensing performance SnO» sensor and SiOC-coated SnO; sensor were measured towards H»
(50, 500, 1000 ppm) and CO (50, 70, 100 ppm) at 400 °C. Hz (kinetic diameter of 2.89 A) and CO
(kinetic diameter of 3.76 A) gases diffuses through microporous SiOC filter layer towards SnO>
sensing layer, however, SiOC layer acts as a barrier for the diffusion of gases due to difference in
kinetic diameter of H> and CO. Detailed gas transport mechanism of gases through SiOC layer is

discussed in section 5.3.

Reversible resistance changes towards H» and CO are observed for all sensors indicating stability
of sensors under the sensing measurement conditions (gas concentration and temperature). The
transient sensing response (Figure 5.4 and Figure 5.5) of uncoated SnO2 and SiOC-coated SnO2
sensors to Hy and CO is significantly distinct. Response and recovery time towards CO sensing
are significantly slower and longer for SiOC-coated sensors compared to uncoated SnO»
sensors; response/recovery time towards 100 ppm CO are around 59 s/346 s (SnO> sensor) and
867 s/1347 s (SiOC-coated SnO> sensor). Whereas towards H» sensing, not significant difference
in response and recovery time are observed for uncoated and SiOC-coated sensors;
response/recovery time towards 1000 ppm H: are 82 s/5842 s (SnO2 sensor) and 179 s/4176 s
(S10C-coated SnOz sensor). It can be observed that response time of SiOC-coated SnO: is higher
compared to uncoated SnO; sensor as the SiOC layer acts as a barrier for the diffusion of gases
towards sensing layer. Moreover, a larger increase in response time can be found towards CO
sensing (~15-fold increase) compared to H» (2-fold increase) SiOC-coated sensor compared to

uncoated sensor.
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Figure 5.4 Transient response of screen-printed uncoated SnO> sensor and SiOC-coated SnO>

sensor at 400 °C: (a) under H> concentrations (50, 500, 1000 ppm in nitrogen), and (b) under CO

concentrations (50, 70, 100 ppm in nitrogen).
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Figure 5.5 Sensor signal (Ro/R) for uncoated SnO> sensor and SiOC-coated SnO> sensor at 400 °C:

(a) H2 (50-1000 ppm), (b) CO (50-100 ppm); R, is baseline resistance in N2 and R is the resistance
during target gas exposure (CO in N»).
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5.2 SiOC-coated GaN sensors
5.2.1 Structural characterization of uncoated GaN sensor and SiOC-coated GaN sensor

Screen-printed GaN sensor was coated with a crack-free a SiOC filter layer, with a thickness of
about 6 um, achieved through a two-fold coating/pyrolysis process (as depicted in Figure 5.6 a-c).
EDS elemental mapping validates the presence of elements Si, O, and C in the SiOC layer (Figure

5.6 d-f), while presence of elements Ga and N is confirmed in the GaN sensing layer (Figure 5.6

g-h).

SioC

GaN

Figure 5.6 Digital images of: (a) screen printed GaN sensor, (b) two-fold SiIOC-coated GaN sensor;
(c) SEM image of fractured cross-section of SiOC-coated GaN sensor. EDS elemental mapping

images of elements: (d) Silicon, (e) Oxygen, (f) Carbon, (g) Gallium, and (h) Nitrogen.

