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Abstract

Palladium NPs were synthesized by the polyol reduction technique. These NPs have
been studied for hydrogen gas sensing. The stabilizer [Polyvinyl pyrrolidone (PVP)]
concentration, which is a synthesis parameter, was optimized with respect to the hy-
drogen gas response. It has been verified that the sensing performance was tuned
by modifying this synthesis parameters. This is due to the shape and size attributes
of nanoparticles which are function of this synthesis parameter. In this work, efforts
have been made to correlate hydrogen gas sensing with PVP concentration (the cho-
sen synthesis parameter). Nano palladium was characterized by HRTEM, GIXRD,
and UV-Vis spectroscopy. Typical sensing mechanisms were formulated to visualize
the sensing phenomenon.

HRTEM study showed that the palladium nanoparticle shape and size were depen-
dent on stabilizer PVP. Different shapes viz., nearly spherical, octahedron, etc., were
obtained in this study. Hydrogen response pattern of these NPs near room temper-
ature were correlated to the variation of the concentration of PVP. It was observed
that the size distribution in palladium nanoparticle influenced the hydrogen sensi-
tivity. The sensing was analysed with respect to the variation of NP size and size
dispersity. The size modulation by PVP was verified by UV-Vis data where peak
shift was observed with the increase in PVP. The H, response at elevated tempera-
ture was also studied.

Parametric study based on washing of NPs was done for understanding hydrogen
gas sensor performance. It has been found that water washed palladium nanopar-
ticles showed intense hydrogen response than ethanol washed nanoparticles. The
strain data (from GIXRD) revealed that the water washed devices have more strain
in the Pd atoms than ethanol washed Pd NPs; such difference in strain may assist
the geometric response during hydrogen sensing. The negligible catalytic contami-
nation of the sensing material was analyzed with XRD data. Furthermore, long term
validity was proved by testing the devices for a period of 8-9 days regularly. In fact,

reproducible behaviour was observed after one month of testing.
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Chapter 1

Introduction

1.1

Detection and sensing of things are the essential requirements of daily life. A sen-
sor is a device which detects the presence of a living or non-living matter in the
surrounding. A sensor senses a physical stimulus (heat, light, smell, sound) and
responds to it in a particular way. Sensors can be classified as natural and artificial
sensors (human-made sensors). A human body includes various natural sensors
like eyes, nose, tongue, skin for the purpose of seeing this world, to smell flowers,
to taste the sweets, and to feel the environment respectively [26]. Artificial sensors
are man-made sensors which can sense as well as to measure the changes to the
reaction. For example, a temperature sensor responds to heat as well as measures
the temperature of the object. In other words, the sensor is a device which captures
physical, chemical, optical events and gives the results to the electronic devices for
processing the output signals.

A chemical sensor is a sensing device which transforms the chemical information
(such as availability of particular chemical, efc.) into useful analytical signals. The
phenomenon like adsorption, solid-gas interaction, ion exchange reaction, and molec-
ular recognition are considered as the working principles for these types of sensors.
A gas sensor is a type of the chemical sensor which works on the principle of solid-
gas interaction. Gas sensing has become indispensable in this modern world for en-
vironmental protection and safety purposes. Some gases are vital to life while many
others are hazardous to human health. Useful gases such as oxygen (O,) must be
maintained to an adequate level while some unsafe industrial waste gases like car-
bon monoxide (CO), hydrogen (Hj), sulfurized gases (H,S, SO,) must be controlled
before crossing the danger level. In order to achieve this target, it is necessary to

study the various aspects of gas sensors.
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Resistive gas sensors are very commonly used devices, in which electrical resis-
tance of the sensing material changes markedly on the adsorption of gas. Detection
is accomplished by monitoring the increase/decrease in electrical resistance occur-
ring due to absorption of test gas. The resistance change of a sensing device mainly
depends upon the concentration of the test gas.

Sensors characteristics can be broadly classified with the following parameters:
‘%response indicates the percentage change in sensor’s output for a certain concen-
tration of test gas. Mathematically it is expressed as.

Change in signal

Yresponse = 100 (1.1)

Initial value of the signal

For resistive gas sensors with initial baseline resistance R and change in resistance

AR incurred upon exposure to a certain concentration of test gas,

AR
Y%response = X x 100 (1.2)

"Response time": It is the time required by a sensor to rise by 90% of its maximum
signal strength after exposing the sensor to a particular gas concentration. For re-
sistive Hj sensors with initial baseline resistance R and change in resistance AR in-
curred upon exposure to a certain concentration of Hy, the "response time" is the
time necessary to attain a resistance of magnitude (R & 0.9 AR).

Recovery time: The time necessary for a sensing device to return to the starting re-
sistance from its saturation value by 90% after cutting off the test gas supply. For
resistive gas sensors with initial baseline resistance R and change in resistance AR
incurred upon exposure to a certain concentration of test gas, the "recovery time" is
the time taken by the sensor to reach a resistance of magnitude [(R &+ AR) F 0.9AR]
= (R £ 0.1AR) after signal saturation.

Selectivity: Ability of a gas sensor to detect some components in an unknown gas

mixture is called the selectivity of the sensor [21].

1.2 RESISTIVE HYDROGEN GAS SENSORS

Hydrogen is a highly explosive, colourless, odourless and tasteless gas. Therefore,

human senses cannot recognize its presence and alternative techniques are required
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to recognize its presence and concentration in the ambient air. Fast and precise hy-
drogen gas detection is possible with sensors in order to avoid the danger of explo-
sion [36]. Since hydrogen is being used extensively by several industries for versa-
tile applications (like plastic recycling, methanol production, compost making, etc.
[73]), it is necessary to cultivate more on device parameters that control the perfor-
mance of hydrogen sensors. Moreover, hydrogen sensors are significant because
hydrogen gas is an important fuel in industry. There are an enormous number of
sensors developed so far, for hydrogen detection [27, 43, 64, 69]; however, the role of
nano-palladium (Pd-NP) synthesis parameters have not been explored much for the
development of robust resistive hydrogen sensors. In this work, an attempt has been
made to correlate the synthesis aspects of nano palladium with the end performance
of nano palladium based resistive hydrogen sensors.

Dealing with nanotechnology (nano-sensors): Nanomaterials have more prevalent
properties than the bulk materials due to acquiring high surface to volume ratio
(S/V) of nanoparticles which contributes good catalytic efficiency to the resultant
material. S/V ratio can affect the relative sensitivity of the sensing material. Bulky
sensing elements show low sensitivity towards gases due to small S/V ratio. The
nanomaterials (having large S/V ratios) are superior to bulk materials due to their
good catalytic properties, thermal stability, mechanical strength, and enhanced elec-
tric characteristics. Large S/V ratio also enhances the reactivity region of nanoparti-

cles. Mathematically, S/V ratio is inversely proportional to the radius of a spherical

472

3 . e e
s = 7 For bulk materials, r approaches to infinity. There-

nanoparticle = 2 =

fore, % — 0. For nano field, ‘r" has small magnitude (and not equal to zero), so

2 — co. So the ultimate goal is to maximize the S/V ratio in order to amplify the

catalytic nature of nanoparticles [31].

1.3 CHOICE OF SENSING MATERIAL

Various nanoparticles have been used for the hydrogen gas sensor application [14,
15, 28, 4143, 51, 65, 70, 96]. Normally metallic nanoparticles are chosen for gas
sensing studies. They are mainly preferred for their good properties such as having
good conductivity and optical effects. They can be easily capped by the external
molecular ligands, e.g., polymers (Polyvinylpyrrolidone), which enhances the re-

sultant characteristics of nanocrystals [21]. It is easy to vary the size and shapes of
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these materials which enhances the S/V (surface to volume) ratio of nanoparticles.
Nanoparticles acquire large surface energies because of high S/V proportions at the
nanoscale system. Subsequently, nanoparticles have a firm tendency to form into
spherical or nearly spherical nanostructures to limit the surface energy [98]. There-
fore, large S/V of material is essential for stable nanoparticles and to minimize its
surface energy [9].

Palladium (Pd) nanoparticles have been the best sensing material for hydrogen de-
tection due to its strong affinity towards hydrogen atoms. Pd nanoparticles are nor-
mally used as catalyst in many chemical reactions specifically for hydrogenation
such as Mizoroki-Heck and "Suzuki-Miyaura cross-coupling reactions" [39], oxida-
tion of alcohols [45], Olefin hydrogenation [49], Suzuki coupling response[49], Al-
lylic alkylation [40], alkene hydrogenation [52], cross-coupling of aryl halide and tin
amides [68], carbon cross-coupling [78], catalyst in Heck’s Reaction [10] and many

more.

1.4 ROLE OF CAPPING AGENT

Capping agent (stabilizer) is a polymer or a surfactant which is used to coat the
nanoparticles. It controls the size as well as prevents the agglomeration of nanopar-
ticles. Moreover, the final morphology of the nanoparticles also depends upon the
amount of capping material used, which profoundly affects the results. Polyvinyl
pyrrolidone is commonly used stabilizer in the generation of Pd NPs. The surface
coverage of this polymer on the palladium nanoparticles can tune the interparticle
barrier between two palladium nanoparticles. Such a barrier tuning can affect the
gas sensor characteristics of this nanoparticle.

The role of PVP in size control of nanoparticles helps to enhance their gas sensor
performance. PVP capping and growth stabilization attributes also help in the evo-
lution of various new shapes. Capping also controls the size dispersity of nanoparti-
cles. Thus, the sensing performance can be influenced by size and shape factors [61].
Based on all these multiple benefits such as controlling growth, preventing agglom-
eration, uniformity of shape, size, efc., an idea of choosing this capping material for

improvement in gas sensing ability of palladium nanoparticles has been considered.
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1.5 SOLID-GAS INTERACTION (PALLADIUM HYDROGEN
SYSTEM)

Solid palladium nanoparticles interact with hydrogen gas on the particle surface in
the hydrogen atmosphere. The H-Pd (hydrogen-palladium) association results in
the formation of "palladium hydride (PdHy)" [Figure 1.1]. It is reported that binding
energy (B.E.) for PdHy bonding is 2.34 eV [56]. For y<0.015, the "a-phase of palla-
dium hydride" is predominant, and the transformation to the "B-phase" happens in
the range "0.015<y<0.7" [53]. "B-phase of the palladium hydride" is an undesirable
state of sensing in which Pd atoms are unable to release the adsorbed hydrogen in
order to regain pure metallic state. This is sometimes termed as catalytic poison-
ing of Pd nanoparticles which reduces the adsorption efficiency of these nanopar-
ticles. Several reports give an account of the interaction between hydrogen and
Pd nanoparticles in order to justify different hydrogen sensing mechanisms; for in-
stance, increment in resistivity of metallic palladium and volumetric expansion of
palladium lattice after hydrogen adsorption [28, 46] are interesting solid-gas phe-
nomena. In fact both these happen sequentially, when palladium nanoparticles are

exposed to hydrogen[28].

Pd === Normally conductive
when exposed to Hy gas
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FIGURE 1.1: Pd sensing mechanism a) Pd exposed with hydrogen gas
b) swelling of Pd atoms
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1.6 WORKING OF PALLADIUM NANOPARTICLE BASED
RESISTIVE SENSOR IN HYDROGEN AMBIENT

Pure palladium nanoparticle based hydrogen sensors normally manifest electronic
and geometric response patterns. These effects are due to the interaction of palla-
dium with hydrogen. Depending on the available interparticle barrier, response will
be either electronic or electronic & geometric. The response(s) will be followed by
recovery. The cause of electronic & geometric responses are the increase in resistivity
of the palladium nanoparticles and the subsequent change in nanoparticle volume
upon hydrogen adsorption. However, only electronic effect will be observed in the
response pattern if the interparticle gap /barrier is negligible. In case there is suffi-
cient interparticle gap /barrier, both electronic & geometric effects will be observed.
The interparticle gap/barrier can be due to many reasons, and one important fac-
tor that can tune this gap/barrier is the presence of a polymeric stabilizer, which
is used during the synthesis of palladium nanoparticles. During electronic effect,
only the sensor device resistance increases due to the generation of PdH; whose
resistivity is relatively higher with respect to palladium. This electronic effect is nor-
mally followed by the geometric effect during which the palladium nanoparticles
increase their volume and in the process reduce the interparticle gap/barrier. So the
sensor device resistance decreases during geometric effect. A schematic diagram is

presented in Figure 1.2 for these effects.

