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ABSTRACT 

The importance of hydrogen as a fuel is going to increase in the future as it has 

a high calorific value and causes no pollution upon conversion to water. However, 

properties such as its flammability, colourlessness, odourlessness and its tendency to 

leak through the smallest of gaps, even between atoms, make its use a dangerous 

venture. Such leaks can lead to the creation of explosive atmospheres, and if they are 

to be kept at bay, then it is essential to have a fast and reliable detection system so that 

appropriate action is initiated. 

ISRO LPSC (Liquid Propulsion Systems Centre) division, deals with liquid 

hydrogen carrying pipelines that stretch over several hundreds of meters. There is 

always the possibility of hydrogen leaking through the pipes, joints, bends or flanges. 

An economical detection system that can be wrapped around such probable areas of 

hydrogen leakage and which can respond to leakages in around a second is needed. 

Presently available technologies are not suitable for this type of application. The 

available detection systems can be broadly divided into two parts: (i) the detecting 

element- it is the active part of the detection system that is sensitive towards hydrogen 

and (ii) the transducer- which converts the sensor-hydrogen interaction into a signal, 

preferably electrical. Detection systems available in the market are based on various 

sensing materials that can transduce hydrogen concentration to an electrical signal. 

Palladium is the most commonly studied material in this aspect. When hydrogen is 

present around palladium, the hydrogen is absorbed into palladium and then forms 

palladium hydride. Palladium hydride has a lower bulk density and higher electrical 

resistance than palladium which leads to changes in volume and electrical properties 

after hydrogen absorption. These changes can be detected if the palladium-based 

detecting element is a part of an electrical circuit. The response time can be further 

reduced if nanostructures are used in the detecting element as they have a higher surface 

to volume ratio. 

In this project, silver nanostructures were formed on a flexible substrate, such 

as paper, by the ‘print – expose – develop’ method. Palladium was coated on silver 

using a modified toning recipe. Furthermore, this process was adapted to Polyethylene 

terephthalate (PET) based overhead transparency (OHP) sheets, by using surface 
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roughening to enhance wettability. Both a flow-through testing setup and a diffusion 

chamber set-up were fabricated in accordance with the ISO 26142 guidelines for testing 

hydrogen sensors. The palladium coated silver nanostructure-based detecting elements 

showed a drop in resistance when exposed to hydrogen, which is attributed to the 

closing of nanoscale gaps due to the expansion of the palladium films caused by the 

absorption of hydrogen. Films with higher palladium content were found to be more 

sensitive to the presence of hydrogen. In the best case, a response time of 38 seconds 

was recorded after exposure to 10.7% of hydrogen. 
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CHAPTER 1 

INTRODUCTION 

1.1 Need for hydrogen detection 

Hydrogen (H2) is emerging as a new source of energy to address the need for alternative 

renewable sources of energy amidst concerns of global warming 1. There are various 

advantages of using hydrogen as the source of energy as it undergoes “clean” 

combustion, and as it is possible to be generated and recycled in a renewable fashion 

using water and solar energy. However, it is highly flammable with its lower explosive 

limit being 4% v/v in air 2. Moreover, it is a colourless, odourless and tasteless gas, and 

so human senses cannot detect it. It is also the lightest element in the universe, which 

means its leakage risk, is high. It might seem that adding some odorant (e.g. ethyl 

mercaptan used in cooking gas) will solve this problem. However, odorants are not 

suitable in case of smelling hydrogen leaks as they are not light enough to ‘travel with’ 

hydrogen or to disperse at the same dispersion rate. Furthermore, odorants can also 

pollute the catalyst of fuel cells, which are very important to the hydrogen economy 3. 

That is why using odorants for detecting hydrogen leaks is a whole new challenge. Also, 

in case of long pipelines carrying hydrogen, adding odorant will not make any sense. 

Hence it is imperative to have a system for fast and reliable detection of hydrogen gas 

in all the areas dealing with hydrogen.  

The history of detecting and monitoring concentration of hydrogen dates back over 100 

years, at filling stations for airships 4. Presently, hydrogen sensing is necessary for areas 

like ammonia and methanol production, the hydration of hydrocarbons, the 

desulphurization of petroleum products and the production of rocket fuels 5. Fuel cells 

can directly convert hydrogen into electricity by combining it with oxygen to produce 

only water and no other harmful emissions. In the future hydrogen can be used to fuel 

vehicles, aircraft and provide power for our homes and offices 6.  

1.2 Need for low-cost, flexible hydrogen detection 

Conventionally, hydrogen is detected using gas chromatography or mass spectrometry 

in the laboratory, and by using handheld sensors in the field. Hydrogen sensors are 
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devices that detect hydrogen gas molecules and produce a signal with a magnitude 

proportional to the hydrogen gas concentration 7. When the H2 molecules interact with 

the detecting element of a hydrogen sensor, some of its properties such as refractive 

index, temperature, mass, electrical resistance and some mechanical properties can get 

changed. These changes are then translated into an electrical signal, typically, by means 

of a transducer.  

Different industries have set desirable timescales on which these changes ought to occur 

so that corrective action can be taken in case of a hydrogen leak. Doing so is essential 

as otherwise, a high enough hydrogen concentration build-up could end in disaster. The 

response time (t90), which is the time taken to typically reach 90% of the final response 

to a change in hydrogen concentration 8, is a significant performance characteristic of 

hydrogen sensors/leak detection systems. Fuel cell car manufacturers desire a response 

time of less than a second as shown in Table 1.1 for hydrogen sensing platforms 9. It 

also lists other desired performance characteristics values.  

Table1.1: Desirable characteristics for hydrogen safety sensors. Reproduced from 9 

Parameter Desired value 

Measurement Range 0.1% - 10% 

Operating Temperature -30 to 80 °C 

Response Time < 1 s 

Accuracy 5% of full scale 

Gas environment Ambient air, 10-98% relative humidity 

Interference resistance e.g. Hydrocarbons 

 

ISRO Propulsion Complex (IPRC, formerly LPSC-Liquid Propulsion Systems Centre) 

division at Mahendragiri deals with liquid hydrogen carrying pipelines that stretch over 

several hundreds of meters. There is always the possibility of hydrogen leaking through 

the pipes, joints, bends or flanges. However, the handheld-instruments presently 
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available are either unwieldy for monitoring corners in pipelines or slow in terms of 

response time to hydrogen or cannot be used online. So, there is a need for an 

economical detection system that can be wrapped around such probable areas of 

hydrogen leakage and which can respond to leaks in around a second.  

1.3 Objectives and organisation of thesis 

 

Figure 1.1: Schematic illustration of a flexible-substrate based hydrogen leak detection element wrapped 

around a flange for remotely monitoring hydrogen leaks. 

The goal of this project is the development of a low-cost, flexible hydrogen detection 

tape for wrapping around liquid hydrogen carrying pipelines and flanges (Figure 1.1). 

IPRC at Mahendragiri handles liquid hydrogen storage tanks and transportation 

pipelines spread over a large area. Detecting hydrogen leakages at various locations is 

essential to ensure the safety of personnel and property. By wrapping a non-flammable 

and flexible sensor/detector around such places, it will be possible to detect leaks in a 

remote manner.  

In terms of contemporary technology being used, NASA employs a chemochromic 

tape, made by a mixture of PdO and TiO2, that changes colour upon exposure to 

hydrogen. If pure hydrogen leaks, such a tape will change colour in a matter of about 

10 s. If it is exposed to 1% H2, then it has a response time of 3 min 10. As such, there is 

ample scope for the development of an indigenous low-cost sensor/detector ‘tape’ that 

can respond to 1% H2 in roughly a second. Non-flammability, rapid response, and 
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insensitivity to contaminants such as CO, CH4, SO2 etc. are the other desired 

performance characteristics.  

An earlier investigation in our group used inkjet-printed percolating silver nanowire 

networks as substrates for palladium deposition using the process of galvanic 

displacement 11. This earlier study had identified a lack of reproducibility in terms of 

response to hydrogen exposure as the critical issue. As it turns out, the reaction of 

Galvanic exchange is reported to be rather complicated and poorly controlled, resulting 

in the formation of 3D palladium islands instead of a uniform overlayer 12. Hence there 

is a need to avoid galvanic displacement reaction and to deposit palladium on silver in 

a uniform layered manner, such that repeatability can be ensured. Another observation 

of the earlier study was the incompatibility of the paper-based substrates with the gas 

sensing test platform used. With these issues in mind, the specific objectives of this 

work were 1) to develop a reliable process for uniform coating of nanoscale palladium 

overlayers onto conductive silver nanostructures, and 2) to design and fabricate a 

hydrogen sensor testing setup as per ISO specifications.  