70



Chapter 5. Microporous SiOC-coated SnO; and SiOC-coated GaN sensors

X-ray diffraction (XRD) patterns of GaN sensor and SiOC-coated GaN sensor, as shown in Figure
5.7, exhibit no significant difference due to presence of thin amorphous SiOC layer on GaN. When
comparing the XRD diffraction patterns, the peak positions of both sensors measured at 32.41°,
34.63°, 36.88°, 48.17°, 57.83°, 63.54°, 67.88°, 69.19°, 70.60°, 73.06°, and 78.50° are matched
with the standard GaN (ICSD PDF Code: 01-074-0243). It should be noted that the presence of
reflections corresponding to Al>O3z and Pt in the GaN sensor and SiOC-coated GaN sensor is
attributed to the sensor substrate and electrodes. To verify the coating of SiOC layer on GaN
sensor, a comparative Raman spectroscopy study was conducted. In Figure 5.8, the Raman shift
of the screen-printed GaN sensor is observed at 420 cm™!, 569 cm™, and 730 cm™!. The peaks at
569 cm™! and 730 cm™' represent the TO (transverse optical) and LO (longitudinal optical)
vibrational density of states of GaN, respectively; the peak at 420 cm™' indicates the formation of
a Ga-Ng bond in GaN, in agreement with reference [135]. Notably, the SiOC-coated GaN sensor
does not exhibit the Raman active peaks of GaN, as shown in Figure 8. Absence of GaN peaks

confirms proper coating of amorphous polymer-derived SiOC ceramic on the GaN sensor.
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Figure 5.7 XRD patterns of: (i) GaN powder, (ii) screen-printed GaN sensor, and (iii) SiIOC-coated
GaN sensor. The diffraction pattern of reference GaN (ICSD PDF Code: 01-074-0243, Hexagonal)

is shown at the bottom. Al,O3 and Pt reflections are due to sensor substrate and electrodes.
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Figure 5.8 Raman shift of screen-printed GaN sensor and SiOC-coated GaN sensor.

5.2.2 Gas sensing performance of uncoated GaN sensor and SiOC-coated GaN sensor

Gas sensing properties of GaN and two-fold SiOC-coated GaN sensors were studied towards
different Hy (50-1000 ppm) and CO (50-100 ppm) concentrations at 400 °C, Figure 5.9 (a, b).
Reversible DC resistance changes towards H> and CO are observed for both sensors. A significant
difference is observed between sensor response towards H> and CO for uncoated GaN and SiOC-
coated GaN sensors. SIOC-coated sensors show relatively slow response and larger recovery times
towards CO sensing compared to uncoated GaN sensors, however, the response and recovery times
towards H» sensing did not show significant change. A dramatic decrease in response towards CO
sensing (almost negligible CO sensing) was observed for SiOC-coated sensors compared to
uncoated GaN sensors (Figure 5.9 a). The response/recovery time towards 100 ppm CO are around
92 s/120 s (GaN sensor) and 1364 s/788 s (SiOC-coated GaN sensor); whereas response/recovery
time towards 1000 ppm H; are 72 s/7878 s (GaN sensor) and 190s/7170s (SiOC-coated GaN

sensor). Larger increase in response time is found towards CO sensing (~15 fold increase)
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compared to H» (~2.5-fold increase). These measurements confirm that response time of SiOC-

coated GaN is higher compared to uncoated GaN sensor as the SiOC layer acts as a barrier for the

diffusion of gases towards GaN sensing layer. This indicates significantly lower diffusion of CO

through SiOC layer compared to that of H> diffusion towards sensing layer.
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5.3 Mechanism of transport of H2 and CO through amorphous SiOC filter towards sensing
layer

In this section, a proposed model of diffusion of H> and CO through amorphous SiOC filter layer
coated on gas sensors is discussed and presented. Prasad et al. [136] studied gas permeance
measurements of SiOC-coated y-Al2Os/a-Al2O3 tubular membranes and showed that permeance
of H; (kinetic diameter of 2.89 A) increases with the increase in measurement temperatures, where
as that of larger gas molecules (CO> (kinetic diameter: 3.3 A), N> (kinetic diameter: 3.64 A))
decreases. Hz follows solid-state diffusion mechanism [137] with a larger vibration frequency and
lower activation energy of Hj; whereas larger molecules such as COa, N, etc., follows gas-
translational mechanism [137] — a combination of Knudsen diffusion and surface diffusion also
called as activated Knudsen diffusion mechanism — due to size effect. Solid-state diffusion occurs
when pore-size of the membrane is very small (and membrane behaves as a dense material) where
interaction of gas molecules with pore-wall of membrane becomes stronger and therefore the
solubility of gas with the membrane material plays an important role; permeating gas molecules
reside in the solubility sites as well as are in equilibrium with the surrounding gas molecules. In
Knudsen diffusion [137], gas molecule collides frequently with the pore wall than with other
diffusing gas molecules and gas permeance of a particular molecule decreases with the increase in
temperature. Surface diffusion [137] generally occurs at low temperature, when the interaction
between the gas molecules and the pore-wall surface gets stronger compared to the kinetic energy
of gas molecules and therefore they cannot escape from the surface potential fields of the pore-
wall.