® FElectronic effect+ Recovery ® FElectronic effect+ Geometric effect+ Recovery

® (Change in material resistivity) ® (Changein particle volume)
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FIGURE 1.2: (a) Electronic effect followed by recovery and (b) Elec-
tronic & Geometric effects followed by recovery in sensor devices
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1.7 THE MOTIVATION BEHIND THE THESIS

The work was taken up to explore the mutual dependency of synthesis parameter
(of nano palladium) and the corresponding room temperature hydrogen response in
resistive devices. If the synthesis parameter is varied, the nano palladium yield will
change and accordingly the gas adsorption characteristics will change. The para-
metric research was focussed on one synthesis parameter (the capping agent con-
centration) variation to bring change in nanoparticle morphology such as change
in size, shape, efc. Such variation in particle attributes will also alter their ensuing
catalytic activity [55, 58]. The capping agent concentration was further controlled
after synthesis by washing the nanoparticles in different solvents. Basically some
solvents have the ability to attack the capping layer on the nanoparticle surface.
Numerous research works have been accomplished regarding palladium (Pd) hy-
drogen gas sensing. However, the parametric control with respect to the capping

agent (stabilizer) variation was a lacunae that motivated the current research work.

1.8 THE FRAME OF THE THESIS WORK

The study was conducted with the following objectives:

e To fabricate resistive hydrogen sensors with palladium nanoparticles synthe-

sized by incorporating the following variations:
— Change of stabilizer (Mw 8000) concentration (in synthesis) to bring change
in palladium nanoparticle shape and size.

— Tuning the stabilizer coverage (Mw 8000) on nanoparticle surface after

synthesis to bring change in palladium nanoparticle activity.

— Increase the stabilizer molecular weight (Mw 40000) to bring change in

interparticle barrier.

e To analyse the catalytic nanoparticle purity (extent of hydrogen contamina-

tion) and device stability.

All the above objectives were successfully accomplished and the thesis has been

organized with the following chapters:

e Chapter 1: Introduction.



Chapter 1. Introduction

Chapter 2: Experimental

Chapter 3: Effect of shape/size of palladium nanoparticles on the hydrogen

response.

Chapter 4: Role of stabilizer (Mw 8000) coverage on nanoparticle surface on

the hydrogen-palladium nanoparticle activity.

Chapter 5: Influence of stabilizer molecular weight on inter-nanoparticle sur-

face barriers and the hydrogen response pattern of resistive hydrogen sensors.

Chapter 6: Catalytic nanoparticle purity (extent of hydrogen contamination)

and resistive device stability.

Chapter 7: Summary and conclusion



Chapter 2

Experimental

Chemical synthesis of metallic nanocrystals involves the reduction of metallic pre-
cursors followed by nucleation and growth of the generated species. A synthesis
technique becomes exciting and novel if the synthesis parameters can be precisely
optimized. Optimization of synthesis parameters refers to finding out the best suit-
able set of conditions or environment to achieve the desired yield. It is an essential
step before undergoing synthesis of nanoparticles to guess the starting magnitudes
of the parameters. Once the parametric survey (with the help of available literature)
has been done, it becomes easy to start the synthesis and the subsequent optimiza-
tion.

Preparation techniques also decide the catalytic efficiency of prepared NPs [32].
Properties of the end product profoundly depend on the synthesis strategy. The
catalytic efficiency of nanoparticles relies on the size and shape of the resultant NPs,
which depends on the chemistry of nanoparticles. The interdependence of synthesis
(or synthesis parameters) on the properties of palladium nanoparticles is presented

in Figure 2.1.

- _

Reducing Stabilizing
agent agent
| @ Change size, shape, Explored the mutual

~ mmmm)> surfacecoverage,etc. mmmmd dependence

Selectone parameter

FIGURE 2.1: Synthesis yield characteristic interdependence

Herein the word “parameter” deals with variables and constants of the synthesis
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such as ingredients, reaction time, temperature, stirring velocity, etc. The parametric
research between the characteristics (size, shape, etc.) of NPs and their ensuing cat-
alytic activity [55, 58] has generated interest to strengthen the hydrogen gas sensor
application. For instance, the size of the nanoparticles relies on the synthesis strat-
egy and its parameters. The size-specific Pd NPs were examined on a large scale
to improve their catalytic activity [74]. In addition, morphological investigation of
NPs is one of the best approaches to understand the catalytic activity of nanoparti-
cles. Many reports have been published on the shapes and catalytic activity of the
NPs; however, the connection between both is often not clearly correlated [12, 16, 24,
59, 60, 77, 99]. The experimental parameter (concentration of PVP) is varied in this
work to explore the impact on nanoparticle morphology and the hydrogen response.
Furthermore, the choice of washing agent (which is an experimental parameter) and
the subsequent impact of washing on the PVP coverage around the nanoparticle
surface is also verified experimentally. This in turn establishes the role of washing
agent on the gas adsorption/desorption efficiency of catalytic palladium nanoparti-
cles. In this study, the following experimental works were performed: (i) Synthesis
of monometallic (Pd) nanoparticles by parametric control (ii) Characterization of

synthesized material (iii) Hydrogen sensor study.

2.1 SYNTHESIS OF MONOMETALLIC (Pd) NANOPARTI-
CLES BY PARAMETRIC CONTROL

There are broadly two ways to synthesize nanosized particles: (a) top-bottom and (b)
bottom-up. The top (large) - bottom (small) approach starts with the bulk material,
which breaks down into small particles by following a suitable technique. However,
the bottom (small) - up (large) approach starts from the atoms/clusters/nuclei and
forms the nanostructures by nucleation and growth of particles. The bottom-up ap-
proach is generally a wet chemical approach (e.g., reduction method, precipitation
method), and top-bottom is the physical approach (lithography, etching, etc.) of syn-
thesis. The bottom-up approach is considered less expensive and easy to conduct. A

few of the chemical routes under bottom-up approach have been enlisted below:
e Reduction method

e Reverse micelle method
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e Sol-gel method
e Co-precipitation Method.

The bottom-up approach, particularly the reduction method, has been chosen for Pd

nanoparticle synthesis in this thesis work.

2.2 HIGHLIGHTS OF REDUCTION METHOD (POLYOL)

Polyol synthesis strategy is well-established for nanocrystals. Characteristics of nanopar-
ticles such as size, shape, crystallinity can be easily tuned by this method. This syn-
thesis strategy involves the reduction of the precursor by solvent (polyol) using a
suitable stabilizing agent at an appropriate temperature. A series of work on polyol
technique has started from 1989 by Fievet, Figlarz, and Lagier. The first synthesis
by polyol strategy has been done on Co, Ni, Cu, and Pt particles [17, 18] then ex-
tended this plan to other elements, such as Re, Ru, Rh, Au, Sn. In 2000, fine particles
of CopoNigg, FeNi, Co,Cu;_,, FeCoNj, efc., were synthesized by polyol strategy for
studying magnetic characteristics [88]. This synthesis strategy gathered attention
because of precise size, shape, and crystallinity control [85, 91, 92]. It depends on
several key parameters such as polyol, solvent, capping agent, precursor concentra-
tion, and reducing agent. The typical polyols are ethylene glycol, propylene glycol,
and penta methylene glycol having viscosity (1) values 1 = 6.1, 40.4, and 140 mPa
s, respectively. The viscosity values are based on the chain length of hydrocarbon
(for polyols) [92]. The right selection of polyol affects the nucleation and subse-
quent growth of nanocrystals during reduction of metallic precursors [84, 94]. The
reduction happens at high temperatures because polyols are converted into various
aldehyde and ketone groups, and these enable the reduction of metal precursors.
The stabilizer is an essential component of synthesis for modulating size & shape
of the nanocrystals. Polyvinylpyrrolidone (PVP) is a stabilizing agent in the polyol
synthesis. PVP caps a metal nanocrystals (NCs) via adsorption on the nanocrystal
surface. For this the carbonyl group of the pyrrolidone ring is very effective. [18, 44,
79, 81, 88, 92, 94].

The PVP-metal bond at specific crystal faces facilitates onsite reduction at some faces
of the growing crystals. This enables anisotropic growth during synthesis. This
mechanism can lead to the formation of metal nanocrystals with different facets.

The mechanism of capping PVP on specific crystal facets is complicated and is still
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under study. Furthermore, the reaction temperature, reactant amount, and reaction
time have an appreciable effect on nanoyield size and morphology.

A successful polyol synthesis and the final yield of NPs relies on the different synthe-
sis parameters, which include the ingredients of the reaction as well as the reaction
conditions under process. Synthesis parameters of polyol techniques are: (a) Pre-
cursors (b) Solvent (c) Reducing agent (d) Capping agent (e) Reaction temperature
(f) Reaction time (g) pH. Polyol is considered as a prime ingredient in the polyol
method. It is used as a solvent as well as a reducing agent [19]. The reaction tem-
perature can be raised up to the boiling point of polyol if the elements are not easily
reduced at low temperature. This helps in the fast completion of the reaction. The
end product obtained through polyol synthesis depends upon the stability of the
resultant nanoparticles. Formation of nanoparticles mainly relies on the reduction
process and the choice of reducing agent (polyol). Order of mixing of all ingre-
dients also affects the results, because the chemical reaction may complete in any
specific step during synthesis. Sometimes the reaction needs some additional base
(NaOH) or acid (HCI) to finish the reduction. In some particular case, when polyol
and acid /base combination seems insufficient to reduce the metal, an extra reducing

agent and capping agent are also utilized (Figure 2.2).
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FIGURE 2.2: Polyol strategy showing its additional combinations
(acid/base + capping agent) to reduce precursor completely.

2.3 POLYOL SYNTHESIS OF PALLADIUM NANOPARTI-
CLES

The following materials were selected for the synthesis of palladium nanoparticles.
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e Precursor:Sodium tetrachloropalladate (II) hydrate, (Na,PdCly.3H>0O; 99.999%
purity).

e Reducing agent: Ethylene glycol (99%)

e Capping agent: PVP (Polyvinyl pyrrolidone)

e pH controller: HCI (Hydrochloric acid) fuming 37%
e Washing solvent: Distilled water/ethanol

All the chemicals (high purity) have been purchased from Alfa Aesar & Merck.

Monometallic Pd NPs were prepared by polyol technique. Ethylene glycol (from
the polyol series) was used as the solvent and reducing agent for the palladium pre-
cursor (NapyPdCly.3H,0). The reaction temperature was approximately decided by
considering the boiling point of ethylene glycol, which is ~ 198°C. A moderate reac-
tion temperature was chosen for this study i.e., 127 (&= 3)°C due to two reasons: First,
the synthesis was carried out at normal atmospheric pressure without using reflux-
ing. Hence the temperature must be much lower than the boiling point in order to
reduce the solvent loss by evaporation. Second, to avoid very fast reaction and sub-
sequent particle agglomeration, relatively lower temperature is preferred. However,
below 100°C, significant precursor reduction was not observed. Small precursor
quantity (51-mg £ 1-mg) was chosen because a little quantity of yield was necessary
for sample characterization and preparation of sensor devices. Sufficient reaction
time (~ 2-h) was given in order to ensure complete reduction of the precursor. The
optimization was done with respect to the capping agent and the choice of washing
agent as outlined below: The synthesis started with the addition of 0.051 g of palla-
dium precursor (NapPdCly.3H;0) in 10 ml of ethylene glycol in a 25 ml beaker at RT.
Simultaneously a fixed quantity of PVP was added. The function of PVP is to act as
the stabilizer /capping agent for the palladium nano yield. Normally polyol in pres-
ence of an additional acid acts as a good reducing agent. Therefore, six drops of HCI
(for acidic pH control) were added. The reaction was carried out at 127( & 3)°C on
a hot plate. The reaction continued for a total time of 2-h. The colour changed from
golden yellow (at 27°C) to red-black (at elevated temperature). Finally, the colour
became black with the progress in time. After completion of the reaction time, the
solution was cooled back to 27°C. After centrifugation at 5000 rpm, particles were

extracted and washed with ethanol/distilled water. This drained out by-products
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FIGURE 2.3: Schematic of the synthesis

and extra polyol. The steps are represented by a schematic (Figure 2.3).