This thesis is structured into 7 chapters. Chapter 1 provides the background and 

motivation for the work and identifies the specific objectives. Chapter 2 presents a brief 

overview of the literature on hydrogen sensing principles with emphasis on the use of 

palladium-based detecting elements. Chapter 3 provides details of the materials and 

methods used in the experimental study. Chapter 4 describes the development of a 

simple process for uniformly depositing thin palladium films onto silver nanowires and 

the technique for extending the print-expose-develop process of forming silver 

nanostructures to plastic substrates. Chapter 5 highlights the design of the test setup 

according to ISO specifications with readily available materials. Chapter 6 discusses 

the preliminary results obtained using the test setup, and chapter 7 summarizes the 

results of this work and describes avenues for furthering this work towards achieving 

the goal of flexible hydrogen leak detection tapes. 
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CHAPTER 2 

LITERATURE REVIEW 

There are various technologies that are employed for the detection of hydrogen. They 

use different effects observed upon exposure of a certain material to hydrogen, 

palladium being the foremost against them.  

2.1 Metal-oxide based resistive hydrogen sensor 

Metal oxide sensors are commonly used 13 due to the low cost of fabrication, broad gas 

detection capability 8 and reasonable response times (< 20 s) 14. Metal oxides, such as 

tin oxide (SnO2), undergo changes in their electrical properties when they are exposed 

to reducing gases. Such sensors use a metal oxide film coated on an insulating substrate 

material that is electrically contacted by two electrodes (Fig 2.1) 5. Typically, the oxide 

film is deposited on the substrate by means of screen printing followed by heat 

treatment to sinter it. Vapour deposition is another method used to deposit thinner films. 

The sensitive layer consists of an additive layer like Pd or Pt that improves the 

sensitivity of the oxide. A membrane is used to screen gases such as methane to avoid 

cross selectivity. 

 

Figure 2.1: Schematic of metal-oxide based gas sensors. Reproduced from 5 

When in operation, this film is heated to a high temperature, which can be anywhere 

ranging from 180 °C to 450 °C depending upon the metal oxide film that is being used. 
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This heating is necessary to promote the reaction with the reducing gas and remove 

water formed in the reaction thereafter. The measured resistance of the detecting 

element changes as this reaction happens, which ultimately depends upon the 

concentration of the reducing gas available in the surrounding environment. A 

reasonable approximation of this dependence of resistance of the sensor element on the 

concentration of H2 or any other reducing gas is given by: 

R(c) = a*c*b 

Here, c is the concentration of the reducing gas, and a and b are sensor specific 

constants. 

The resistance change is calibrated in terms of the concentration of this gas, which is 

present in the environment. A sensor that is commonly available in the market that uses 

this technology is an MQ-8 hydrogen sensor.  

 

Figure 2.2: MQ 8 hydrogen sensor module. Reproduced from 15  

It uses tin oxide (SnO2) as the gas-sensitive metal-oxide layer. Reportedly, the reaction 

involved therein happens in two steps 5. The first involves adsorption of oxygen on its 

surface, which decreases its surface conductivity. Then in the second step, hydrogen, if 

any, reacts with the adsorbed oxygen and the product is water vapour due to heating of 

the metal oxide film.  

O2   +    2 e-                                  2 O-
ads 

 

H2     +   2 O-
ads          H2O   +     e- 

The reduction of hydrogen releases electrons into the conduction band of the tin oxide 

that makes it an n-type semiconductor with increased conductivity. The concomitantly 

decreased resistance is then correlated in terms of hydrogen concentration.  
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Disadvantages of these types of sensors are that they are cross-selective to other gases 

such as CO, CH4, alcohols etc. They consume more power owing to the high operating 

temperature required 13. They also require the presence of oxygen for their functioning. 

2.2 Combustible gas sensor 

Hydrogen has a standard heat of combustion of 141.9 kJ/g, making its combustion a 

highly exothermic reaction. If such a reaction is carried out on the surface of a suitable 

catalyst, then the heat liberated can be used to detect the presence of hydrogen in the 

environment. The combustible gas sensors target this property for hydrogen sensing. 

For instance, a pellistor (pellet + resistor) type hydrogen sensor uses two platinum coils 

embedded in a ceramic bead or “pellet” (usually Al2O3) 
5.  

 

 

Figure 2.3: Schematic of a combustible gas sensor. The active and inactive pellets form a part of a 

Wheatstone bridge, the imbalance in which is used to sense hydrogen. Reproduced from 5 

 

The metallic coils work as heaters as well as being resistance thermometers. However, 

the surface of only one of those beads is activated with a noble metal like platinum or 

palladium. The other pellet has no catalyst. Both the beads are a part of a Wheatstone 

bridge circuit. During operation, electric current is passed through both the coils which 

cause them to heat up to nearly 300°C. In this condition, hydrogen molecules are 

chemisorbed on the catalyst and become oxidized (in the presence of oxygen), to form 

water. This is an exothermic reaction that leads to the liberation of heat. The heat causes 
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a change in electrical resistance of the activated coil. It leads to a disturbance in the 

Wheatstone bridge circuit which constitutes the sensor signal. This is a well-developed 

technology, and these types of sensors are widely available. They work until hydrogen 

concentrations of 4%. They need to be calibrated from time to time to account for their 

drift. However, their disadvantages are that they are also cross selective to other 

combustible gases such as hydrocarbons and carbon monoxide. The catalysts are also 

susceptible to poisoning from inhibitors. 

2.3 Thermo conductivity sensors 

These sensors utilize the difference in thermal conductivity between a reference 

environment and that of the gases to be measured. Thermal conductivity detectors 

measure the concentration of a gas in a binary gas mixture by comparing it to the 

thermal conductivity of a selected reference gas 8. 

 

 

Figure 2.4: Schematic of a thermal conductivity-based gas sensor. Reproduced from 8 

 

In this sensor (Fig. 2.4), there are four ultrastable, precision glass coated thermistors. 

One pair is in contact with the sample gas and the other in contact with the reference 

gas (like chlorine in a sealed chamber). The thermistors are mounted so that they are in 
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close contact to the walls of the gas chambers. The whole cell is temperature controlled, 

and the thermistors are heated to an elevated temperature in a constant current 

Wheatstone bridge, like the pellets, are used in the combustible gas sensor. The 

thermistors lose heat to the walls of the gas chambers at a rate that is proportional to 

the thermal conductivity of the gas surrounding them. Hence each thermistor will have 

a different equilibrium temperature. The sensor will detect any gas that will alter the 

thermal conductivity of the gas chamber. In this way, a disturbance will creep into the 

Wheatstone bridge, which will then cause the sensor to give a signal. 

2.4 Metal-based Resistive sensors 

Like metal-oxide based sensors, this category of sensors employs pure metals or their 

alloys for detecting/sensing hydrogen. Palladium is most noted for its ability to 

selectively absorb hydrogen at ambient conditions, resulting in a change of electrical 

properties, refractive index, volume etc. On exposure of palladium to hydrogen, its 

resistance typically increases, due to the formation of palladium hydride. For a given 

set of conditions, palladium hydride has a higher electrical resistance than pure 

palladium.  

All the technologies discussed so far have some strong points along with some 

shortcomings. These have been listed in Table 2.1  
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Table 2.1: Advantages and disadvantages of common hydrogen detection technologies. Reproduced from 

16 

Hydrogen 

detection 

technologies 

Transduction 

mechanism 

Advantages Disadvantages Application 

Combustible  

gas  

Catalytic 

combustion 

(ΔR induced 

by ΔT) 

Robust Cross-

sensitivity 

Industry 

standard; 

Petroleum 

industry, 

infrastructure  

Thermo-

conductivity 

Heat transfer 

(ΔR induced 

by ΔT) 

Fast 

response 

time 

Non-selective Modelling 

studies;  

vehicles  

Metal oxide (ΔR) 

semiconductor 

doping  

Low cost 

versatile 

Reputation for 

instability, 

requires heating  

Containers 

Palladium 

thin film 

Selective H2 

absorption 

Selectivity Prone to 

poisoning 

Petroleum 

industry; 

specialized 

applications 

 

2.5 Chemochromic Leak Detectors 

The issue with the above-mentioned types of sensors is that as far as leak detection 

(which is the focus of this work) is concerned, they cannot reliably and accurately home 

in on the exact location of the leak. It is for this purpose that a different type of hydrogen 
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leak detector was developed for NASA, to be used at Kennedy Space Center (KSC) 

launch pad 17.  

 

Figure 2.5: Chemochromic hydrogen leak detector tape wrapped around a flange of a pipe carrying H2 

at KSC, Florida. The colour of the tape changes from beige to dark grey upon exposure to H2. Reproduced 

from 10  

 

It is a chemochromic detector that can change colour upon being exposed to hydrogen. 

It is flexible, unlike the above said solid state detectors, and hence can be wrapped 

around probable areas of leakage. In case of a leak, it changes colour, indicating that 

the leak has occurred very near to it. This enables to accurately home in on the leak. 