Polymeric precursor (vinyl-functionalized polysiloxane) that is used in this thesis work to
synthesize SiOC filter was also used in work of Prasad et al. [136] to study gas permeance
characterization of SiOC-coated y-Al203/a-Al2O3 based tubular membranes. Therefore, it is
logically coherent to suggest that gas permeance of relatively larger CO molecules (kinetic
diameter of 3.76 A) through the SiOC-coated sensors decreases at higher temperature compared
to activated transport of H>. A model representing gas transport through SiOC-coated sensor is
shown in Figure 5.11. Some micropore channel (pore diameter ~4.6 A, as confirmed by nitrogen-
adsorption measurements, section 4.1.5) may have formed by interconnection of several

micropores acting as ‘defects’, herein the gas flows gas-translational diffusion, which allows
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diffusion of both smaller H> and relatively larger CO gas molecules. The lower value of time
response towards H» indicating higher gas selectivity of H> compared to CO indicates the presence
of pores of diameter of about 3 A — which cannot be detected by Nz-adsorption method — in
microporous amorphous SiOC network through which solid-state diffusion of H> occurs.
Accordingly, the H> and CO gas selectivity of SiOC-coated sensors could be explained taking into
account the contribution of both mechanisms. Hence, significantly reduced sensing response
towards CO for SiOC-coated sensors compared to uncoated sensors is observed (Figures 5.9 and
5.10). The sensor signal (Ro/R) shown in the Figure 5.5 and Figure 5.10 confirms that SiOC-coated
sensors offers very low sensing response to carbon monoxide (CO), whereas screen-printed

uncoated sensors show high sensing response for both CO and H,.
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Figure 5.11 A model representing mechanism of transport of H> and CO through amorphous SiOC

filter towards sensing layer.
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Chapter 6. Conclusions and outlook

In this thesis work, enhancement of H»/CO sensing selectivity of gas sensors coated with
amorphous microporous polymer-derived ceramic filter layers has been studied. Three different
classes of ceramics (SiOC, SiCN and SiC) have been synthesized and characterized. Microporous
ceramics are coated on planar gas sensors using dip-coating method. Gas sensing performance of
uncoated and ceramic-coated gas sensors are measured. Potential application of microporous
ceramic coated gas sensors with enhanced selectivity of H, with respect to CO is explored under

harsh reducing conditions (oxygen free conditions).

In the first step, laboratory-scale gas sensing experimental set-up has been designed and
realized. It consists of mass flow controllers, multi gas controller, multimeters, power source, and
gas sensing chamber; experimental set-up is operated by a LabVIEW program developed
indigenously.The experimental set-up is capable of measuring gas sensing characteristics from
room temperature to 500 °C under oxygen-free conditions. Planar sensor substrates — have been
used in this work for coating of sensing material — consisting of planar Al,Os; substrate with
interdigited Pt-electrodes on the front side for measuring resistance and a Pt-heater on the backside
to heat the sensor at the required temperature of sensing measurement. Gas sensing materials have

been coated on sensors substrates using RF sputtering method and screen-printing process.