The variations in the synthesis parameter (particularly capping agent and washing
solvent) incorporated in the above procedure to synthesize different yields are tab-
ulated in Table 2.1. The value of ‘X is ratio of the amounts of PVP and palladium
precursor. Two molecular weights of PVP (8000 & 40000) and two washing solvents
(ethanol & distilled water) were used. Reaction of Na,PdCly with Ethylene Glycol

(EG) is shown in equation 2.1:

OHCH,CH,OH — CH3CHO + H,O
Ethylene Glycol — Aldehyde + Water (2.1)
NayPdCly(ag.) + 2CH3CHO — Pd | +2NaCl 4+ CH3CO — OCH3 + 2HCI

24 CHARACTERIZATION OF SYNTHESIZED MATERIAL

Sample analysis was done by

e HRTEM (Tecnai G2 20 S-TWIN, FP 5022 /22; FEI, USA)
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TABLE 2.1: Synthesis parameter variation

PVP% | x=Ratio of PVP : Precursor | PVP molecular weight (Mw) ‘ Washing solvent

0 0:1 —

20 0.20:1

32 032:1 Ethanol

45 045:1 8000

60 0.60:1

20 020:1 Ethanol

20 020:1 8000 Distilled water
20 0.20:1

ey 0321 40000 Ethanol

e UV-Vis (Perkin Elmer Lambda 750)
e GIXRD (Bruker D8 Advance).

HRTEM study was done to find out the size distribution of Pd NPs within the so-
lution. In HRTEM, a beam of electrons passes through the specimen and the trans-
mitted electron beam (dependent on the properties of material) is examined. The
transmitted beam hits a phosphor screen.

For HRTEM, copper grids are used. Palladium nanoparticles are sonicated for the
period of 30 min before use. This is necessary to avoid cluster formation in nanopar-
ticles. Ultra-sonication disperses the nanoparticles thoroughly in the solution and
remove agglomeration. Solution is taken out by a syringe or pipette out from the
Eppendorf vessel. Thereafter, the solution is dispersed on a copper grid dropwise
and allowed to dry for use. A schematic of all the steps which are being followed

during sample preparation is shown is Figure 2.4. A UV-vis spectrophotometer is

Ready to characterize [ ' g’
' —
HRTEM
Pd Nanoparticles Sonication 30 min Disperse sample on 3mm

Cu grid dropwise

FIGURE 2.4: Schematic of HRTEM characterization.

used to perform absorption spectroscopy. The instrument operates by incidenting
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a light beam and measuring the transmitted intensity with a detector. The beam of
light can be considered as a current of photons. In this process, a photon induces
an electronic transition. The optical energy in the form of ultraviolet or visible light
excites electrons in the molecules/atoms to higher molecular orbitals, which results
in an absorption spectrum.

The UV-Vis spectroscopy was performed by putting the sample in a quartz cuvette.
The concentration of the solution is such that the absorbance is between 0.05 to 1.0
[2]. For this purpose, the solution has to be diluted with a reference solvent. The
appearance of the solution must be near to a transparent form. A dense solution
obstructs the light to a greater extent, which makes it unable to produce relevant
results. Therefore, 0.05 ml of Pd solution was added to 2 ml of reference washing
solvent. Then solution was shaken and sonicated for 15 minutes before performing
the experiment for uniform dispersion of particles. Now, the solution was trans-
ferred to the cuvette to be used for UV-Vis analysis. Figure 2.5 clearly shows the
steps which has been followed during UV-Vis spectroscopy study. For GIXRD mea-

=
’ g — —> IFI-FI-FF-114
@ on/off
0.05mi Pd Add 2 ml dist. i .
: Water/Ethanol Smoky-transparent Sonication 15 min
>
=
| 3.
— —> =
i Q o
’ E .
Sample in cuvette vessel Place cuvette in UV -Visible setup - Waveleng'th'

FIGURE 2.5: UV-Visible experiment set up mentioned with the steps
to perform the experiment.

surements, palladium nanoparticle films were used. The sample film was developed
by drying a drop of particle-washing agent solution on substrates (glass coverslips).
The surface of substrates (size 8 mm square) was made rough by scrating with a
diamond pen. Approximately 0.05 ml solution was used to put two drops on the

cleaned roughened glass surface and subsequently dried on a hot plate. Figure 2.6
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includes the steps which have been followed for sample preparation. Figure 2.7

shows the prepared films of Pd on 1x1cm? glass substrate for XRD analysis. In case

e
: 'L '. Ready to characterize fe=

000 —
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XRD
Drop Dry film
coat

(lean glass substrate

FIGURE 2.6: Schematic for XRD characterization.

of thin films, simple XRD techniques is not beneficial. X rays have high penetration
depth on ultrathin films; so intense signals are obtained from substrate rather than
from the ultrathin films. Thus, a special technique GAXRD is taken into account to
attain the strong signals from the thin film surfaces. In this, incident angle is kept
fixed at small values (~ 3-10°), which decreases the penetration depth of X rays into
the substrate; only the detector moves in the preset range. This helps to gather more

information from the material of the film. More than one sample was studied for

FIGURE 2.7: Prepared films of Pd on 1x1 cm? glass substrate for XRD
analysis.

result confirmation.
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2.5 DEVICE FABRICATION & SENSOR STUDY

On a 8x8 mm substrate (glass coverslip), thin film was developed by drop casting.
The substrate is made rough by using a diamond pen. The nanoparticle dispersion
(~ 0.05 ml) was put onto the substrate (2-drops) and dried. For electrical connec-
tions, silver paste and copper wires were used (Figure 2.8). Keithley picoamme-

ter /voltage source (Model-6487) was used to record the electrical data during mea-

surements.
Step 1 |‘/;"‘r i Step 2 /X\-\
weee) =EEEES — __.f'é
SIEIEHEHA
Scratch substrate
Pd Nane solution Sonication (15 minute) by diamond pen

Drop casting

Making connection Drawing parallel electrodes

with digital multimeter

FIGURE 2.8: Schematic diagram for preparation and use of a resistive
sensing device.

Nano film which has been coated to the substrate surface is merely a drop cast-
ing deposition of nano-dispersion. Although the substrate has been scratched before
use so that film has a firm grip with the substrate, a transparent protective casing can
also help to protect the film from the physical contact and to have prolong use of the
device. In general, three kinds of electrodes connection were made by using silver
painting. The most simplified form is parallel electrode connection which is named
as single strand electrodes (Type 1, Figure 2.9). For a certain case if the film shows
high resistance, then distance between electrodes can be reduced by simply giving U
shape to parallel electrodes (type 2, Figure 2.9). Moreover, If the film is not uniform
then interdigitated electrode connections are preferred. This is simply done by mak-
ing perpendicular lines to the parallel electrodes at Imm spacing to form a mesh like
design so that all sections of the sensing film must be covered. Connections must be

drawn carefully so that they do not join (type 3, Figure 2.9). Thin films of palladium
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Digital
Multimeter
Type 1- Type 2- Type3 -
Single strand electrodes U shaped electrodes Interdigitated electrodes

FIGURE 2.9: Classification of connection on the bases of designing of
electrodes.

nanoparticles prepared by the above technique were used for the electrical studies.
The very small resistance of these films was increased (to ~ kohms) by incorporat-
ing 10 mg of glass powder in the nanoparticle-solvent solution prior to drop casting.
Glass cover slips were crushed to prepare the glass powders [Figure 2.10]. The film
resistance measurements were performed after laying the Ag-paste electrodes on

the film and attaching fine copper wires. For the H; sensor studies, a small set up as

Drop casting

CRCR= RO ¢

Pd Nano solution Sonication (15 min)

Make connections

FIGURE 2.10: Glass mixed Palladium Nanofilms.

shown in Figure 2.11 was used. Flow controllers ['Make: Alicat Scientific, USA"] and
a computer interfaced multimeter were used ["'Model: Keithley 6487"] in the setup.
The device is put in the glass furnace of the setup, whose temperature is controlled
by PID controller (Figure 2.11). All measurements were performed under standard
atmospheric pressure. Nitrogen was used as the carrier gas during experimentation.
Firstly, the chamber was cleaned 2-3 times before use by simply flowing neutral car-

rier gas (e.g., N gas/Air) to make the normal and moisture free environment of the
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chamber. The test gas used for this study was hydrogen.

FIGURE 2.11: Gas sensor set-up.
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Chapter 3

Effect of shape/size of palladium
nanoparticles on the hydrogen

response

In general nanomaterials have high catalytic efficiency compared to their bulk coun-
terparts. In this regard, the potential of nanoparticles can be improved by changing
certain characteristic synthesis control. For example, the size & shape of nanomate-
rials are particle characteristics that govern their catalytic property.

Both size & shape of the nano-yield are dependent on synthesis technique and syn-
thesis parameters. The role of size and shape in catalysis has been analyzed from
various angles by considering their synthesis technique [20, 47, 67, 72, 90]. For in-
stance, the effectiveness of Pd NPs of different sizes was illustrated by considering
the catalysis in "C-C coupling reactions" [76]. Basically, the surface to volume ratio
of nanoparticles depends on their size. If this ratio is high, the catalytic activity of
the nanoproduct is high. On the other hand, the shape of nanoparticles is due to the
appearance of stable facets such as (111) or (100) on the particle surface. Each type of
facet has different catalytic activity. It is reported that the (1 1 1) faceted nanocrystal
are more efficient catalyst than (1 0 0) bounded nanoparticles for reducing Resazurin
[11].

In this chapter, the hydrogen sensitivity of Pd nanocrystals is examined with re-
spect to the variation of size and shape. Resistive hydrogen gas sensors were used
for this study and the main emphasis was given for room temperature operation.
The detailed experimentation is presented in Chapter 2 of this thesis. Four sample
categories have been considered here for the discussion. They are palladium NPs

synthesized with (i) 20% PVP, (i) 32% PVP (iii) 45% PVP, and (iv) 60% PVP. The
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size and shape characteristics of these samples were elaborately studied by using
material analysis tools. Finally, the hydrogen sensitivity of these samples has been
discussed with the help of suitable sensing schemes to understand the palladium-

hydrogen interaction.

3.1 CHARACTERIZATION RESULTS AND DISCUSSION:

The work carried out in this chapter is based explicitly on the development of gas
sensors using nanomaterials. Therefore, the surface morphology and distribution
of the nanoparticles are the vital parameters to understand a sensing phenomenon.
So HRTEM has been described in this chapter. The results of X-ray diffraction and
UV-Vis Spectroscopy are also integral parts of this chapter. X-ray diffraction was
used to determine the crystallite size and structural properties of the sample. The

characterization techniques which were used for the research objectives are:
o GIXRD
e HRTEM

e UV-Visible Spectroscopy

3.1.1 GIXRD - crystallinity and size studies

The GIXRD is an approach for finding the crystallinity and size information. During
the experiment, the atoms of the material cause a beam of incident x-rays to diffract
in many specific directions. A simple relation for scattering angles is given by the
Bragg’s law (eqn 3.1):

2dsinf = n.A (3.1)

Whenever Bragg’s condition for constructive interference is satisfied, a reflection is
produced. The average crystallite size of the nanoparticles is given by Scherrer’s
formula (eqn 3.2):

d = (09A)/(BcosB) (3.2)

Here A = 1.5406Ais the used X-ray radiation wavelength, f is the FWHM and 26 is
the diffraction angle.

For palladium, the planes (111), (200), and (220) corresponding to 26 angles of 40.5°,
46.7° and 68.19° respectively [JCPDS data (46-1043)]. Each material has a unique
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XRD pattern. Therefore, by comparing the peak positions with the standard JCPDS
data, it has been confirmed the presence of Pd element in the nano-yield. Sharp
peaks in XRD data indicate the crystalline nature of the Pd. The three peaks of (111),
(200), and (220) planes were deconvoluted so as to calculate the estimated crystallite
size data (Figure 3.1) [5]. The asymmetrical peaks comprise of many peaks located at
different 20 values, and these peaks have different line broadening. Scherrer equa-
tion is used to calculate the crystallite size for each peak. These sizes are presented in
Table 3.1. The deconvoluted peak intensity represents frequency/particle count; so
the peak intensity vs corresponding particle size is plotted in Figure 3.2. It is appar-
ent from Figure 3.2 that the particle size has a typical distribution that is changing
with the change in stabilizer concentration. This distribution is further verified with

the help of HRTEM results.
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FIGURE 3.1: (a) GIXRD of Pd NPs synthesized with 32% PVP. (b)

Deconvoluted (111) Grazing incidence X ray diffraction peak, (c) de-

convoluted (200) Grazing incidence X ray diffraction peak, (d) decon-
voluted (220) Grazing incidence X ray diffraction peak.
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TABLE 3.1: Calculated size data from GAXRD data.
Sample ‘ Planes ‘ Size of crystallites
(111) 19.67 nm, 49.46 nm, and 51.66 nm
32% PVP | (200) 10.79 nm, 18.2 nm, and 20.1 nm
(220) 8.29 nm, 13.68 nm, and 25.43 nm
(111) 26.01 nm, 9.24 nm
20% PVP | (200) 30.12 nm, 29.74 nm, 37.69 nm, 87.72 nm, 49.34 nm
(220) 29.73 nm, 52.10 nm, 13.36 nm, 49.25 nm, 17.23 nm
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FIGURE 3.2: Nano size distribution of the samples (32% and 20%
PVP) from x-ray diffraction data.