The detecting element is based on a mixture of PdO and TiO2 which is the pigment as 

well as a protective coating. It is incorporated into a base polymer matrix. Such types 

of detectors can be made into any polymer part such as injection moulded plastic parts; 

fibre spun textiles or extruded tapes.  

The resulting detector tapes were found to be irreversible in terms of their colour 

change, once exposed to hydrogen. They are found to be inexpensive, portable, and 

require no external power source for operation since they are devoid of any electronics. 

The colour change is noted by on the site inspection. That constitutes one disadvantage 

of these types of tapes, in that they can only be checked for leaks after the process has 

stopped. However, they are the most suitable technology compared to other 

contemporary ones discussed earlier as far as leak detection along pipelines is 

concerned. 

This analysis of the literature reports suggests that a new type of detector is needed, 

different from the solid-state detectors commonly used, for accurately and reliably 
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locating leaks. The advantages of using palladium, compared to other materials used 

like metal oxides, for instance, are its selectivity for H2, fast response time, operation 

at room temperature and low power consumption. Such palladium-based sensors can 

easily achieve the sensor requirements, at the same time not being affected by other 

gases and have been studied widely. Furthermore, the electrical resistance-based 

hydrogen detection has several advantages compared to other technologies such as 

overall performance level, the simplicity of detector structures, miniaturization, 

manufacturability and compatibility of sensor fabrication process with existing 

manufacturing process 18. 

2.6 Response mechanisms of palladium-based sensors 

Two modes of response mechanisms have been identified for palladium-based sensing 

of H2 
19:  1) Typically, in continuous palladium-film based sensors, the hydrogen 

molecule dissociates into atoms upon adsorption. These hydrogen atoms are then 

absorbed into the palladium lattice to form hydrides, which serve as scattering centres 

for electron transport. This scattering, in turn, increases the resistance of the palladium 

detecting element. In this mechanism, the measured resistance increases with an 

increase in the H2 concentration (Fig. 2.6). 

 

 

Figure 2.6: Schematic illustration of the increasing resistance mechanism for hydrogen sensing. 

Reproduced from 19 
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2) In nanostructured palladium thin film sensors, the structures have ‘nanoscale-gaps’ 

between them, and upon exposure to hydrogen and its subsequent absorption, there is 

a 3.5% volume expansion due to the influx of H atoms into the palladium lattice. This 

expansion causes the nanoscale-gaps to close, thereby making possible the flow of 

current, just like a switch in ON state. Thus, on exposure to H2, these types of sensors 

show a decrease in resistance (Fig. 2.7). Sensors undergoing such a mechanism upon 

exposure to H2 have a faster response than the ones undergoing an increase in 

resistance, as the additional step of phase change of absorbed hydrogen into palladium 

hydride is not required in the case of nanoscale-gap based hydrogen sensors. 

 

Figure 2.7: Schematic illustrating nanoscale-gap closing mechanism for hydrogen sensing. Reproduced 

from 19 

2.7 Silver-palladium alloy-based materials for hydrogen detection 

Nanostructured palladium thin films facilitate hydrogen adsorption as well as 

desorption, thereby finding use in areas which are prone to hydrogen leakages 

frequently. However, pure Pd when exposed to H2 undergoes volume expansion due to 

the higher lattice constant of palladium hydride. This repeated volume expansion and 

contraction of Pd can lead to embrittlement of pure Pd film-based hydrogen sensors 

over time, even for 100 nm thick palladium films on cyclic exposure to 2% H2 (Fig. 

2.8). Thus, the usage of pure Pd in the form of films places the reliability and accuracy 

of such sensors at risk due to the occurrence of such irreversible structural deformations 

18. One of the solutions is to use the alloys of Pd such as Pd-Mg, Pd-Au, Pd-Ag and Pd-

Ni. Among these, the Pd-Ag system and its interaction with hydrogen have been studied 
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extensively. It has a high hydrogen selectivity as well as permeability higher than pure 

Pd, even at low H2 pressures of several tens of torr. Studies using a kinetic simulator 

revealed that Pd-Ag alloy has a lower H2 absorption capacity than pure Pd, which 

implies that this alloy is expected to have a faster response time and a lower H2 detection 

limit. The alloying will also help overcome the problem of hydrogen embrittlement 

seen in pure Pd. All these properties make Pd-Ag an attractive choice for use as a 

detecting element 20. 

When pure palladium and its gold, platinum and silver alloy membranes (25 µm thick) 

were tested at 350 °C and 300 psig 21, it was found that the Pd-Ag alloy shows 

remarkably high permeability towards H2, almost 1.73 times that of pure Pd, higher 

than any other Pd alloy, at an optimum Ag loading of 23 wt%. Also, this Pd-Ag alloy 

was dimensionally stable and was not damaged upon H2 cycling 22.  

 

 

Figure 2.8: Electrical resistances and the corresponding sensitivities of a 100 nm-thick Pd thin film in 

response to (a) 1% H2 and (b) 2% H2 at room temperature. (c) Film morphologies at the steps indicated 

by the respective symbols in (b). Reproduced from 18. 

 

From the perspective of low-cost fabrication, it is easy to fabricate silver nanostructures 

on flexible substrates. The halide salts of silver are sensitive to light; hence 

nanostructures can be made from silver using the print-expose-develop process. 

Thermodynamically also H2 absorption is most favoured with the Pd-Ag system 23.  
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Ag-Pd bimetallic system is on par with pure palladium films at selectively absorbing 

H2. However, recalling the requirements for a sensor with fast response time, it is also 

necessary to consider the kinetics of this process of hydrogen absorption. The first step 

in the formation of any metal hydride is the dissociation of H2 into H atoms on the metal 

surface. Palladium can do it with minimal activation barrier at ambient conditions as 

compared to other metals that need increased hydrogen pressures or temperature 24,25. 

The mechanism for H2 absorption is schematically shown in fig 2.9 26. Upon exposure 

of palladium to H2 (Fig 2.9(a), the gas molecules get adsorbed on the surface of 

palladium (Fig 2.9(b)) and thereafter get dissociated into individual atoms (Fig 2.9(c)) 

27. The hydrogen atoms continue moving by diffusion through high diffusivity tracks 

like grain boundaries, dislocations or even by vacancy exchange mechanism 28–31 and 

ultimately occupy an octahedral interstitial site in the Pd lattice (Fig 2.9(d)), which 

means the number density of defects in palladium lattice will decide its H2 uptake 

capacity 18. Thus, palladium gets converted into palladium hydride, with the H 

concentration ultimately determining whether it is in the α phase or β phase or a mixture 

of both. If the thickness of Pd film is above a certain ‘critical’ thickness, the bulk 

diffusion is the rate determining step, whereas in nanostructured films having a 

thickness less than the critical thickness, the hydrogen absorption rate of Pd is limited 

by other processes. Modelling studies 32 show that at temperatures above approximately 

573 K for clean Pd, this critical thickness is about 1 µm. In the case of nanowire 

morphology, it has been found that the surface reactions such as H2 adsorption and 

desorption are the rate-limiting step 33. 

 

 

Figure 2.9: Schematic illustration of the mechanism of formation of metal hydrides by dissociative 

adsorption and diffusion. Reproduced from 26 

 



16                                                                                                                      Chapter 3 

 

 

To summarize, it is desirable to fabricate a hydrogen sensor using Ag-Pd based 

detecting element in the nanoscale regime, so that: 

1) H2 diffusion in bulk Pd that causes its embrittlement can be avoided 

2) Due to the larger surface area to volume ratio in the nanoscale regime, a faster 

response can be obtained as compared to bulk films.
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CHAPTER 3 

MATERIALS AND METHODS 

This chapter describes the protocols used for fabricating and characterizing the 

hydrogen detecting elements.  

3.1 Silver nanostructure formation using inkjet printing 

Silver nanostructures were printed on drawing paper using a print-expose-develop 

methodology 11. An inkjet printer available commercially, HP 1010, was used for 

printing aqueous solutions. HP 802, small black cartridges, were broken open and the 

ink was washed away completely using normal water. MS Powerpoint was used for 

generating patterns to print. The printer settings were kept as: “Photo paper with best 

quality” and “High-quality grayscale”. The average volume per print was found by 

printing DI water and weighing the cartridge before and after printing, which came out 

to be ~1.2 µL/cm2. For generating silver nanostructures. two separate cartridges are 

filled with 0.5 M AgNO3 (99.9%, SD Fine Chemicals Ltd) and 1 M KX. Here KX is a 

mixture of KBr (>99%, SD Fine Chemicals Ltd) and KI (>99%, Merck) in 95:5 weight 

ratio. Both the solutions were sonicated in an ultrasonicator (Branson 2510E, 42 kHz) 

for 5 minutes, to dissolve the salts properly, which also helps in avoiding cartridge 

clogging. The solutions were printed alternately, starting from KX, three times (KX – 

AgNO3 – KX – AgNO3 – KX – AgNO3). The cartridge is filled with roughly 120 µL 

of solution, as the area required to be printed was taken as 6 squares of 16 cm2 area 

each, with cartridges printing 1.2 µL for every square cm. Exposure involved keeping 

these printed patterns at a distance of 50 cm below a halogen lamp for 15 min 

immediately after printing. D-76 developer was prepared and used for developing the 

exposed silver halide patterns. 1 L of this developer consists of 100 g sodium sulphite 

(97%, SD Fine Chemicals Ltd), 2 g metol (99%, SD Fine Chemicals Ltd), 5 g 

hydroquinone (99.5%, SD Fine Chemicals Ltd) and 2 g borax (98%, Fisher Scientific). 