Three pre-ceramic polymers, namely vinyl-functionalized polysiloxane, polysilazane and
ally hydrido polycarbosilane, are used for the synthesis of SiOC, SiCN and SiC ceramics,
respectively. Structures of the polymers were studied using liquid-state NMR and ATR-IR
spectroscopic methods. Thermal analysis of the polymers shows ceramic yields of about 32 %,
65% and 76 % by mass for polysiloxane, polysilazane and polycarbosilane, respectively, obtained
at 900 °C under flowing argon. XRD measurements of ceramics prepared at 700 °C, 800 °C and
900 °C showed formation of amorphous ceramics. Pore-size characteristics of the unsupported
ceramic powders obtained by pyrolysis of all three polymers at 700 °C, 800 °C, and 900 °C are
evaluated by N> physisorption isothermal analysis; however, microporous nature is found only for
the ceramics derived from vinyl-functionalized polysiloxane. Therefore, the polysiloxane polymer

has been selected for the deposition of microporous SiOC filter layers on SnO> and GaN sensors.
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SiOC layer with a thickness of about 5-6 um are coated on screen-printed SnO> and GaN
sensor substrates after two-fold coating/pyrolysis steps by dip-coating of sensors in polysiloxane
solution followed by pyrolysis 700 °C under argon. Gas sensing performances of SiOC-coated
SnOz sensor and SiOC-coated GaN sensor have been studied at 400 °C for the H2/CO gas sensing
selectivity in harsh reducing conditions wre measured towards H> (50, 500, 1000 ppm) and CO
(50, 70, 100 ppm). Reversible resistance changes towards Hz and CO are observed for both sensors.
Significant difference is observed between sensor response towards Hz and CO for uncoated and
SiOC-coated sensors. SiOC-coated sensors show relatively slow response and larger recovery
times towards CO sensing compared to uncoated sensors, however, the response and recovery
times towards H> sensing does not show significant change. Almost negligible CO sensing is

observed for SiOC-coated sensors compared to uncoated sensors.

Finally, a model for diffusion of H, and CO through microporous SiOC filter layer coated
on sensors has been proposed. Gas permeance measurements of SiOC-coated y-Al,O3/0-Al203
tubular membranes by Prasad et al. (reference [137], in chapter 5) showed that permeance of H»
(kinetic diameter of 2.89 A) increases with temperatures, where as that of larger gas molecules
CO2 (kinetic diameter: 3.3 10%) decreases. Ha follows solid-state diffusion mechanism whereas
larger molecule CO> follows gas-translational mechanism — a combination of Knudsen diffusion
and surface diffusion — due to size effect. Therefore, gas permeance of larger molecule CO (kinetic
diameter: 3.76 A) will decrease at higher temperatures compared to that of Ha. Hence, reduced

sensing response towards CO for SiOC-coated sensors compared to uncoated sensors is observed.

The experimental results obtained within the framework of the present thesis work allows for the

following recommendations for future research work:

1) Improving the set-up for gas sensing measurements: The experimental gas sensing set-up
realized in this work has a detection limit of up to 10 ppm. By using mass flow controllers
of lower flow rates, this limit can be lowered for detecting H> and CO in the range of ppb.

i1) Exploring the mechanism of gas detection: As demonstrated in the present work that
uncoated sensors show high sensor signals towards both H, and CO and almost no sensing
signals to CO for SiOC-coated sensors. The difference in the H> and CO sensing

mechanisms of uncoated- and SiOC-coated sensors needs to be studied under operando
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conditions using surface specific spectroscopic techniques like Diffuse Reflectance

Infrared Fourier Transform (DRIFT) spectroscopy.

iii) Improving membrane-sensor integration: In the present work, the membrane-sensor

integration is achieved by the coating of microporous ceramic layer on the top of screen-
printed planar sensors. Further studies can be done for slightly modified filter-sensor
integration system by introducing an intermediate mesoporous layer between the
microporous ceramic layer and the gas sensing layer. A sharp thickness gradient between
the sensing layer and the sensor support, due to the thickness (~ 30-50 um) of the sensing
layer, exists at the edges of a screen-printed sensing layer which can result in cracks within
the membrane layer. Therefore, an intermediate mesoporous layer can provide a smooth
porous surface between the sensing layer and the top microporous ceramic coating and
hence eliminate in this way the crack formation.