3.1.2 HRTEM - particle size and polydispersity studies

HRTEM is a technique in which an image is created from the interaction of the elec-
tron’s transmission through the palladium nanoparticles. HRTEM images were anal-
ysed in two scales namely 20 nm and 200 nm which covers an appropriate range of
particles distribution. It has been found that big sized particles (above 20 nm) are
also formed with the small sized NPs (below 20 nm). The size uniformity of NPs
is a big synthesis challenge for below 20 nm ranged particles. Therefore, the focus
was put on the effect of polydispersity of NPs. It has been found that synthesis done
with 32% PVP attains maximum polydispersity of palladium NPs; such a charac-

teristic has been observed to be the reason of incredible sensing results (discussed



3.1. CHARACTERIZATION RESULTS AND DISCUSSION: 25

TABLE 3.2: Category I-small sized particles [20 nm scale]; Polydisper-
sity in the synthesized samples.

| PVP % | Mean diameter (nm) | Polydispersity index (PDI) |

20% 13.37 0.0237
32% 12.59 0.0268
45% 11.79 0.0257
60% 10.75 0.0253

later). HRTEM images for the synthesized NPs are shown in Figure 3.3. The varia-

FIGURE 3.3: Pd-PVP 32% (mw 8000) NPs. a) small sized particles (20
nm scale) b) big particles (200 nm scale).

tion of particle size in the synthesized Pd NPs has been shown by histogram plots
(Figure 3.4). The presence of two distribution curves indicate the broadening of size
distribution which shows the existence of different size particles in large numbers.
This also represent that the nanoparticle occurrences are more likely in two sizes
which tells us about the frequency uniformity of same size particles present in 32%
sample. However, one single size distribution curve is observed for 20%, 45%, and
60% samples. Thus,the particle count similarity of various sizes is observed from
the bimodal fit of the 32% PVP sample for both small and large sizes (Fig. 3.4). Also,
the smallest nano size (~10.45 nm) has been seen in this 32% category of PVP coted
Pd NPs. This uniqueness of the 32% sample is further verified by the polydispersity
calculation using HRTEM size data [Table 3.2 and Table 3.3]. It is evident that the
polydispersity (i.e., size variation) is maximum for the 32% PVP sample (in both low
and large size categories) (Table 3.2 and Table 3.3). The GIXRD results also indicated
that the crystallite size is relatively lower in the 32% sample. Hence, from the above

analysis (of broad distribution & highest polydispersity), it can be said that the 32%
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FIGURE 3.4: Particle size histograms for small range (a) 20% PVDP, (b)
32% PVP, (c) 45% PVP, (d) 60% PVP for large range (A) 20% PVP, (B)
32% PVP, (C) 45% PVP, (D) 60% PVP.

TABLE 3.3: Category II- Large sized particles [200 nm scale]; Polydis-
persity in the synthesized samples.

‘ PVP % ‘ Mean diameter (nm) ‘ Polydispersity index (PDI) ‘

20% 107.31 0.1144
32% 74.73 0.1279
45% 129.71 0.0685
60% 123.56 0.0729

sample is really unique with respect to particle size and particle count uniformity.

HRTEM - Morphology (shape) and facet studies

The nano shapes are analysed with HRTEM images (Figure 3.5). PVP variation leads
to the formation of shapes such as cuboctahedron (x = 0.20), octahedron (x = 0.32),
decahedron (x = 0.45), and icosahedron (x = 0.60) (Figure 3.6). Large chunks of ag-
glomerated nanoparticles were formed in the synthesis of Pd without PVP (x = 0.00)
(Figure 3.5 b). SAED pattern shows the bright dot distribution in form of a com-

: ——. ' N a1 |b) ’

! —_ : ‘-‘:-\_ : i L) e .

| ) L ) - | =1

: ; | Octahedron | Decahedron | 'c0sahedron

! . | x=0.32 I x=0.45 :X=0=50
Arbitrary | Cuboctahedroni > Y b

I

I |

I . |
_ Iy | I . 1L |
x=0  x=0.20 | VL R
| - [
| I |

(a)

FIGURE 3.5: (a) Line drawing of ideal shapes for x = 0.00, 0.20, 0.32,
0.45, and 0.60 (b) Cluster of particles in x = 0.00 (scale = 100 nm).
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FIGURE 3.6: HRTEM images (scale = 20 nm) (a) x = 0.20 (b) x = 0.32
(c) x=0.45 (d) x = 0.60.

plete ring which confirms the polycrystallinity of Pd NPs. The planar information is
obtained from the SAED images (Figure 3.7 a-d) and the normalized electron diffrac-
tion intensities of the spotty rings is plotted in Figure 3.7 e. The high resolution im-
ages revealed a 0.22 nm (1 1 1) interplanar separation, which is compatible with FCC
palladium. A characteristic rise in (1 1 1) peak intensity is seen with the rise in PVP
amount. Also, the shapes are evolving with the increase in PVP concentration. This
means new facets per particle is adding to the complexity. So, it is apparent that the

(1 11) facets are gaining prominence with the rise in PVP concentration.

HRTEM-calculation of surface to volume ratio

The surface-to-volume ratio (S/V) tunes the catalytic response of Pd NPs. Table 3.4
represents the S/V ratio for shapes observed in this study. Hydrogen sensing is a
surface catalysis phenomenon. So increase in S/V will imply increase in surface
atoms. Such a activity trend towards the surface means comparatively better sensor
performance. From Table 3.4 it is obvious that in the range x = 0.32-0.45, the S/V is
high. In fact, these samples (x = 0.32-0.45) have excellent hydrogen sensing ability.
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FIGURE 3.7: SAED patterns (Scale: 5 1/nm) of Pd NPs (a) x = 0.20 (b)
x =0.32 PVP (c) x = 0.45 (d) x = 0.60 (e) Intensity of (1 1 1) peaks.

TABLE 3.4: Calculation of S/V for various polyhedron shaped Pd
NPs.

Shapes X Edge | Surface to Formula
length | volume ratio | used
(@) nm | (S/V) nm™! (SIV)

Cuboctahedron | 0.20 | 6.785 | 0.59 (18 +6/3)/ (5v/2a)
Octahedron 032 | 6.342 | 1.16 (3v6)/a

Decahedron 0.45 | 6300 | 1.14 (5v/3/2)/(((5++/5)/12)a)
Icosahedron 0.60 | 4.719 | 0.84 (12v/3)/((3 + V/5)a)

Growth mechanism

Synthesis of nanoparticles involve nucleation and growth. The nucleation starts af-
ter the chemical reduction of precursor. In presence of stabilizer (such as PVP) the
growth is moderated leading to uniform particle size. In this study, 0% PVP sam-
ple manifest non-uniform growth, and hence large clusters are formed due to un-
controlled agglomeration of generated nuclei. Even with PVP, the agglomeration
partially eliminated because the quantity of PVP may not be sufficient to protect all
particles properly. Hence large sizes exist alongside small sizes. Moreover speed
of reduction reaction and the available synthesis time can also affect particle size.
In this work, the synthesis time and temperature is same for all category of sam-
ples. The stabilizer PVP has a hydrophilic pyrrolidone head (HPH) and hydropho-
bic polyvinyl tail (HPT). The HPH passivate nano surfaces and HPT create stearic
repulsion (SR) between nanoparticles. The HPH attaches by sharing a lone pair of
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electrons (of the nitrogen atom) with the palladium surface. This is how the sur-
face passivation is done. After the HPH attachment, the HPT generates a repulsive
environment around the particle, which moderates the growth rate. So, the avail-
able amount of PVP in the reaction vessel is important to judge the uniformity in
growth and this will imply that there exists some optimum concentration of stabi-
lizer that will give good yield. So, if used stabilizer is less than this optimum value,
uniformity will be reduced. For excess PVP (greater than the optimum value), the
growth will be too slow due to the SR. However, if reduction rate is high, the initial
agglomeration will be there because instanteous influence of HPH and HPT will not
be available. This can be avoided by slowing the reaction and growth.

In this study, the optimum concentration is observed for the 32% sample and this
optimum can be understood by taking into account the (PVP : metal) molar ratio.
The significance of such a ratio was highlighted in the synthesis of PVP-coated ZnS
nanoparticles [23]. Ghosh et al. reported a ratio magnitude of 0.007 as the optimum
[23]. In this thesis work, the ratio for the 32% sample is 0.0139. So, probably any-
thing close to 0.0139 will impart maximum surface protection of Pd NPs. Hence, the
smallest nano-size ( 10.45 nm) is observed in the 32% sample. With the progress in
synthesis time, the quantity of stabilizer (PVP) and precursor decrease. However,
the (PVP : metal) magic ratio exists in the solution (for the 32% PVP sample). There-
fore, multiple batches of particles with variable sizes are formed with the progress
in reaction time. This is the cause of frequency uniformity (discussed with the help
of HRTEM results) in the 32% PVP sample. For other samples (>32%PVP), size nar-
rowing by SR effect is likely. Further in these samples (>32%PVP), the particle count
is also reduced because of lower rate of growth for a period of 120 min (synthesis
time). Similar study was done by Hei et al., where the (PVP: metal) ratio of ~10 [35]
The generation of shapes is related to the surface energy optimization of the var-
ious facets [such as (100) or (111)] in face centered cubic (FCC) palladium. For a
FCC nanocrystal, PVP stabilizes the (100) planes easily [81]. The PVP branches sta-
bilizes the (100) facets of palladium nanocube by lowering the surface energy. Now
the various polyhedron shapes of nanoparticles evolve when PVP% is varied from
0% to 60% in the solution. This happens due to the generation of (111) facets at
the cost of (100) facets in polyhedrons with increasing PVP quantity. Basically, the
PVP stabilization of (100) facet is so high that it is in energy equilibrium with (111)

facets. So, the (111) starts growing when PVP % is raised. This is also apparent from
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the "selected area electron diffraction (SAED)" analysis of (111) plane for all PVP
concentration. It has been observed that peak intensity of (111) increases with the
increase in PVP amount. So, for low PVP concentration resulting shape is cuboc-
tahedron that is dominated by (100) facets. With the increase in PVP, shapes like
octahedron, decahedron, and icosahedron are obtained. These shapes are generated
by the appearance of new (111) facets. However, the shape change can stop when
the energy equilibrium is destroyed. Also, it is clear that the configuration of (111)
facets increase from cuboctahedron to icosahedron. The cuboctahedron (having 6
+ 8 = 14-surfaces) has the largest mixed morphology [i.e., both (1 0 0) and (1 1 1)
facets]. Other shapes (octahedron, decahedron, and icosahedron) have only (1 1 1)

facets.

3.1.3 UV-Vis

UV-Vis spectroscopy was performed to further verify the size variation. UV-Vis
spectrum was deconvoluted into multiple surface plasmon resonance (SPR) peaks
in the wavelength range 198-600 nm. The low wavelength (198-260 nm) absorption
spectra are from small size NPs (Fig. 3.8 a-e). The spectrum (> 260 nm) are from
large sized particles, and it comprises of low intensity peaks for all the samples. The
low peak intensity probably indicates the existence of few particles. The spectrum
after 260 nm is shown in Fig. 3.8 f (32% PVP sample). The UV-vis data reveal particle
size and particle number abundance. The deconvolution technique for UV-Vis data
analysis is reported in literature [8, 82]. The absorption wavelength increases with
the increase in particle/cluster size. Data has been analysed in terms of peak broad-
ening and wavelength shift as plotted in Figures 3.9 a, b. A red shift (until 32% PVP),
and a subsequent blue shift, is observed for the 209 and 218 nm peaks (Figure 3.9).
Such minor shifts occur because the samples have different particle sizes. Normally
red (or blue) shift if observed can mean increase (or decrease) in size, respectively.
Generally, the PVP abundance per unit area of particle surface is expected to rise
with the increase in PVP. The low wavelength peaks (at 204 nm or less) are from
small sizes. These small particles are easily protected by PVP. So, any rise in PVP
concentration can reduce size because the rate of growth is moderated (lowered)
due to increasing PVP capping, which seems to be saturated at 32% PVP concentra-
tion. Beyond 32% PVP concentration, due to a high concentration of capping agent,

a micellar growth occurs which covers formed nuclei alongside nanoparticles. As a
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FIGURE 3.8: The UV-Vis fitted peaks for (a) 0% PVP, (b) 20% PVP, (c)
32% PVP (d) 45% PVP, and (e) 60% PVP; (f) 32% PVP sample (beyond
260 nm).

result, agglomerated clusters of small particles are formed. Therefore, the peak (near
204 nm) is redshifted after the initial blue shift (Fig. 3.9). The other peaks (~ 209 nm
and 218 nm) are for bigger sizes. This big size happens due to the reduced PVP bar-
rier around nanoparticles during growth. As we know that PVP helps in controlling
growth of nanoparticles by shielding the outer surface. So, the tendency to form
clusters increases if the shielding is poor due to the low PVP coverage. This is the
reason for initial red shift for large sized particles (for ~ 209 nm to 218 nm). The
growth of these particles can also be retarded if large concentration of PVP branches
are available, which is the case beyond 32% PVP. Hence, the peak has a blue-shift
after the initial red shift for large cluster category of particles (209 nm & 218 nm)

(Fig. 3.9). The UV-Vis absorption beyond 260 nm may be due to the agglomeration
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FIGURE 3.9: Plot of fitted UV-Vis peak parameters.

of small particles by micellar growth which shows the presence of very large sized
particles/clusters [63]. Moreover, the presence of many UV-vis peaks at different
wavelengths is an indication of polydispersity. Sometimes, the peak broadening is
correlated to the dispersity in nanomaterials. Also, it is reported that broadening in
SPR peaks may be caused by polydispersity of particles [37, 95]. In this study the
peak broadening shows an optimum near 32% PVP sample highlighting the unique-
ness of this sample (Fig. 3.9). The importance of this optimum correlates to the fre-
quency uniformity in 32% PVP sample. The frequency of presence of similar sized
particles is also obvious from the area (under the curve) and the peak intensity plot.