The patterns were developed for 15 min. After developing, the patterns were washed in 

DI water for 10 minutes to rinse off the developer. These printed squares were stored 

in plastic covers and kept in the dark for future use. 
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The printed squares were cut in smaller pieces of 1 cm by 1 cm sizes to be used further 

for toning. These squares, once toned with Pd, are called as detecting elements in this 

report. 

3.2 Pd toner preparation 

The toner solution was prepared by adding 167.9 mg of citric acid monohydrate (99.5% 

SD Fine Chemicals Ltd) in 20 mL DI water followed by 14.1 mg of PdCl2 (99.9%, 

Sigma Aldrich). The PdCl2 takes a couple of hours to dissolve completely. This solution 

is referred to as “standard toner” or “normal toner” in this report. 

To prepare coffee-added toner 15.9 mg of ‘Bru Instant’ was added per mL of normal 

toner, well-mixed and allowed to stand for 1 h. The coffee-added toner is then ready to 

use after this waiting period. Once toning is done with, the substrates are washed in DI 

water for 10 minutes to remove the excess toner. 

3.3 Citric acid pre-treatment 

Citric acid pre-treatment involves preparing a 20 mL solution having 328 mg of citric 

acid monohydrate in DI water. Then the silver nanostructure patterns are immersed, 

face first, into this solution.  It is kept for 1 h in this way if paper-based Pd toning is to 

be done. Preliminary experiments showed that to obtain sufficient palladium deposition 

on OHP substrates citric acid pretreatment must be carried out for 18 h.  

3.4 Method of resistance measurement by multimeter: 

A two-probe multimeter was used for this purpose. The leads were placed 1 cm apart 

from each other, and the resistance was measured along any diagonal. 

3.5 Material Characterization 

FESEM imaging: All the samples of detecting elements were washed with DI water, 

dried and desiccated for 12 hours prior to FESEM imaging. All the samples have been 

sputtered with gold with a sputtering time of 80 seconds and a sputtering current of 20 

mA to facilitate EDX analysis. The samples were scanned in a few different areas, and 
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the EDS elemental analyses have been averaged for at least 4 different regions in any 

given sample 

Optical profilometry: Plastic OHP substrates were prepared by cleaning in acetone 

and then DI water. They were dried and sputtered with gold for 200 seconds at a 

sputtering current of 20 mA to form a reflective coating on the surface. 

XPS: Samples for XPS were prepared by cutting small pieces of detecting elements, 

sticking them on a piece of carbon tape, which is then stuck on a larger piece of OHP.  

UV-Vis spectrophotometry: The standard toner sample was prepared by first 

preparing the normal toner as mentioned previously. UV- vis spectrophotometry was 

performed on it by taking 200 µL of this solution in a quartz cuvette and then adding 2 

mL of DI water to it. The UV-Vis spectrophotometry of the coffee toner solution was 

performed as below: 

(i) 1 mL of the coffee toner was prepared by the method mentioned earlier. 9 mL of DI 

water was then added to it.  

(ii) 10 µL of this solution was taken in the cuvette, and further 3 mL of DI water was 

added to it. 

3.6 Detector testing setups 

   As per ISO 26142, hydrogen sensors can be tested for their performance viz. 

sensitivity, response time, recovery time etc. in two types of setups. This report 

emphasizes testing the detecting elements by both the methods mentioned in ISO 

26142, as both offer distinct advantages 

3.6.1 Flow-through setup 

Here, the response time of a sensor is characterized under dynamic conditions and is 

reliant on the convective transport of the test gas to the sensor's detecting element 34.  
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Figure 3.1: (a) The test manifold consists of a 25 mm ID pipe on which the flanges carrying the 

sensors/detectors are mounted, while gas passes through it (b) The entire flow through setup has 

temperature and humidity meters, test gas selectors, switches as per ISO standard 35 

 

The flow-through mode allows one to check the performance of the sensor in pipelines. 

There are various industries and power plants that have such scenarios. The hydrogen 

concentration in such pipes can vary from time to time, depending on the process 

concerned, and hence it becomes critical to monitor continuously so that the 

concentration does not exceed the specified limit. Thus, this method allows 

continuously varying the hydrogen concentration online and measuring the response. 

The diffusion chamber scenario, on the other hand, may be visualised as mimicking the 

scenario in pressurized hydrogen storage vessels, and wherein any leakage is desired to 

be detected as quickly as possible. This method is most preferred for measuring the 

response time of the detecting elements for most practical applications.  

Figure 3.2 shows the as-fabricated flow-through setup. It consists of a 1" ID SS pipe 

with two T-joints, meant to house the detecting element. The T – joint holds a flange 

that has the detecting element, developed in the laboratory, placed between the upper 

and lower halves of the flange.  
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Figure 3.2: (Left) Detecting element in test manifold. (Right) Sensor housing flange 

 

 

 

 

 

 

 

Figure 3.3: (Left) O-ring seal used in sensor holding flange. (Right) Keithley 6221-2182A used to 

measure sensor response 

 

An O-ring kept in between both the flanges acts to keep the flowing gas from leaking 

out of the system. A piece of overhead transparency is used as a support for the 

detecting element so that it does not flutter when gas passes over it. Copper tapes extend 

out of the flanges and provide an electrical extension to the small (usually 1cm × 1cm) 

detecting element. The response from this detecting element is recorded by connecting 

it to a Keithley 6221 – 2182A current source – nanovoltmeter combination. The 

Keithley 6221 current source can source a constant current ranging from 0.01 A down 

to nanoampere level. The 2182A nanovoltmeter can measure the resulting voltage 

changes that happen across the detecting element. Upon sourcing of current pulses by 
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performing a pulsed delta test, the data can be read into a remote PC through an Ethernet 

cable. The resistance vs time plot can subsequently be plotted to get an estimate of the 

sensor response with time. 

There are digital temperature and humidity meters installed at the beginning and end of 

the test section as is instructed by the ISO guidelines. Pressure gauges are also fixed at 

the inlet and exit likewise. An Athena Technology© ATH - 300 H2 generator produces 

hydrogen by electrolysis of a ‘caustic’ KOH solution. Nitrogen from a cylinder is mixed 

with it in a T-junction before entering the test section. The flow rate of H2 relative to 

that of N2 can be used to determine the concentration of H2 in the gas mixture. By ideal 

gas law, the flow rate is related directly to the molar flow rate.  

   It is vital to leak-proof the system as much as possible for two reasons mainly: (i) 

Loss of valuable H2 and N2 gas to the surroundings. (ii) The measured flow rates in the 

rotameter will be higher than the actual flow rate in the pipe leading to higher residence 

time which cannot be determined. Sources of leaks in the pipeline were found to be: (i) 

Temperature and humidity meter (× 2), ports of which were slightly larger than the 

probe diameter of the meters leading to gas leakage.   For the first part, a rubber band 

stuffed in the gap between the meter probe and the inner wall of the meter port held the 

meter tightly in place. For sealing the gas flow leaking through this rubber band, a 

ziploc® bag with a hole that was just big enough to allow the meter's bolt to pass through 

was fitted along with the port in the pipe. The ziploc® bag was locked, during gas flow. 

Gas flow caused the bag to be filled first. When the pressure in the main pipe became 

equal to the pressure in the bag, no more gas would then flow in the bag, and convective 

flow occurs through the pipe after that, as long as there was at least one exit in the pipe. 

Sealing of the other meter was done in the same way.  



Chapter 3  23 

 

 

 

Figure 3.4: Ziploc bag used to seal the temperature and humidity meter port 

3.6.2 Diffusion chamber setup 

This setup measures the response time of sensors under static conditions and relies on 

the diffusion of the test gas to the sensor's detecting element.  