Testing under humid conditions: Sensing of H> and CO under moisture (relative humidity)

conditions can be conducted in future.
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Annexure 1

Annexure I

In this section, structural characterization and gas sensing performance of RF sputtered SnO> and
SiOC-coated RF sputtered SnO; sensors are summarized; Parameters applied for the deposition
process of RF sputtered SnO> are described in section 2.3.1. Recorded x-ray diffraction patterns
of as prepared RF sputtered SnO; sensor and RF sputtered SnO> sensor calcined at 800 °C are
shown in Figure Al. Absence of SnO: peaks in the as prepared RF sputtered SnO> sensor indicates
that as deposited untreated RF sputtered SnO> is amorphous whereas the as prepared sensor
calcined at 800 °C shows broader peaks — confirming formation of nanocrystalline SnO, —
compared to screen-printed SnO; sensors. The appearance of peaks corresponding Al,O3; and Pt in
the sensors are due to presence of Al,Os (base substrate) and Pt (as electrode) in the sensor
substrate. Raman spectroscopic measurements (Figure A2) also shows Raman shifts

corresponding to SnO: in case of RF sputtered SnO; sensor treated in air at 800 °C.
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Figure Al. XRD patterns of as prepared RF sputtered SnO- sensor and RF sputtered SnO> sensor
calcined at 800 °C. The diffraction pattern of reference SnO> (ICSD PDF Code: 01-072-1147,
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Tetragonal) is shown at the bottom. Al,O3 and Pt reflections are due to sensor substrate and
electrodes.
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Figure A2. Raman shift of as prepared RF sputtered SnO; sensor and RF sputtered SnO- sensor
calcined at 800 °C.

Gas sensing properties of calcined RF sputtered SnO; and SiOC-coated RF sputtered SnO; sensors
were studied towards different Hy (50 ppm, 500 ppm, 1000 ppm) and CO (50 ppm, 70 ppm,
100 ppm) concentrations at 400 °C. Transient response characteristics and sensors signals of the
sensors are presented in Figure A3 and Figure A4, respectively. Both sensors show reversible
resistance changes towards Hz and CO exposure. Due to formation of nanocrystalline SnO», very
fast and high sensing response is measured towards 50 ppm of H> and CO. Under H> exposure at
500 ppm and 1000 ppm, resistance of SiOC-coated RF sputtered coated sensor are found to be
about 9.4 Q and 9.3 Q, respectively (Figure A3 d); for calcined RF sputtered sensor the resistance
values are measured to be of about 39.2 Q and 39.1 Q, respectively (Figure A3 b). This indicates
that RF sputtered based SnO> sensors get saturated under H, under high concentration ranges,
therefore, gas sensing characterization measurements using RF sputtered SnO; sensors under high

H: concentration is not accurate under the high H> concentration ranges applied in this thesis work.
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Similar finding are observed when gas sensing tests were performed at 350 °C as shown in Figure
A5 and Figure A6.
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Figure A3. Transient response under CO concentrations (50, 70, 100 ppm in nitrogen), and under

H; concentrations (50, 500, 1000 ppm in nitrogen) at 400 °C of: calcined RF sputtered coated SnO»
sensor (a, b) and SiOC-coated calcined RF sputtered SnO» sensor (c,d).
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Figure A4. Sensor signal (Ro/R) of calcined RF sputtered coated SnO; sensor and SiOC-coated
calcined RF sputtered SnO; sensor at 400 °C: (a) CO (50-100 ppm), (b) H> (50-1000); R, is
baseline resistance in N> and R is the resistance during target gas exposure (CO in N»).
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Figure AS. Transient response under CO concentrations (50, 70, 100 ppm in nitrogen), and under
H; concentrations (50, 500, 1000 ppm in nitrogen) at 350 °C of: calcined RF sputtered coated SnO-
sensor (a, b) and SiOC-coated calcined RF sputtered SnO> sensor (c,d).
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Figure A6. Sensor signal (Ro/R) of calcined RF sputtered coated SnO; sensor and SiOC-coated
calcined RF sputtered SnO; sensor at 350 °C: (a) CO (50-100 ppm), (b) H> (50-1000); R, is
baseline resistance in N> and R is the resistance during target gas exposure (CO in N»).
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