Here also, an optimum is observed near 32% PVP concentration, which again refers

to the speciality of this sample (Fig. 3.9).
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TABLE 3.5: Baseline resistances for resistive devices fabricated with
the samples

Baseline device resistance
at room temperature
Without glass | With glass

PVP % | powders powders

0 Negligible

20 1.74 kQ)

32 Negligible 0.91 kO

45 0.65 k()

60 1.78 k)

3.2 HYDROGEN GAS SENSING RESULTS AND DISCUS-
SION

Pure Pd NPs based films are conducting. The film resistance was increased by mix-
ing powdered glass. In the films there are agglomerated clusters that provide the
electronic shorted path. These shorted low resistance paths in the film were made
discontinuous glass particles. The variation in baseline resistance for different sam-

ples has been tabulated in table 3.5.

3.2.1 Hydrogen gas sensing parameters

For data analysis the the change in device resistance (AR), which occur when the
device is exposed to hydrogen gas is considered.

"% RESPONSE with respect to the original baseline resistance (R,) = ((AR/R,) X
100%). RESPONSE TIME: The time taken by device to attain resistance value (R, £
0.9AR). RECOVERY TIME: The recovery time is defined as the time corresponding
to the hydrogen OFF state when the device come back to its baseline value by 90%.
The recovery time is the time taken by the device to attain resistance value of [(R, =+

AR) - (£0.9AR) = (R, & 0.1AR] [5].

3.2.2 Working of palladium nanoparticle based resistive device in hydro-

gen ambient

When Pd atoms adsorb hydrogen gas atoms on its surface, there is abrupt change in
electrical resistance of sensing film which is recorded by Keithley digital multimeter
(DMM). A resistance versus time plot is done with the recorded data. This plot (also

called whole sensing pattern) broadly comprises of two effects in terms of resistance
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variation as shown in Figure 3.10: (i) Electronic effect: when hydrogen atoms adsorb

Pd --- Normally conductive
but when expose to H, gas

Firstly resistance increases due
to the formation of Pd-Hydride,
(Electronic Effect)

Then resistance decreases due to — Elechical signal SN
the volume expansion of palladium. recorder
(Geometric Effect)

FIGURE 3.10: Palladium hydrogen sensing phenomenon-Electronic
& Geometric Effects.

on Pd surface then there is increase in resistivity of palladium due to the formation
of Pd-hydride (Pd-Hy). So, the resistance of the device increases.

(ii) Geometric effect: This effect comes after electronic effect. In this, device resis-
tance decreases up to a large extent depending upon the adsorption of hydrogen gas
atoms. This decrease in resistance happens due to the swelling of Pd atoms after
adsorption, which reduces the interparticle barrier. Basically, the interparticle gap
barrier is maintained by PVP coverage. This whole phenomenon is shown in Figure
3.10 and can also be realized in terms of the electron exchange (Figure 3.11). Ini-
tially the surface adsorbed oxygen is consumed and water molecules are formed.
This process cleans the palladium surface and the active adsorption sites are now
available for further hydrogen adsorption. The second step is the simple adsorp-
tion of hydrogen in palladium without any electron exchange. This produces palla-
dium hydride, which has relatively larger resistivity than Pd. So, the film resistance
increases, which is termed as the electronic response. Subsequently, the adsorbed
hydrogen atoms now start the electron exchange with the palladium in the third
step. This generates excess electron in the sensing film, which reduces the film re-
sistance decreases drastically. Such a sharp change in resistance is termed as the
geometric effect. Thereafter, the recovery process starts and the adsorbed hydrogen

slowly gathers electron and becomes hydrogen atoms; and two hydrogen atoms join
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to form the hydrogen molecule. This hydrogen molecules escapes. Such a reverse
process slowly increases the device resistance towards the baseline value. Finally,
with the help of atmospheric oxygen impurities, the protective oxygen coverage is

again established.

Initial water formation Electronic response Geometric response
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FIGURE 3.11: Electron exchange during palladium hydrogen
interaction-Electronic & Geometric Effects.

3.2.3 Sensing data and analysis

In this study, the films prepared with 0% PVP sample showed no response for Hj.
Other samples (PVP 20%-60%) are sensitive to hydrogen (Figure 3.12(a)). This dif-
ference is governed by the interparticle surface barrier that is not available in 0%
PVP sample as it comprises of only large chunks. Basically the PVP branches on
the nanoparticle surface creates sufficient interparticle separation for the execution
of the geometric effect. The overall device response is presented in (Figure 3.12(c))
at different hydrogen concentrations. The resistance change (AR) varies with the
change in hydrogen concentration. The overall sensing mechanism (discussed ear-
lier) comprises of generation of water molecules followed by electronic/geometric
effects. These are responsible for the cause of the resistance change shown in Figure
3.12.

The 0% Pd-PVP sample comprises of only large chunks and these chunks remain in

contact even after addition of glass particles. So no geometric response is possible
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for the 0% Pd-PVP sample. Any minor change in device resistance of the 0% PVP
sample may be attributed to the electronic effect (occurring in the chunks). How-
ever, these minor resistance changes can merge with the noisy baseline and may not

be clearly observed. Hence, the 0% PVP is insensitive to hydrogen.
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FIGURE 3.12: Hj response parameters: (a) % response vs PVP con-

centration (100 ppm Hy), (b) response time vs PVP concentration (100

ppm Hpy), (c) repeated cycles by varying H, concentration, (d) % re-
sponse vs operating temperature.

Role of glass powder in the sensing film

The shorted electronic path in the sensing film is to be isolated because they im-
part negligible resistance to the device and nil hydrogen response in all categories
of samples. Glass particle helps to introduce discontinuity in those shorted paths.
Of course this is not a selective phenomenon because glass particle can also bring
discontinuity in good uniform barrier path. Nevetheless the shorted paths are def-
initely eliminated because the overall device resistance changes from negligible to
appreciable value after addition of glass particles. The shorted paths are due to
presence of large clusters in the films. This phenomenon of activation of uniform

barrier ( created solely by PVP) paths is presented in Figure 3.13(a) (b).
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(c) (d)

.OC,Z PdNPs —— —— Currentpath @ Glass particle

mGlass particle isolated zone I Silver paste line

FIGURE 3.13: (a) Electrically shorted electronic path (without glass
particles) (b) discontinuity in shorted current paths and activation of
electronic paths having uniform barrier (with glass particles) (c) many
paths comprising similar-sized particles ("monodisperse”) (d) many
paths comprising variable sized particles ("polydisperse").

Role of PVP in the sensing film

The interparticle gap is created by the PVP branches residing on the particle sur-
face.The distribution of the branches is different for the samples synthesized with
different PVP concentrations. Nanoparticles with high surface activity acquire good
PVP coverage in order to passivate the surface. Other particles having poor PVP
coverage agglomerate to form large chunks during growth. These chunks are not
useful for hydrogen sensing. Nanoparticles (with uniform PVP coverage) in the
sensing films have the required interparticle barrier to undergo both electronic and
geometric sensing effects sequentially. For non-uniform surface coverage, the inter-
particle barrier will be negligible and will be a hindrance to good hydrogen sensing.
Normally these uniform PVP covered nanoparticles form small useful current paths
(as presented in Figure 3.13), and the hydrogen absorption in these uniform barrier
paths will be influenced by particle size and particle count. This is discussed in the

next section.
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Role of size dispersity in sensing

For a spherical particle, the surface/volume ratio varies as (1/r) where 'r’ is the
size (radius). Also, the paths highlighted in the sensing mechanism will increase
in length if the particle count is high and vice versa. This variation in path length
(or particle numbers) will vary the hydrogen absorption. This study reveals that
the 32% PVP has the smallest particle size and particle count uniformity (between
different sizes) in a polydisperse matrix, which is apparent from the HRTEM stud-
ies. All these particles in the 32% PVP sample will acquire good PVP coverage and
will form multiple electronic paths with uniform barrier (Figure 3.13). However,
for other samples such polydispersity variation is relatively low and so the num-
ber of paths with uniform barrier will be comparatively less. Hence, this variation
in size and polydispersity will definitely enhance the hydrogen adsorption magni-
tude in the current paths (shown in Figure 3.13) for the 32% PVP sample. For the
20%, 45%, and 60% PVP based samples having low polydispersity and relatively
bigger particle size, the hydrogen absorption is expected to be lower than the 32%
sample. Therefore, from this viewpoint, 32% PVP is the best sample for hydrogen
sensing at RT. The time of response for device saturation is dependent on the geo-
metric effect, which is comparatively faster. The geometric effect in turn depends
on the interparticle PVP barrier, which may not be uniform in all the current paths
for all the samples. Such a barrier variation can lead to variation in the intensity of
the geometric effect in individual current paths (as shown in Figure 3.13) for differ-
ent samples. Since the time of response is minimum for the 32% PVP sample (Fig.
3.12b), the geometric effect saturate easily, & for other samples it will take relatively
more time to finish. The quick saturation of the geometric effect is controlled by
the particle morphology, which is discussed in the next section. Interestingly, the
magnitude of this response time is not very low all the samples. Even for 32% PVP
sample it is still very large. This can be attributed to the association of the bulk of
the films via hydrogen diffusion. Hence the desirable condition is to restrict the hy-
drogen activity within few nanoparticle layers in the vicinity of the top surface of
the film. If the whole phenomenon confines to one layer of Pd NPs, the response
time would be lowerd. However, in drop casting technique, monolayer formation is
experimentally difficult.

The time of device recovery time high (~ minutes). This implies a slower desorp-

tion rate, which may be due to hydrogen trapping inside palladium. Alternately the
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involvement of the bulk of the palladium films can delay the recovery of the device.
Hence, in this chapter, the recovery times are not compared. Further studies may
give important breakthrough to improve the recovery characteristics. The repeated

patterns reveal reproducible behaviour of the devices at RT (Figure 3.12c).

Role of morphology-dominance of (111) facets in hydrogen adsorption

The H; response behaviour and the particle surface morphology can be correlated.
From the HRTEM studies the increase in (111) facet bounded morphology with the
increase in PVP concentration is apparent. Also, the stability with respect to energy
of (111) facet is higher than (110) or (100) facets in face centred cubic palladium [9].
HRTEM studies also reveal that the cuboctahedron has mixed faceted morphology
(i.e., both (100) and (111) facets) with (6 + 8) = 14 surfaces. Other shapes (octahedron,
decahedron, and icosahedron) have mainly (111) facets, and the count of surfaces
for ideal shapes are 8, 10, and 20 respectively. Normally, the hydrogen activity of
(111) facets are higher than (100) facets for palladium particles [11]. It is also well
known that the hydrogen adsorption ability of (100) and (111) facets are similar in
palladium. However, the palladium-hydrogen interaction on (111) surface is rela-
tively faster than (100) surface [54]. Also, the hydrogen desorption from (110) facet
is comparatively higher [50]. Therefore, for fast catalysis with Hy, Pd (111) facets
are important. It can be speculated that during palladium nanoparticle-Hydrogen
interaction the magnitude and speed of response are entirely dependent on the total
(111) facet area. The best hydrogen activity is obtained in samples synthesized with
32% PVP (Figure 3.12), where the time of response minimizes and the %response
maximizes. Hence it is obvious that the nanoparticles have near ideal shapes and

the total (111) facet area is maximizing in the vicinity of 32% PVP concentration.