 

Figure 3.5: (a) The diffusion chamber setup consists of a box containing a circulatory fan facing the gas 

inlet (marked with arrow) and a sensor housing box which holds the sensor. (b) The sensor housing box 

holds the sensor which is sealed from the external using a rubber film which can be cut from outside the 

box [Reproduced from 35] 

 

To prepare this setup, acrylic sheets were used to make a box of dimensions 50 cm × 

33 cm × 33 cm. Till the box attains desired H2 concentration, H2 gas continues to fill. 
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A smaller plastic box meant to be used as the sensor holding box is kept inside this box. 

A circulation fan having a flow rate capacity of at least 0.48 m3/s is recommended to 

be used 36. For this purpose, a Havells I-cool 180 mm fan is used which has a 

manufacturer specified flow rate of 0.66 m3/s. Ports are made in the wall of the bigger 

box for wire connections. A temperature and humidity meter is kept inside the box for 

monitoring the conditions in there. 

 

 

Figure 3.6: (Left) Diffusion chamber setup for sensor testing containing circulation fan and sensor 

holding box. (Right) Wires from Keithley 6221-2182A to measure the signal from the sensor 

 

The smaller box has a hole at its top from where gases will flow directly onto the 

detecting element. The signal from here will be measured by the Keithley 6221 - 2182A 

system. The idea here is to try to emulate a sudden leak in the system. A heavy plate 

kept on a small piece of natural rubber and an O-ring is used to block the hole from the 

outside environment. As H2 is flowing in the bigger box, the fan is kept on for 

homogenising the environment. After some time, when the required amount of H2 has 

come into the box and become thoroughly homogenised, the fan is switched off. Then 

the heavy plate kept on top of the smaller box is slid off with the help of a lever from 

outside the box, so that the hole is suddenly exposed to the H2 gas, thereby mimicking 

a leak. 

3.7 Using the Keithley 6221-2182A equipment 

The work done until now in this project involves preparation of the detecting elements 

only. The electronics involved therein are not developed till now. Hence there must be 

a way to connect the paper/plastic-based detecting elements to some electronic 
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equipment that can translate the changes occurring in this element to some electronic 

signal that can indicate presence or absence of hydrogen. The palladium involved in 

this detecting element upon exposure to hydrogen can respond in several ways such as 

a change in electrical resistance, optical properties like refractive index, size expansion 

etc. Out of these methods, the method to detect a change in electrical resistance was 

favoured as it is better suited for the purpose of detecting hydrogen leaks remotely from 

the pipelines at ISRO, Mahendragiri. It is also easier to fabricate compared with the 

other sensing technologies. Hence it was desired to measure the changes in electrical 

signals as the method to proceed for hydrogen sensing. The detecting elements 

developed undergo changes in electrical resistance upon exposure to hydrogen 

environment. In either mechanism of hydrogen sensing, i.e. resistance increase due to 

the formation of palladium hydride, or resistance reduction due to nano-gap closing, 

which can be measured accurately by supplying a constant current through the element 

and measuring the voltage fluctuations resulting thereon.  

The Keithley 6221 is a current source that can maintain DC currents from as low as 0.1 

pA to 105 mA. It has a high sourcing accuracy and built-in control functions which are 

best suited for resistance measurements in fields of nanotechnology for instance. It can 

be combined with 2182A nanovoltmeter, which can be treated as a single instrument 

that can not only supply constant current in a variety of tests but also record and store 

the corresponding voltage readings in synchronization with each other individually.   

The reference manual for Keithley 6221 current source 37 was followed to set up the 

instrument tests. The two instruments were combined using an RS-232 cable and a 

Trigger link (8 pin DIN male to the male connector) cable. The power cables were also 

connected thereafter to the power outlet. A BNC to alligator clip connector cable was 

attached to the 6221, while a 2107 input cable was connected to the front of the 2182A 

nanovoltmeter as indicated in the manual 38. Alligator clips were screwed at the end of 

the copper lugs of this cable to provide means of contact with the detecting element. 

The 6221 comes with a buffer which is memory storage, that can store the readings sent 

to it by the 2182A over the RS-232 cable. It can store up to a maximum of 65536 

readings. There was a need to record data from the 6221 into a remote PC because the 

readings had to be reported further. Hence an Ethernet cable was used to establish a 
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connection with the laptop, in this case. There is a need to set the IP address, Subnet 

and the Gateway of the instrument whenever it is supposed to be used for remote 

operation with a PC. The method to do that is shown in Appendix A. The software that 

was used for this project are listed below: 

1) Keithley configuration wizard 

2) Keithley communicator 

3) KI 6220 example software 

All the software can be downloaded from the www.tek.com website. 

The first one, i.e. the Keithley configuration wizard is used to establish new or edit 

existing configurations in terms of the instrument type, communications bus type, 

instrument addressing information, and communications settings. The second one is 

used to send commands from the PC to the combined 6221-2182A instrument when 

remote operation is being used. It also serves as a platform for getting the readings 

stored in the buffer. The third is not so much used in this project apart from getting 

readymade SCPI programs to feed to the instrument in the communicator. After setting 

up the instrument, a pulsed delta test was chosen as the desired test method for 

measuring voltage readings. The pulsed delta method passes pulses of current in the 

intervals of milliseconds to microseconds, to avoid Joule heating of the detecting 

element. The program that was used is provided in Appendix B.  

The readings obtained thereafter are stored in the buffer, which can be obtained in the 

PC after the test is complete, through the communicator.  

3.8 Test calculations 

3.8.1 Test gas concentration 

Test gas concentration in the flow through setup was found out by finding the volume 

fraction of H2 in the test gas i.e.mixture of both H2 and N2. Since the gases are at 

ambient temperature and just above atmospheric pressure, it is safe to assume ideal gas 

law for both H2 and N2, since their first virial coefficients (Z0) are ~1 (1.02 and 0.98, 

respectively). As a result, their volumes are additive. For instance, H2 at 300 mL/min 
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and N2 at 4 L/min will give H2 concentration (%) in the test gas as (0.3) * 100 / (0.3 + 

4) = 6.98 %.  

In the diffusion chamber setup, the test is performed in air. H2 inlet flow rate is fixed at 

300 mL/min. It is kept on for 3 minutes. Assuming the chamber is leak proof to H2 over 

the duration of the test and H2 being at atmospheric pressure, the H2 concentration (%) 

is calculated as: 

(Flow rate of H2) * (Filling duration) *100 / [((Flow rate of H2) * (Filling duration)) + 

(Volume of air in the box)] 

Volume of air in the box is taken as the internal volume of the box, i.e. 33*33*50 cc = 

54.45 L 

Hence H2 is kept on for 3 minutes at 300 ml/min, the concentration of H2 (%) in the 

diffusion chamber for that particular test would be: 0.3*3*100/[(0.3*3) + 54.45] = 

1.62% 

3.8.2 Response time 

The response time for any test, that has been used in this report is calculated as: 

(i) finding the time required to reach 90% of the minimum value of the sensitivity signal 

from the stable baseline recorded in any given test, regardless whether that signal has 

saturated or not. The graph in Fig. 5.3 (h) saturates just before switching off hydrogen, 

after which it drops again. The response time for this has been calculated based on the 

first drop taken as the minimum value. Since the second drop is a feature of the test 

setup and not the detector, it has not been considered for response time calculations. 

(ii) subtracting the time until which no H2 has been introduced in the system, from (i),In 

case of diffusion chamber this is the time until which the lid on the housing hasn’t been 

removed.  

 

 

 

 



28                                                                                                                      Chapter 3 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 4  29 

 

CHAPTER 4 

PALLADIUM DEPOSITION ON SILVER NANOSTRUCTURES 

4.1 Palladium deposition using photographic toning recipe 

   The driving force for the Galvanic exchange reaction is the higher reduction potential 

of Pd2+ ions as compared to Ag+ ions, leading to the displacement of Ag+ ions into 

solution to form AgCl and subsequent formation of Pd0 clusters unevenly on top of 

silver nanowires. However, if the silver is protected by some molecule that can reduce 

its dissolution by palladium, or if the PdCl2 solution is reduced beforehand so that all 

the Pd2+ is reduced to Pd0 and deposited on the silver nanowires, then it might render a 

more uniform coating of palladium on silver. In photography, toning refers to either 

replacement or coating of the outer layer of silver with another more noble metal, for 

both enhancing the longevity of the image and changing the tone (fig. 4.1 39) of the 

print. So, we used a standard palladium ‘toning’ solution, consisting of 3.98 mM of 

PdCl2 and 80 mM of citric acid monohydrate. Citric acid has a moderate reducing power 

in that it enables reduction of palladium at room temperature, thus facilitating the 

process of toning. Also, since it has a strong interaction with metals, it can help reduce 

the dissolution of silver by galvanic displacement 12. This recipe for the ‘toning’ 

solution is used in ‘kallitype’ printing, wherein the developed silver-based photographs 

are toned with different solutions such as platinum, gold, iron, palladium etc. 40.   

 

Figure 4.1: Colour photograph (left) and its sepia toned version (right) Reproduced from 39 
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Silver nanowires were obtained on paper as described earlier (see Section 3.1). After 

drying the paper, the silver part was cut into squares of 1 cm by 1 cm and dipped into 

the toner solution kept in plastic bottle caps, as shown in fig 4.2. The part which is 

under the clip is the printed part of the square, on which deposition is desired. No part 

of clip dips inside the toning solution. 

 

 

Figure 4.2: Setup for holding 1x1 cm2 substrates of silver nanowire on paper for Pd toning. The blue cup 

holds the toning solution while the clips hold the paper substrate 

 

Figure 4.3 shows silvery flakes floating on the surface of the toner solution after 3 h. 

This suggests that galvanic displacement was not suppressed by this recipe. The toning 

duration was kept this long just for this sample, to unambiguously capture these silvery 

flakes, which indicate that the Pd deposition is galvanic in nature.  

 

 

 

 

 

Figure 4.3: Silvery flakes are seen floating on top of the toning solution after 3 hours of dipping the 

substrate in a standard toner solution. 

4.2 Addition of Instant Coffee Powder to Suppress Galvanic Displacement 

To avoid galvanic displacement of silver by palladium, there is a need for reduction and 

stabilization of Pd2+ ions. Coffee powder contains caffeine/polyphenols that can act as 
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both reducing and capping agent to form palladium nanoparticles 41. Caffeine 

polyphenols can also form complexes with metal ions in solution that can suppress 

galvanic displacement reaction. Based on preliminary experiments, 159.1 mg of Bru© 

instant coffee powder was added to 10 mL of the toner solution, mixed well, and 

allowed to stand for half an hour to form a palladium nanoparticle solution. The pH of 

the toning solution did not change significantly upon adding coffee powder to the 

solution and was estimated to be in the range of 2-3 based on the use of pH indicator 

papers. UV-visible spectroscopy shows that the absorption peak near 412 nm 42, 

attributed to the presence of Metal-Ligand Charge Transfer (MLCT) in palladium 

chlorohydride (formed by partial hydrolysis of palladium chloride) disappears after the 

addition of coffee (Fig.4.4). The disappearance indicates that either the Pd2+ has been 

reduced or that the chloride ions complexed with Pd2+ have been displaced after the 

addition of coffee powder. Gouda et al. 41 have shown TEM images confirming the 

presence of palladium nanoparticles 30 min after the addition of instant coffee powder 

to palladium chloride solution.  

 

 

Figure 4.4: UV-Visible spectra of standard toner solution, and coffee-added toner solution. 
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Figure 4.5: SEM-EDX measurements from the coffee-added toner sample fail to detect the presence of 

palladium. 

However, when silver nanowires were dipped into this coffee-added toner solution, the 

presence of palladium could not be detected by EDX measurements (Fig. 4.5). We 

attribute this to the absence of a driving force for Pd nanoparticles to deposit onto silver 

nanowires from the toner solution unlike in galvanic exchange, wherein the difference 

in electrochemical potential drives the movement of Pd2+ ions onto Ag surface.  

It is known that citric acid or citrate ions can adsorb on a metal surface via carboxylate 

groups 43. The standard palladium toning solution has citric acid as one of its 

components to enhance the surface adsorption of palladium by electrostatic interactions 

with adsorbed carboxylate groups, and this step is a precursor to galvanic exchange. 

We hypothesized that the extent of surface adsorption of citrate may be negligible in 

the presence of coffee powder, and so, if the silver nanowire paper is pre-treated with 

citric acid then the adsorbed carboxylate groups can provide an electrostatic driving 

force to attract the palladium nanoparticles onto the silver nanowires. Based on this 

hypothesis, the silver samples were immersed in a 0.16 M solution of citric acid 

monohydrate for 3 h prior to dipping in a coffee-added toning solution. For comparison, 

some silver samples pre-treated with citric acid were also dipped into a solution of the 

original toner. The time of palladium deposition was also maintained at 3 h. Figure 4.6 

shows that silvery flakes float on the top of the standard toner solution, while such 

flakes were not seen on top of the coffee-added toning solution.   

Element Average Atomic % 

Ag 92.69 

Pd 0 

Cl 0 

Au 7.31 
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Figure 4.6: After 3 hours of deposition onto a citrate-activated silver nanowire sample, the cap containing 

the standard toner (left) shows silvery flakes floating on the surface, while the cap containing the coffee-

added toner (right) does not show any flakes. 

 

 

Figure 4.7: Representative FESEM image of the samples dipped in standard toner solution for 1 hour 

with the average elemental analysis for this sample 

 

Figures 4.7 and 4.8 show representative FESEM images, as well as averaged elemental 

analysis, of silver nanowire samples dipped for 1 h in standard toner and coffee-added 

toner solutions respectively. Note: these samples were coated with a nominally 8 nm 

thick layer of gold to eliminate any risk of charging during FESEM imaging. The 

morphology of the sample dipped in standard toner is lumpy unlike that of the as-

developed silver nanowires, whereas the morphology of the sample dipped in coffee-

added toner is like that of the as-developed silver nanowires. This difference is 

attributed to the effect of galvanic displacement. Galvanic exchange gives rise to lumpy 

texture owing to the large free energy difference, which results in a faster rate of silver 

displacement and truncation of nanowires into more spherical aggregates 44. The EDX 

Element Average Atomic % 

Ag 52.65 

Pd 19.02 

Cl 23.69 

Au 4.65 
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analysis shows the presence of palladium in both types of samples. This indicates that 

the additional step of activating the silver surface by dipping in citrate facilitates the 

deposition of palladium onto silver nanowires from the coffee-added toner solution. 

The EDX analysis indicates the presence of chlorine only in the sample dipped into a 

solution of the standard toner. The absence of chlorine signal from the sample dipped 

in coffee-added toner solution indicates that galvanic displacement has been avoided, 

as otherwise the displaced silver ion will form insoluble silver chloride and partly 

redeposit onto the substrate 

 

 

Figure 4.8: Representative FESEM image of the samples dipped in coffee-added toner solution for 1 

hour with the average elemental analysis for this sample. 

 

When normal toning is carried out for 1 hour without citric acid pre-treatment, the 

average elemental analysis from EDS reveals that the elemental composition is 

nominally similar (slightly higher value of Pd content, Table 4.1) to the composition of 

the sample without citric acid pre-treatment. Hence it can be seen that citric acid pre-

treatment is the key to achieve Pd deposition using coffee-added toning. Citric acid 

adsorbs using its carboxylate groups on the surface of metals 12 and attracts palladium 

onto silver surface. 

 

 

 

Element Average  Atomic % 

Ag 70.65 

Pd 23.06 

Cl 0 

Au 6.28 
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Table 4.1: Average elemental analysis for sample with 1 hour of normal toning without undergoing citric 

acid pre-treatment 

 

Element Average Atomic % 

Ag 52.22 

Pd 24.7 

Cl 20.79 

Au 2.29 

 

 

 

Figure 4.9: (a) Average Pd/Ag ratios of palladium deposition carried out in presence and absence of 

coffee for different toning times on paper. (b) Two probe resistance of some of these samples. 

 

Palladium deposition using coffee-added toner was performed for 30, 60, 180 and 1440 

minutes. Palladium deposition using standard toner was done for 5, 60, 180 and 1440 

minutes. The toning was done on separate samples of silver on paper, all having the 

same initial electrical resistance of 20 Ω. The average Pd/Ag ratios were calculated by 

EDS for all of them. Figure 4.9a shows a plot of the atomic ratio of palladium to silver 

as a function of deposition time for samples dipped in standard toner as well as samples 

dipped in coffee-added toner solution. Figure 4.9b shows the representative values of 

resistance measured across the edges of some of these samples. The samples toned 

using the coffee-added solution exhibit a slower rate of palladium deposition, but 
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maintain their conductivity indicating that the nanowire morphology is still maintained. 

Whereas, the samples prepared using the standard toner rapidly lose their conductivity, 

which is consistent with the rounded morphology observed using FESEM. The samples 

toned using the standard recipe were non-conducting, having resistance in the order of 

106 ohms, just after 3 h of toning. This is represented as “Open Loop” in the multimeter. 

The coffee toned samples, under the same conditions, have resistances of the order of 

few hundreds of ohms. 

From the XPS analysis (figure 4.10), it was confirmed that palladium is predominantly 

present in its reduced form as Pd0 in the case of coffee-toned Ag nanowires. The peaks 

observed at 335.5 eV and 340.7 eV correspond to Pd0
3d5/2 

45 and Pd0
3d3/2 

46
 respectively. 

A bare Ag nanowire substrate was also characterised using XPS analysis and shows 

peaks at 368.04 eV and 374.04 eV that correspond to Ag0
3d5/2 and Ag0

3d3/2 respectively 

47. 