Theoretical evidence for 32% PVP

This change in sensor performance with change in temperature is analysed by eval-
uating Arrhenius activation energies [29]. Equations (Eq. 3.3) are useful to calculate
AE = Ea — Ey, which is the change in activation energy while shifting from air to

hydrogen. In this case Ex and Ey are the energies of activation in air and hydrogen
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respectively.
ln(RA) = ln(Ro) — EA/kT
In(Ry) =In(R,) — Ex/kT (3.3)
Ra—Ru =1—exp-——
Ro P

The device resistances in air (R4) and in H, (Ry) are necessary to evaluate AE. Fig-
ure 3.14 is plotted between AE and ‘x’. Here ‘X’ is the ratio of PVP & precursor.
Figure 3.14 reveals that at all temperatures the difference in activation energy (AE)
is negative for all samples. This means E5 < Ey. Such an inequality indicates that
in hydrogen atmosphere all low energy active sites are occupied and the remaining
high energy sites are available for hydrogen adsorption. Another conclusion can be
drawn from the magnitudes of AE at RT and 50°C. Compared to RT, AE is low at
50°C for samples in the x range 0.32 - 0.60, while it is high for x = 0.20 sample. This
means the high temperature sensitivity of x = 0.20 sample is comparatively better.
Moreover, the optima of AE at RT and 50°C are also obvious (Figure 3.14). The RT
optimum indicates that for best performance the range of x must be 0.32 < x < 0.45.
Also, from the optimum at 50°C it can be stated that x < 0.20 is suitable for high

temperature applications [4].
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FIGURE 3.14: Arrhenius activation energies.
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3.3 SENSING STUDY AT HIGHER TEMPERATURE

At high temperatures the sensor performance deteriorates (Figure 3.12d). This de-
terioration in % response at elevated sensing temperature (50°C) is probably due to
the enhanced hydrogen desorption relative to absorption. It can be speculated that
any further rise in temperature will not improve the response. Therefore it is ap-
parent that these films are suitable for RT hydrogen sensor applications. The high
temperature performance of the 20% PVP sample is relatively better than the other
samples. This is attributed to the mixed facet characteristics of the 20% PVP sample.
The cuboctahedron shapes in this samples have both (100) and (111) facets. So, the
(100) facets might have relatively better hydrogen adsorption ability at high temper-
ature. Rest of the samples are dominated by (111) facets. So, their room temperature

performance is superior.

3.4 EFFECT OF HUMIDITY ON SENSING PERFORMANCE

The influence of moisture on the device characteristics must be analyzed because
water molecules could be retained by the PVP chains on the particle surface. 65%
and 75% humidity concentrations were selected for this study. The 32% sample was
used. The sensor results varied when the relative humidity was increased (Table 3.6).
As presented in Table 3.6 that at RT, the rise in moisture content deteriorates the %re-
sponse and improves the response time. However, at 50°C, both these parameters
improved. The discussed mechanism considered the generation of water molecules
when the sample is exposed to hydrogen. Hence an additional rise in humidity will
lead to more retention of moisture at the PVP covered nanoparticle surface. This
may block active surface absorption sites and reduced number of available active
absorption sites for hydrogen adsorption. Thus the % response deteriorates at room
temperature, as the material surface now adsorbs less hydrogen. So, a quick sat-
uration of solid-gas interaction is likely. Since the sensing phenomenon involves
electronic (slow) and geometric (fast) effects, the quick saturation can also indicate
accelerated geometric activity. This is probably the reason for the betterment in the
time of response at RT when humid concentration increased. At 50°C, due to higher
available thermal energy, the moisture release from the PVP covered particle surface

is comparatively better due to improvement in evaporation rate; this is the reason
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TABLE 3.6: Influence of moisture on the sensor parameters (in 100
ppm Hy) for the 32% PVP sample

At room temperature At 50°C
Response Response
Humidity % | % response | time (s) % response | time (s)
65 3.07 48.5 0.53 31
75 2.95 26.5 0.64 30.5

for the slight change in the response parameters. Due to technical difficulties, other

values of relative humidity could not be selected for this study:.

3.5 CONCLUSION

Finally with respect to the starting objectives, it can be summarized that size/shape
attributes of Pd NPs play a crucial role in determining their interaction with hydro-
gen. Especially, in hydrogen sensing, the size and shape critically affect the response
parameters. The operating temperature of palladium nanoparticle-based hydrogen
sensors can be easily justified if these size and shape corelation is established. The
PVP concentration is a potential factor for the size and shape modulation (facet gen-
eration) in polyol synthesis of Pd nanoparticles. It is observed that 32% PVP coated
NPs have octahedron shapes with high S/V ratio and maximum polydispersity.
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Chapter 4

Role of stabilizer (Mw 8000)
coverage on nanoparticle surface
on the hydrogen-palladium

nanoparticle activity

The surface activity of nanoparticles is an important concern for catalytic applica-
tion especially gas sensors. Same material having differences in surface activity can
manifest difference in catalytic activity. The surface activity can be tuned by incor-
porating synthesis variation [1, 6, 13, 48, 66, 75]. PVP chains act as stabilizer and are
used in the surface passivation of nanoparticle surfaces. Variation in surface cover-
age can be monitored by optical characterization tools such as UV-Vis spectroscopy,
etc [62, 83, 97]. PEG ("Polyethylene glycol") variation on "polystyrene" nanoparticles
was found to impart stability in drug delivery [7].

The hydrogen sensitivity of palladium (Pd) nanoparticles based devices can be tuned
if the nanoparticles are washed with different solvents before device fabrication. In
this chapter, the role of washing the Pd nanoparticles with either distilled water or
ethanol on their hydrogen sensitivity is presented. The change imparted in the sur-
face properties of Pd NPs after washing is reviewed with UV-Vis spectroscopy and
GIXRD studies. From the GIXRD data, the nature of strain is particularly analysed
to evaluate the sensing mechanism. The synthesis methodology for this study is

discussed in detail in Chapter-2.
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hydrogen-palladium nanoparticle activity

4.1 CHARACTERIZATION RESULTS AND DISCUSSION

The characterization techniques which were used to fulfil this research objective is:
e GIXRD

e UV-Visible Spectroscopy

4.2 GIXRD

The face centred cubic crystallinity of the samples (washed in water and ethanol) is
apparent from the three intense peaks (Figure 4.1). The (111) peaks are separately
compared, and is 0.16-degree shift is observed (Figure 4.1). The other two peak (200)
and (220) shifts are tabulated in Table 4.1. Maybe the oxygen contamination dur-
ing film preparation is the cause of this fine shift. Only films of these materials are
likely to gather oxygen impurities. The amount of oxygen contamination is likely
to be different in the two sample categories due to variation in PVP surface cover-
age. Since similar films are also used for sensing, the reference to surface oxygen
contamination is also discussed in the context of hydrogen gas sensing. This oxygen
contamination on the nanoparticle surface is also the reason for the difference in the
calculated strain from GIXRD data.

To evaluate the strain, the 26 data of the peaks and the "peak broadening" ()
values are used to calculate § cos 6. Williamson-Hall (W-H) plot (B cos 8 vs sin 8) for
each sample category reveal both the nature and magnitude of strain (Figure 4.2).
The strain is estimated from the slope of the linear fit (Figure 4.2) [71]. Both samples
have tensile strain (due to positive slope of fitted line). However, strain magnitude
is relatively greater in samples washed with water. The values of strain are 0.01536
and 0.01053 for samples washed with water and ethanol respectively. For hydrogen
sensing using palladium nanoparticles, high strain can increase the catalytic effect
[22, 80]. So, comparatively large strain in samples washed with water is likely to

make the hydrogen sensing better than ethanol washed category.
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FIGURE 4.1: GIXRD spectra of the two category of samples (a) Full
spectrum (b) (111) peak shift.

TABLE 4.1: Peak positions

20 value
Peaks | Water washed \ Ethanol washed
(111) | 40.16 40
(200) | 46.74 46.72
(220) | 68.22 68.18

4.3 UV-Vis

UV-Vis data (shown in Figure 4.3) compares ethanol and water washed samples.
Basically, their absorption wavelengths are used for comparison. Using peak decon-
volution technique, the characteristics peaks for each spectrum are obtained (Figure
4.3) [8, 82]. The absorption wavelengths from the fitted peaks lie in the UV range.
Slight change in size of nanoparticle, or the PVP surface coverage can shift the UV-
Vis pattern. Since, the main difference between the two sample categories is the
surface PVP coverage, the variation in the UV-vis results may also be attributed due
to the differences in PVP [97]. It is reported that ethanol can attack the PVP layer

on the nanoparticle surface [25]. So, most of the PVP chains are discarded while the
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FIGURE 4.2: W-H plot for samples washed with water and ethanol.

sample is washed with ethanol. On the other hand, water has no effect on the at-
tachment of PVP and nanoparticles.

From the deconvolution of water washed spectrum 8-peaks of variable intensities
are obtained for the total wavelength range 190-600 nm. The lowest peak wave-
length is ~190 nm, and it may be assigned to the smallest nanoparticle size. The
rest of the peaks can reveal the existence of other particle sizes in ascending order
(from small to large). Since the spectra is for water washed sample, all particles
have a dense PVP protection on the surface. For samples washed with ethanol, the
PVP layer on particle surface is not sufficient to fully passivated the nanoparticle
surface. Hence very small sized nanoparticles cluster together and relatively large
sized nanoparticles are generated. These big sized NPs can red-shift the absorp-
tion peak. The deconvoluted ethanol washed spectra reveal minimum absorption
wavelength of 201 nm, which is 11 nm red-shifted with respect to the smallest ab-
sorption wavelength for samples washed with water. Moreover, in the range 190-260
nm, four peaks in water washed sample and eight peaks in ethanol washed sample
are observed. So, the cluster size variation due to scare PVP coverage in ethanol

washed samples is quite apparent from the no of peaks. Both water washed and



4.3. UV-Vis 47

—_—
o
A
|

I

I

I

|

'

[

'

'

!

'

!

'

'

'

!

!

'

!

[

'

'

!

!
—
o

z | ! @ =z (b)
% 0.8 | i+ Data %0.8— - Data
E 06. : : ~ Envelop IS 061 — Envelop
T i Fitted peaks o —— Fitted peaks
N |
= 044 i = 0.4
£ ] ! £
6 021 ! 502
=z 1 ! P
0.0 'Y S emmm—— 0.0 L= IS
180 240 300 360 420 480 540 600 200 225 250 275 300 325 350
Wavelength (nm) Wavelength (nm)
107 =3~ == B ittty 1.0,
z || ' =
208/ ! () 20.8] (d)
2 ! ' z - Dat
Zo6 | | - Data Zo06 o
2 T | —— Envelop 3 : Envelop
N4 | —— Fitted peaks No4, —— Fitted peaks
E i ! £
s 0.24 1 I 502
pa | ! z
0.0 LA e e 00 o ———————————
180 240 300 360 420 480 540 600 200 225 250 275 300 325 350
Wavelength (nm) Wavelength (nm)

FIGURE 4.3: UV-Vis data for sample washed with (a) water (till 600
nm) (b) water (zoomed till 350 nm) (c) ethanol (till 600 nm) (d) ethanol
(zoomed spectrum up to 350 nm).

ethanol washed samples are polydisperse in nature (Chapter 3). So, it can be said
from the present data that the NP sizes in water washed sample are smaller than
the ethanol washed samples. Further absorption peaks after 260 nm maybe due to
very big sized clusters; the intensity of these peaks is low for both samples. Such a
low magnitude of these peaks may indicate the availability of few big clusters in the

samples. HRTEM studies revealed the existence of such clusters (Figure 4.4).

#
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FIGURE 4.4: HRTEM image showing variation in size for Pd NPs
washed with ethanol (a) small size (b) all size (c) mixed sizes.
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TABLE 4.2: Device baseline resistance

‘ Sample category ‘ Resistance ‘

Water-washed 0.12 - 1.12 MQ

Ethanol-washed | 0.5-2.0 kO

44 HYDROGEN GAS SENSING RESULTS AND DISCUS-
SION

The water washed and ethanol washed nanoparticles were used to make resistive
sensor devices. The methodology for the preparation of resistive sensor devices has
been outlined in Chapter 2. The baseline device resistance will be different due to
difference in PVP surface coverage and it is obvious that water washed film will have
comparatively higher baseline resistance (Table 4.2). This is because water washed
nanoparticles have uniform PVP coverage around their surface and so the interpar-
ticle barrier is high. Figure 4.5 presents the repeated transient patterns for the two
samples at room temperature (RT). The %response magnitudes are different for both
samples at room temperature (RT) and high temperature (50°C) [Figure 4.5]. In fact,
the %response for the water washed sample is higher than ethanol washed sample
and with the increase in temperature the magnitude of %response is decreasing for
both categories. These differences in the hydrogen response can be realized with the
help of the sensing mechanism [28, 71]. This mechanism has two steps and is dis-
cussed in detail in Chapter 3. In the first step, the surface adsorbed oxygen atoms are
removed via water formation and in the second step the electronic and geometric ef-
fects occur in succession [30, 89]. The variation in the device baseline resistance upon
exposure to hydrogen is presented in Figure 4.5a, b & Figure 4.6. Washing of the
nanoparticles can affect the sensing process because the PVP coverage on nanopar-
ticle surface is attacked by certain solvents such as ethanol [25]. Hence the surface
cleaning of adsorbed oxygen atoms (i.e., the first step in sensing) is likely to be dif-
ferent for the two categories of samples because there is non-uniform PVP coverage
in ethanol washed sample and more or less uniform PVP coverage in water washed
sample. The difference in coverage can lead to relatively higher atmospheric oxygen
contamination to passivate the uncovered active surface sites for the ethanol washed
nanoparticles. Therefore, during the first step, the ethanol washed sample will con-

sume more hydrogen atoms to remove its surface adsorbed oxygens while the water
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FIGURE 4.5: (a) Transient patterns of ethanol-washed samples at RT

in Hp. (b) Transient patterns of water-washed samples at RT in H. (c)

100 ppm hydrogen response variation with temperature for ethanol-

washed samples. (d) 100 ppm hydrogen response variation with tem-
perature for water-washed samples.

washed samples will consume less for the surface oxygen cleaning. Accordingly, the
actual hydrogen adsorption into the palladium will be relatively higher for the wa-
ter washed sample. So, from this purview the %response of waster washed samples
is likely to be higher than ethanol washed samples (Figure 4.5¢, d) [3].

A simple Langmuir model is adopted and some simple calculation is done to cal-
culate the equilibrium constants to understand the subtle difference in intensity of
hydrogen activity in the first step [33]. According to this model %response (AR/R)
can be expressed using equation 4.1. Here ‘Pyyp” is the hydrogen concentration and
‘x” is the "equilibrium constant". The variation of ‘x” amongst the samples will indi-

cate the difference in hydrogen activity in the first step.

O = Ve VP A1)
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FIGURE 4.6: Sensing effects (electronic and Geometric) for the devices
at RT (100 ppm hydrogen) (a) water washed and (b) ethanol washed.

The dissociative hydrogen adsorption can be presented with equations (4.2) & (4.3).

Hy, =2H adsorption 4.2)

2H = H, desorption (4.3)

Here ‘x,” and ‘xq” are associated as the contants for adsorption and desorption pro-
cesses, respectively (eq 4.2 & 4.3). The equilibrium constant « is the ratio of these
adsorption and desorption constants. Eq (4.1) is established by doing a linear fit of
the experimental data (Figure 4.7). The slope of the straight line fit gives the value
of x. It is observed, activity of sample washed with water is higher than sample
washed with ethanol because x is comparatively larger for water washed sample.
The second sensing step includes electronic and geometric effects. The %response
is mainly dominated by the geometric response because the change in resistance is
high during the geometric effect. Strain analysis with GIXRD result is done to illus-
trate the difference in the geometric activity (Figure 4.1 & 4.2). The tensile strain is

obvious from the positive slope of the plot in both the samples, and this tensile strain
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FIGURE 4.7: Equilibrium constant (x) for Pd nanoparticle washed
with water and ethanol.

tunes the geometric effect. So, if the magnitude of this tensile strain is high, the ge-
ometric effect gets accelerated. For compressive strain, the opposite effect is there.
Since samples washed with water has larger magnitude of tensile strain (than sam-
ples washed with ethanol), the intensity of geometric effect is comparatively better
in water washed sensor devices. So, considering the hydrogen activity in first and
second steps it can stated that the %response in water washed samples will always
be higher than the other category (Figure 4.5). The deterioration of %response with
the increase in temperature may be attributed to the dominance of hydrogen des-
orption over adsorption (Figure 4.5).

The effect of humidity on the %response was also tested because un-desorbed water
molecules can block active sites. In the sensing mechanism the water formation is
justified. Hence ambient moisture as well as insitu generated water can accumulate
on the nanoparticle surface because PVP has a strong affinity for water molecules
[86]. So, low PVP coverage will gather relatively less moisture molecules. Hence,
the %response of water washed samples can deteriorate when ambient humidity in-
creases (Table 4.3). The calculated response time can also be affected due to increase

in concentration of moisture molecules. This can delay the device saturation time,
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TABLE 4.3: Effect of moisture on the device parameters (in 100 ppm

H,) at RT
Water washed Ethanol washed
Response Response
Humidity % | % response | time (s) % response | time (s)
55 37.09 57.5 0.76 40.7
65 28.57 70.5 0.71 45.5

which can account for the rise in response time when ambient humidity increases.
The recovery is slow (~ minutes) in both the samples, and this can be attributed to
reasons such as slow recovery of strained lattice, trapping of hydrogen in bulk of

palladium, presence of moisture, efc.

4.5 SUMMARY

This work illustrates the influence of washing agent on the performance of palla-
dium nanoparticles in hydrogen ambient. Different washing agents will have dif-
ferent effect and in this study water and ethanol have been selected. The role of
washing agent is to tune the stabilizer coverage on the nanoparticle surface. Such a

control helps to bring difference in hydrogen activity of the palladium nanoparticles.
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Chapter 5

Influence of stabilizer molecular
weight on inter-nanoparticle
surface barriers and the hydrogen
response pattern of resistive

hydrogen sensors

When palladium particles are exposed to hydrogen, the temporary formation of pal-
ladium hydride and the subsequent volume expansion of the palladium lattice play
vital roles. Palladium hydride exists in two phases viz., a-phase (low hydrogen con-
tent) and B-phase (high hydrogen content) [28, 46, 53]. The initial hydride formation
leads to increase in resistivity of palladium. Hence a device made with palladium
nanoparticles shows initial increase in device resistance due to the formation of pal-
ladium hydride. This is called electronic effect. Subsequently the volume of the pal-
ladium nanoparticles increases, which leads to decrease in device resistance. These
effects of increase and decrease in device resistance are coupled to each other and
occur in succession. Hence it is difficult to isolate each of these effects.

PVP acts as a stabilizer and resides on the surface of the nanoparticles. PVP pre-
vents the agglomeration and it is reported that post nanoparticle synthesis, the PVP-
particle bonding is not broken [57]. When films are formed using these nanoparti-
cles, these PVP branches normally act as an interparticle barrier. The amount of PVP
that resides on a nanoparticle surface is dependent on the availability of PVP during

nucleation/growth, which in turn is dependent on starting amount of PVP. So, if the
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starting concentration of PVP is varied, it likely that the PVP surface coverage can
be tuned. There is one other factor i.e., the PVP molecular weight, which can also
affect the surface distribution of PVP. Basically if the molecular weight is high, it
means the PVP chains are relatively bulkier. Such complicated chains if used in low
concentration can provide a non-uniform surface coverage on the nanoparticle sur-
face during synthesis. Hence, after film preparation, the interparticle barrier may be
negligible in such cases. However, if the starting concentration is high, interparticle
barrier may be uniform.

In this chapter, a bulky PVP (Mw 40000) concentration is varied to illustrate the
difference in hydrogen sensing performance. HRTEM and XRD material character-
ization results have been included in this chapter. A suitable sensing mechanism is

also presented to understand the role of interparticle barrier.

51 CHARACTERIZATION

The verification of the nanoparticle yield using parameters such as size, shape and
crystallinity were done using HRTEM and XRD. The grazing incidence angle for
XRD was ~2.5 degrees. The detector was moved between 5 & 80 degrees. The whole
experiment was performed at room temperature and the data is presented in Figure
5.1. Sharp peaks corresponding to (111), (200) and (220) indicate for the formation of
FCC palladium nanoparticles. HRTEM results revealed that the palladium nanopar-
ticles were more or less spherical in shape. The three samples corresponding to the
three concentrations (0%, 20%, and 32% PVP) resulted in 50.68 nm, 11.73 nm, and
12.71 nm sized particles, respectively (Figure 5.2). The large clusters in the 20% sam-
ple are due to the low PVP concentration and such clusters are relatively less in the
32% sample. The 0% sample only shows agglomerated clusters. The absence of PVP
(0% PVP) will give irregular shaped particles with very large size.

52 HYDROGEN GAS SENSING

The hydrogen sensor study was conducted in the temperature range room temper-
ature (RT) to 60°C. The sensing data is presented in Figures 5.3 & 5.4. The 0% PVP

samples were insensitive to hydrogen. When the 20% PVP sample was exposed to
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FIGURE 5.1: GIXRD of Pd nanoparticles synthesized with PVP (Mw

40000).
TABLE 5.1: Nature of response and magnitude of the parameters in
100 ppm hydrogen at RT
Response Response
PVP % | type Response % | time (s)
0 Nil response | — —
20 Electronic 3.38 32
32 Electronic & | 3.26 51
Geometric

hydrogen gas, only increase in resistance was observed. However, for the 32% sam-
ple both increase and decrease in device resistance was observed upon exposure to
hydrogen. When the hydrogen gas flow was discontinued, the device resistance
slowly recovered back to its baseline value. The performance of 20% PVP and 32%
PVP samples was excellent at room temperature and for higher temperatures (40°C,
50°C and 60°C), the hydrogen response deteriorated. Basically, this high tempera-
ture deterioration was mainly observed in the device recovery because the devices
showed either partial recovery or was unable to recover. The response parameters
are tabulated in Table 5.1. The parameters were calculated in the same manner as
mentioned in Chapter 3. During measurements, the relative humidity was 30%
(£3%). The solid gas interaction is presented in Figure 5.5. The hydrogen molecules
are adsorbed by the palladium and few important changes occur in the nanoparti-
cles. During the initial interaction of hydrogen with the catalytic palladium surface,

the surface adsorbed oxygen atoms are removed and then hydrogen is adsorbed by
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FIGURE 5.2: HRTEM of Pd nanoparticles synthesized with PVP (Mw
40000) (a) 0% PVP (b) 20% PVP (c) 32% PVP.

palladium (eq-5.1). From these equations it is clear that palladium has no sensitiv-
ity for moisture [34]. However, if moisture is unable to desorb from the palladium
surface, the hydrogen response is affected. Hence the relative humidity of the ambi-
ent atmosphere can create some moisture desorption issues. Of course, the dynamic

flow of carrier gases during sensing reduces the chance of moisture accumulation in

the system.
1 -1 Pd ~ 2
501 +2e7 50 (5.1a)
Hy, 24 o+ 42071 (5.1b)
20+ 072 2 1,0 (5.1c)
H, + %oz P4 1,0 (5.1d)

Now the palladium nanoparticle surface is rich in hydrogen and non-stoichiometric
palladium hydride (PdHy) is formed. The formation of hydride leads to the ini-
tiation of electronic and geometric effects in the sensing palladium nanofilm, and
these effects have been discussed in Chapter 3. In this study the inter-nanoparticle
barrier due to the surface coverage of PVP is found to influence the nature of hydro-
gen sensing. For instance, if PVP coverage is non-uniform, there is high chance that
two consecutive nanoparticles can touch each other and thus have negligible inter-

particle barrier. The extent of this PVP occupancy on particle surface is dependent
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FIGURE 5.3: The gas (hydrogen) response of 20% PVP sample.

on the amount of PVP used during synthesis to a large extent, and to a relatively
lesser extent on the bulky nature of PVP (i.e., molecular weight). For this chapter,
a heavy molecular weight (~40,000) PVP is used. Hence the PVP entanglement on
palladium surface is likely to be erratic due to the bulky nature of the PVP chains.
Moreover, if the concentration of PVP is varied, the surface coverage can further be
controlled. In fact, this study has two categories of samples viz., 20% & 32% samples.
Therefore, the 32% sample is expected to have better PVP barrier with respect to the
20% sample.