 

Figure 4.10: (a) XPS spectra showing palladium-3d signal for samples prepared by dipping in coffee-

added toner for 1 h. (b) XPS spectra showing silver-3d signal for samples without any Pd toning 

4.3 Plastic-substrate for hydrogen detection 

The results discussed till now were pertaining to detecting elements developed on 

copier paper.  It is quite easy and cheap to make such paper-based detecting elements. 

However, since paper was considered as a flammable hazard, alternative substrates 

were explored. In this report, consideration is given to commercially available overhead 

transparencies. Overhead transparency sheets (PET) were selected as the substrate since 

they are flexible and inexpensive. Also, they have a higher ignition temperature than 

that of paper 48. However, unlike paper, they cannot retain aqueous-based printing inks, 
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in that they are hydrophobic. To make the OHP sheets hydrophilic we initially adapted 

a layer by layer (LBL) process developed earlier in our group 11, wherein plasma 

cleaning of such transparency renders the surface hydrophilic for a short time. Then by 

alternately dipping it in solutions of oppositely charged polyelectrolytes (poly (sodium 

styrene sulfonate) (PSS) and poly (diallyl dimethyl ammonium chloride) (PDDA)), a 

hydrophilic surface suited for printing can be obtained.  

   While the LBL method has its advantages in that it is quite versatile and can handle 

a variety of substrates, it is tedious and time-consuming, and renders only one surface 

hydrophilic and requires the use of plasma cleaner and some expensive chemicals. 

Hence, we investigated several alternative processes. Kim et al. 49 have shown a 

nonaqueous reaction scheme for transforming the surface of plastics from hydrophobic 

to hydrophilic through the use of a base-catalysed trans-esterification reaction with 

polyols. It is permanent, does not release contaminants, and causes no optical or 

mechanical distortion of the plastic.  

  The following processing steps were used to render the plastic surface hydrophilic and 

suited for inkjet printing of aqueous solutions. Small pieces of OHP sheet are cut and 

washed with acetone for 10 min before the reaction, just to clean the surface. Then they 

were placed in an ethylene glycol solution containing 10 % (w/v) KOH in an oven at 

55 °C for 1 hour. Then the usual print – expose – develop process was used to obtain 

silver nanostructures on the plastic substrate. This process could also be carried out on 

a Scotch tape (figure 4.11). 
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Figure 4.11: Silver nanowires printed on scotch tape (left) and OHP substrate (right), which were 

rendered hydrophilic by the ethylene glycol method 

 

However, such transparency sheets are not only hydrophobic, they are also very 

smooth, such that even after making them hydrophilic the printed silver was also 

removed from the surface in the developing step. While carefully pouring the developer 

on such a surface, the silver would come out in the solution because of poor adhesion 

to the surface. Even if some part of silver remained on the surface after this step, it 

would quite easily be scratched out, unlike paper. This is quite undesirable for practical 

applications (figure 4.12).  

 

 

 

 

 

 

 

Figure 4.12: Conductive silver nano-wire network (dark region) printed on OHP treated by the ethylene 

glycol method washed away (boxed region) during the developing step 
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It was surmised that the surface roughness had a part to play in enhancing surface 

adhesion on paper. Hence the plastic substrates were roughened by scratching them 

using P220 sandpaper. 

 

Figure 4.13: OHP before (left) and after (right) scratching with sandpaper 

 

The sandpaper was used until the whole surface turned “white” (figure 4.13) from 

transparent due to scattering. These roughened-OHP sheets also exhibited sufficient 

wettability for inkjet printing. Such substrates were then used for printing the silver 

nanostructures on them. The silver nanostructures were found to be more adherent and 

also more scratch resistant. The roughness was characterized by optical profilometry 

for normal OHP samples and the ones roughened with sandpaper. The roughness maps 

are shown in figures 4.14 and 4.15. 

 

Figure 4.14: Roughness map of the OHP sheet as bought 
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Figure 4.15: Roughness map of OHP sheet after treatment with sandpaper 

 

Optical profilometry indicated that indeed the roughness had increased from an average 

value of 0.01 µm to 4.42 µm after roughening with sandpaper. This was enough to not 

only make the OHP surface wettable, but also provide adhesion to the printed silver 

pattern so that it did not wash away during the development step.  
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CHAPTER 5 

DETECTOR TESTING 

5.1 Gas sensing setups 

   Preliminary sensor testing was performed using the test facility in the gas sensors lab 

located in CeNSE, IISc. The schematic of the setup used is shown in figure 5.1,  

 

 

 

Figure 5.1: Schematic of hydrogen sensing setup at CeNSE, IISc. Reproduced from 11 

 

Mixing of carrier gas (nitrogen) and test gas (hydrogen) takes place in a mixing 

chamber. With the use of mass flow controllers, the ratio of hydrogen and nitrogen can 

be controlled to have a desired hydrogen concentration. This gas mixture is directed 

onto the test sample in the testing chamber. Recording of the response takes place 

simultaneously. Testing of samples, silver nanowires coated with palladium both in the 

presence and absence of coffee, was done one after the other. Following sequence was 

used to perform the test: 

(i) Gas flow was avoided, and the response was recorded. 

(ii) Then, only nitrogen was passed, and the response was recorded. 

(iii) The flow of Hydrogen (1000 ppm) mixed with nitrogen took place for roughly the 

same time, and the response was recorded. 

(iv) Same as (ii) 
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(v) Same as (i) 

 

Figure 5.2a: Sensitivity vs time response for Ag-Pd detecting element fabricated using coffee-added 

toner. 

 

(i) 

(ii) 

(iii) 

(iv) 

(v) 

(i) 

(ii) 

(iii) 

(iv) 

(v) 
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Figure 5.2b: Sensitivity vs time response for Ag-Pd detecting element fabricated using standard toner. 

 

Figures 5.2 (a) and (b) show plots of sensitivity, i.e. [(R-R0)/R0] *100 vs time in 

seconds. Here R0 is the base resistance calculated over the first 100 readings when no 

gas is flowing over the detecting element. The results indicate that there is no 

remarkable difference in the sensor's sensitivity to exposure to 1000 ppm of hydrogen 

gas. Instead, there are lots of fluctuations that are not repeatable even after switching 

off the gas flow. Upon careful observation, we found that the setup used for sensing 

these elements is used for semiconductor-based sensors that have kilo to megaohms of 

resistance, whereas the paper-based sensing elements had a base resistance of the order 

of a few tens of ohms. The connecting wires from the elements used in this setup were 

parts of a probe station, which have much higher resistance than that of our detecting 

elements. As there are standard test setups for hydrogen sensing proposed by ISO 

guidelines 35, and as the test setup at CeNSE, IISc did not meet these guidelines, it was 

decided to fabricate the test setups as per ISO guidelines (see section 3.6).  
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5.2 Test results 

Table 5.1 provides a summary of the main characteristics of the samples that were tested 

using the home-built flow-through setup for their response to hydrogen. 

Table 5.1: Samples prepared for testing in diffusion chamber and flow though setups 

Sample 

label 

Pd 

/Ag 

ratio, 

(EDX) 

‘Coffee-

added’ 

Substrate Base 

resistance 

R0 (Ω) 

Palladium 

deposition 

time (h) 

PdCl2 

concentration 

used for 

toning (mM) 

Hydrogen 

Dosage 

(H2conc, % 

/time, s) 

a 0 - Paper 17 - - 10.7/ 360 

b 0.08 Yes Paper 29 1 4 100 / 540 

c 0.32 No Paper 248 1/2 4 10.7 / 360 

d 0.51 Yes Paper 717 24 4 10.7 / 360 

e 0 - OHP 60 - - 10.7 / 360 

f 1.06 Yes OHP 205 24 4 10.7 / 360 

g* 1.06 Yes OHP 205 24 4 10.7 / 120 

h 1 Yes OHP 1054 168 8 10.7 / 120 

* g represents a repeat measurement on sample f, for smaller exposure duration 

5.2.1 Flow-through setup 

The measurement of changes in resistance of the test samples subjected to various gas 

phase environments in the flow-through test set-up are summarised as plots of 

sensitivity (∆R/R0) vs time (Figure 5.3). In these figures, the red coloured portion of 

the curves represent the duration during which hydrogen flow was added onto the base 

flow of nitrogen to achieve the desired concentration. The temperature during these 

tests were recorded to be 28 °C. The important observations based on the results of the 

flow through tests are: 
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Figure 5.3: Measured responses of the various samples tested using the flow-through test setup. The red 

coloured portion of the curves represent the duration during which hydrogen flow was added onto the 

base flow of nitrogen 
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(i) Role of Palladium 

The need for palladium to detect hydrogen is evident from figure 5.3. With palladium, 

the sensitivity change upon exposure to hydrogen is more prominent, monotonic and 

well above the noise level (root mean square value of sensitivity prior to hydrogen 

exposure is 0.24%, in Fig 5.3 (f)), while the sample without palladium shows random 

fluctuations (root mean square value of sensitivity during hydrogen exposure is 2.32%, 

in Fig 5.3 (e)). 