During sensing, the 32% sample responded to hydrogen by manifesting initial in-
crease (electronic effect) and subsequent decrease (geometric effect) in device re-
sistance, while the 20% sample revealed only the initial rise in resistance. Earlier
in Chapter 3, the gas response of palladium nanoparticles [having low molecular
weight (~8,000) PVP coverage] showed both electronic and geometric effects in all
sample categories synthesized by varying PVP concentration from 20% to 60%. This
interesting difference is arising solely due to the PVP molecular weight. Here in

this chapter the PVP with molecular weight (~40,000) is probably distributed on
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FIGURE 5.4: The gas (hydrogen) response of 32% PVP sample (a) re-

sponse highlight the initial increase (electronic response) and the sub-

sequent decrease (geometric response) followed by recovery (b) room
temperature (RT) (c) 40°C (d) 50°C (e) 60°C.

nanoparticle surface in such a manner that it renders dense and scarce PVP barrier
in 32% and 20% samples, respectively. Basically, nature of the barrier (i.e., dense or
scarce) is directly realized from the magnitude of the baseline device resistance of
the sensing devices. The device made with 32% sample showed baseline resistance
in the range 1.7 — 2.8 kohms, while the device made with 20% sample showed only
127 ohms. Such a variation in interparticle barrier can also imply that the interparti-
cle gap is relatively larger in 32% sample. The fact of the matter is this interparticle
gap (or barrier) controls device resistance change during the volumetric expansion
(or geometric effect) of the nanoparticles. If the gap is large, the geometric effect is
significant; while if the gap is negligible, geometric effect is insignificant. As shown
in the sensing mechanism (Figure 5.5), the palladium nanoparticles in the 32% sam-
ple have good PVP coverage that results in appreciable interparticle gap. This gap
reduces when the nanoparticles undergo volumetric expansion upon hydrogen ad-
sorption, and it likely that some of the particles can come in contact with neighbour-
ing particles during this expansion. Accordingly, the resistance of the device falls
drastically after the initial increase in 32% sample. However, for the 20% sample,
the particles are very close to each other. Hence even if there is volumetric expan-
sion of the nanoparticles, drastic decrease in device resistance does not occur.

In the 0% PVP sample, there is no PVP coverage during synthesis. So, particles
agglomerate at random during synthesis. Further in the devices made with these

agglomerated clusters, the current paths are all shorted. So, occurrence of electronic
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and geometric effects is not possible. For the 20% and 32% samples, the room tem-
perature performance is best. At high temperatures, the performance is deteriorat-
ing. This can be attributed to the hydrogen desorption from the particle surface and

thermal expansion of the metallic nanoparticles.

5.3 CONCLUSION

Palladium nanoparticles synthesized with high molecular weight PVP can impart
different baseline resistance in simple resistive devices. Such difference in baseline
resistance is due to the variation in the interparticle barrier, which has a profound
impact on the nature of hydrogen response. Separate manifestation of the electronic
effect was observed for samples have low interparticle barrier, while dual manifes-
tation of electronic and geometric effects was observed with relatively larger PVP
barrier. The high recovery time is probably due to slow release of hydrogen from
the samples. Also, the synthesized nanoparticles are suitable for room temperature

application.
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Chapter 6

Catalytic nanoparticle purity
(extent of hydrogen contamination)

and resistive device stability

The lifespan of gas sensing devices prepared with catalytic materials such as palla-
dium is reduced by catalytic poisoning. Basically, the repeated use of a catalytic ma-
terial for gas adsorption/desorption purpose can lead to some permanent chemical
reactions, which will ultimately deteriorate the catalytic properties of the material.
This is aggravated if the device operating temperature is high because at elevated
temperature, some permanent chemical changes in a material is likely. Palladium is
an interesting catalytic material and is an excellent hydrogen adsorber. Palladium
nanoparticles (solid) interact with the hydrogen (gas) atoms on their surface during
gas sensing. The hydrogen-palladium solid solution is formed and slowly palladium
hydride (PdHy) is also formed [56]. For a maximum value of y ~ 0.015, the "a-phase”
of palladium hydride is predominant, and the conversion to the "B-PdHy" happens
in the range 0.015<y<0.7 [53]. This B-hydride is a permanent material conversion
and creates problems such as incomplete device recovery. Hence if palladium is
slowly converted to -PdHy its catalytic property will be reduced.

Stable device performance is also affected if there is deterioration of the baseline
resistance. The stable baseline resistance can vary due to many reasons such as cat-
alytic poisoning, mechanical deterioration of the sensing film, excessive moisture
adsorption, efc. In palladium nanoparticle based resistive devices, these factors can
affect the response parameters. Hence studies are necessary to cross check whether
material purity is intact after repeated use and the device performance is more or

less stable after prolonged usage.
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In this chapter, x-ray diffraction (XRD) based strain analysis and very long period
sensing studies are presented in order to establish the fact that palladium nanopar-

ticle based resistive devices are suitable for long term room temperature operation.

6.1 STRAIN ANALYSIS

For this analysis, two category of palladium nanoparticle (NP) based films were se-
lected. The first category of films is based on as prepared palladium nanoparticles;
for the second category the as prepared films were repeatedly tested in hydrogen
ambient in the temperature range RT — 60°C. Both these films were studied by XRD
and the results are shown in Figure 6.1. The three important peaks corresponding to
the planes (111), (200), and (220) are observed in both the XRD pattern. The peaks
in both patterns are slightly displaced with respect to each other. The strain analysis
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FIGURE 6.1: XRD graph of films based on Pd NPs (synthesized with
32% PVP) before and after hydrogen exposure.

is done by plotting a graph between ‘B cos 8" and ‘sin 6’. Here ‘B’ refers to the width
(line broadening) of the peak located at a particular 260 [87, 93]. For three peaks, three

experimental data points are plotted and a best linear fit is done (Figure 6.2). The
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slope of this fitted straight line gives the strain of the material. The strain values
are "0.01005 and 0.01008" corresponding to "before and after" hydrogen exposure. A
very small change in strain is observed and this cannot be attributed to palladium
hydride formation. This is due to the fact that upon hydride formation the inter-
planar spacing will increase and the 260 position will shift towards relatively lower
angle [38]. However, here we observe that the “After H, exposure” data in Figure
6.1 is showing shift in (111) peak towards high angle side. Therefore, this negligible
difference in strain maybe due to the repeated volumetric expansion (geometric ef-
fect) undergone by the palladium lattice during hydrogen sensing. Basically, strain
is a result of disorder and chaos in the periodic palladium lattice. The geometric
effect to some extent is responsible for defect migration in the particles. This leads to
the slight increase in the particle strain in the films after hydrogen exposure. Hence
the above result support the fact that palladium nanoparticle system is not contam-

inated after repeated use in hydrogen ambient.
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FIGURE 6.2: W-H plot for thin films prepared with Pd NPs synthe-

sized with 32% PVP (Mw ~ 40,000): (a) films before hydrogen ex-

posure (b) films after repeatedly testing in hydrogen ambient in the
temperature range RT - 60°C.
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6.2 DEVICE STABILITY STUDY

The resistive devices were exposed repeatedly to hydrogen "ON/OFF cycles" for the
long-term stability study at room temperature. The data for a sample is shown in
Figure 6.3. During this study the hydrogen "ON/OFF cycles" were applied for a
continuous period of 12-hrs per day. Thereafter, the next day the same procedure
was continued for another 6-days. The device response is stable and %response
is showing an appreciable stable value with little deviation (Figure 6.3). Hence it
is apparent that the palladium nanoparticle films developed by the drop casting

technique are quite suitable for repeated use in gas sensors.
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FIGURE 6.3: Long term stability at RT for devices based on palladium
nanoparticle synthesized with precursor - PVP (Mw 8000) ratio= x =
0.45.

6.3 CONCLUSION

The above study was undertaken to clarify few facts: firstly, the catalytic contamina-
tion during palladium-hydrogen interaction; secondly the long-term device stability.
It was observed that the palladium nanoparticle film is not poisoned by repeated use
in hydrogen in the temperature range RT-60°C. Moreover, the device performance
for a very long usage period (~ 200 h) is quite satisfactory. Furthermore, the devices

showed excellent long-term stability after a gap of 30 days from initial testing.
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Chapter 7

Summary, conclusions and future

scope

71 SUMMARY

Pd Nanoparticles having PVP coverage were synthesized by conventional Polyol
method and synthesis parametric variation was implemented with respect to one
parameter i.e., stabilizer (PVP) concentration. The other synthesis parameters such
as temperature, reagents amounts, pH of the solution, efc., were not altered within
the limits of experimental accuracy. The crystallinity, morphology & the hydrogen
response of the nano yield was analyzed with experimental data. In the nano scale,
the factors that control device performance are particle size, shape, dispersity, and
other film properties. Additionally material contamination with repeated usage and
the resistive device performance stability were also studied.

The optimization of PVP concentration was done by (i) varying PVP to precursor
ratio, (ii) changing the molecular weight of PVP (8,000 and 40,000) and (iii) using dif-
ferent washing agents. The PVP quantity variation during synthesis was achieved
by technique (i). HRTEM results show the shape and size variation with chang-
ing PVP to precursor ratio. GAXRD confirmed the formation of polycrystalline
Pd nanoparticles which was also supported by SAED pattern. All these material
characterization results were correlated with the corresponding hydrogen sensor re-
sponse. The resistive device response changed with the change in shape & size of
the nanoparticles. An optimum in the hydrogen sensing was observed for small
sized palladium nanoparticles having octahedron or decahedron shapes. The varia-
tion of dispersity of the nanoyield reveals that a large value of polydispersity index

provides multiple sensing channels in the thin films, which is the cause for excellent
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hydrogen response.

The molecular weight variation as mentioned in (ii) was implemented to understand
the control of this synthesis parameter (PVP) on the nature of hydrogen response. A
relatively larger molecular weight (40,000 Mw) when used in small quantities during
synthesis is unable to provide a high barrier/gap between the nanoparticles. As a
result only electronic hydrogen response was observed. However when high quan-
tities of large molecular weight PVP was used the barrier/gap increased, and both
electronic and geometric responses were observed.

The PVP quantity variation after synthesis was achieved by technique (iii). The ef-
fect of washing agents on the polymeric surface coverage of palladium nanoparti-
cles was verified by GAXRD and hydrogen sensor studies. Solvent such as ethanol
can attack the PVP-palladium attachment and this can lead to the elimination of
PVP during repeated washing. However, water has negligible effect on the PVDP-
palladium bonding. Such elimination of PVP by washing solvent from the palla-
dium nanoparticle surface can lead to blockage of available active sites by native
oxygen impurities during film preparation. Hence the hydrogen response param-
eter for water washed palladium nanoparticles is better than ethanol washed sam-
ples.

GAXRD data analysis (strain calculation) was performed before after hydrogen sens-
ing to confirm the catalytic purity of sensing films. Negligible change in strain en-
sures negligible contamination of the sensing material due to repeated exposure to
hydrogen. Also the device stability with time was confirmed by testing the response
of devices for a very long period. Sensing mechanisms for all case studies have been

proposed and critically analysed with respect to the hydrogen gas sensing data.

7.2 CONCLUSIONS

It is apparent from the results that large palladium chunks have no role in hydrogen
sensing and the PVP amount has an important role in giving proper shape to palla-
dium particles. Moreover the palladium-hydrogen interaction can be correlated to
particle morphology. This study indicates that the material is suited for room tem-
perature application in the field of hydrogen sensors. Specifically, the studies reveal
that PVP (Mw 8000) % = 32 - 45% (with respect to precursor amount) is the suitable

range for low temperature applications, while PVP% = 20% is good for elevated
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temperature applications. Further, if the surface coverage is varied with different
washing solvent, the catalytic activity can also be varied. Interestingly, the PVP sur-
face coverage can increase the device resistance and change the type of hydrogen
sensing pattern (if its molecular weight is increased). This enables the separation of
the "electronic effect" to a large extent. The studies also reveal that relative humidity
can affect the response of sensors based on PVP covered palladium nanoparticles.
Moreover, XRD data revealed that these Pd NP based devices can be used for a long
time period because there is negligible change in strain before and after hydrogen

sensing.

7.3 FUTURE SCOPE

In this study, the response and recovery times are high. So, the ways of improvement
of these times must be evaluated by initiating further modification of the experimen-
tal parameters. The scope of this work can also be improved, if the synthesis tech-
nique and film properties are changed. A new synthesis approach can also impart
better film stability to give relatively better room & high temperature sensor perfor-
mance. The contamination from real field atmosphere was studied by GAXRD and
hydrogen response. However, accurate determination of surface impurities can be
done by adopting in situ spectroscopic studies (such as X-ray photoelectron spec-
troscopy). Such a study can quantify the nanoparticle surface oxygen impurities.
Additionally selective response of palladium nanoparticles towards other gases may
be pursued. Due to experimental limitations these studies were not pursued in the

current work.
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