  

(ii) Effect of palladium content  

The Pd/Ag ratio as measured by EDS is an indicator of the palladium content of the 

detector. Pd/Ag ratio ≥ 0.32 leads to appreciable signal upon H2 exposure. For most of 

the samples, the resistance drops upon exposure to hydrogen. The decrease in resistance 

indicates that the effect of expansion on electrical conductivity is more significant than 

the formation of palladium hydride. For the sample with Pd/Ag ratio of 0.08, the 

sensitivity fluctuated initially for about 400 s and after that showed a clear increasing 

trend. We conjecture that there is not sufficient palladium in the network to affect the 

percolation pathway by expansion, and so the response is slow and resistance increases 

after most of the palladium is converted to palladium hydride. Interestingly, even after 

switching off the hydrogen supply (base flow of N2 was kept on), the response continues 

with the same decreasing trend till saturation is reached. We suppose that the plastic 

sealant bags act as an additional reservoir (capacitance) that limits the ability to 

suddenly change gas composition. This aspect needs to be investigated more thoroughly 

in the future.  

The samples regained their base value of resistance after being exposed to ambient 

conditions overnight. This suggests that the desorption of hydrogen from the 

nanostructured palladium coated films is reversible but slow. 

 

(iii) Effect of hydrogen dosage 

To investigate the effect of total dosage of hydrogen, sample f was re-exposed (after 

the original resistance was regained – ca. 1 day) to the same hydrogen environment but 
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for a shorter duration (denoted as sample g). The change in resistance was lower for 

lower dosage. This suggests that the extent of hydrogen absorption into palladium 

determines the magnitude of the response. The time taken for saturation of signal 

response is similar for both samples f and g.  

 

(iv) Effect of toning time  

A comparison of the response of samples f and h indicate that the duration of toning 

has a significant effect on the response rate of the palladium toned samples. The Pd/Ag 

ratio measured using EDX was similar for the samples toned for 1 day and 1 week, 

while the base resistance increased from 205 Ω to 1 kΩ. Although the Pd/Ag ratios are 

representative of the sample they may need to be verified independently using a bulk 

technique. Presuming that the averaged EDX ratios are representative of the bulk 

composition, as the nanostructured films are less than a micron in thickness, the 

increase in base resistance with increased toning duration indicates that some of the 

silver in percolating paths are etched/displaced by palladium overlayer. This 

redistribution of the palladium at the junctions of the percolating network is the likely 

cause for the rapid response of sample h. This sample was also able to recover its base 

resistance value more rapidly. Such an architecture, wherein the palladium is present at 

the junction of percolating pathways is apt for rapid detection and provides an avenue 

for future detector-response optimization studies. Note: The palladium salt 

concentration was doubled, as a precaution, to account for any loss of activity during 

the one-week duration of the experiment. 

5.2.2 Diffusion chamber setup 

To keep the test duration short and avoid interference due to unknown leaks, a hydrogen 

filling time of 3 min was chosen. After this the lid was displaced and the inner chamber 

opened up to an atmosphere of hydrogen (corresponding to 1.62 % H2). The response 

of the sample toned for one week is much faster and more robust than the sample toned 

for one day. This again corroborates our hypothesis about the changes in morphology 

of the nanostructures being optimal for hydrogen detection. The leak detection response 

time of sample h was estimated to be 332 s. In calculating the response times, the lowest 



48                                                                                                                      Chapter 5 

 

 

value of sensitivity has been used as a saturation value to get its 90% value. The time 

taken to reach this value starting from the time when H2 was switched on is the response 

time.  

Figure 5.4: Static leak test– response of samples upon sudden exposure to an atmosphere of 1.62% H2 

(a) sample d – Pd/Ag ratio of 0.51 on paper (b) sample h – Pd/Ag ratio of 1 on OHP. The inset in (b) 

shows the response of the sample without palladium. 
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Table 5.2 compares the values observed in this study with other reports in literature 

using processes that can be scaled up for mass-production of palladium-based hydrogen 

detectors. The response time of the samples prepared in this preliminary study are 

comparable to that of samples published earlier. The colour changing leak detectors 

employed at NASA have a reported response time of lesser than 3 min at a hydrogen 

concentration of 1%10. 

 

Table 5.2: List of Pd based detecting elements/detectors and their response time comparison with this 

work 

 

Sr. No./ 

Year 

Detecting 

element/ 

Substrate 

Morphology Fabrication 

method 

Conditions t90 (s) References 

1./(2009) Pure Pd/ Si Nanowires 

(400 nm) 

Lithographic 

patterning 

1% H2 in N2, 

RT 

~250  18 

2./(2008) Pure 

Pd/Alumin

a 

Nanowires Electro 

deposition 

1% H2 in N2, 

RT 

~300  18 

3./(2013) Pd –

Ag/PVC 

Nanowires Electro 

deposition 

1% H2 in air, 

RT 

~150  50 

4. /(2007) Pure 

Pd/alumina 

Thin film E-beam 

evaporation 

10% H2 in 

N2, RT 

~2000  20 

5. Pd-

Ag/OHP 

Nanowires Coffee toning, 

1 week 

10.7% H2 in 

N2, RT 

38  This 

report 

6. Pd-

Ag/OHP 

Nanowires Coffee toning, 

1 week 

1.62% H2in 

air, RT 

332 s This 

report 
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CHAPTER 6 

SUMMARY 

Based on the observations reported in this thesis, the following conclusions can be 

arrived at: 

1. Citric acid pre-treatment is important for ensuring uniform palladium deposition onto 

silver nanowires using coffee-added toner solution. 

2. Coffee powder is useful for suppressing the galvanic displacement of silver by 

palladium during the toning step.  

3. Roughness is the key for good wettability as well as excellent adhesion of printed 

silver nano-wires on OHP substrates. Commonly-available sandpaper can be used to 

roughen plastic substrates and render them amenable to inkjet printing of aqueous salt 

solutions. 

4. The test setups to characterize the performance of detecting elements were fabricated 

according to the standards prescribed in ISO 26142.The salient points of the results of 

the preliminary experiments on hydrogen detector performance characterization are: 

i. The detection mechanism is based on gap closure in samples with high palladium 

content, as the resistance of these samples drop after hydrogen exposure. 

ii. The sample toned for one week exhibited the fastest response and had a response 

time of 38 s upon being exposed to a gas flow having 10.7% H2, and 332 s upon 

exposure to a leakage of gas comprising of 1.62% hydrogen. 
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CHAPTER 7 

FUTURE WORK 

1. Detector recovery is one of the most important aspects to be investigated. Till now, 

we have seen that in all the detector response curves, recovery was not seen within 20-

30 minutes of conducting the test in the 24-hour coffee toned samples. However, 

recovery was seen within 10 min, when the toning time was increased to 1 week. A 

more systematic investigation of the effect of the silver /palladium loading of the 

nanostructures is required to identify compositions with faster response and recovery 

times suitable for real-world applications.  

2. Different morphology of silver nanostructures can be studied, as it is expected that 

the nano-gap mechanism may be more prominent in silver nanoparticles instead of 

silver nanowire networks.  

3. Incorporation of the hydrogen detector structures into Radio frequency identification 

(RFID) antenna structures can help retrieve signals from the detector remotely 51. This 

would be beneficial for avoiding risks to safety-personnel monitoring the hydrogen 

pipelines. 
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Appendix A 

How to establish an Ethernet connection from a PC/laptop with the Keithley 6221 

model 

To establish the communication between Model 6221 and PC through Ethernet follow 

the steps below 52: 

1. On the 6221, press COMM. 

2. Select Ethernet, press ENTER. 3. Now go to the PC and use the Command 

Prompt. Usually under Accessories or WINDOWS SYSTEM. 

3. Type in IPCONFIG. And press ENTER on the keyboard. 

4. Find Ethernet Adapter Ethernet. 

5. Locate IPv4 address (example… 134.63.74.128). write this down. 

6. Locate Subnet Mask(example… 255.255.255.0) write this down. 

7. I there is a default gateway write it down (example… 134.63.74.130). 

8. Go back to the Model 6221. And select IP and press ENTER. 

9. Enter in the IP address in step 6, except increase the last digit by one (128 is 

now 129). Press ENTER. 

10. Select Subnet, press ENTER. 

11. Enter in the subnet mask number in step 7. (Example: 255.255.255.0). Press 

ENTER. 

12. Select Gateway, press ENTER. 

13. Enter in gateway from step 8. Increase the last digit by one (130 is now 131). 

Press ENTER. 

14. Press EXIT twice. 

15. Now back to the PC and in the command prompt, type in the word PING 

134.63.74.129, press ENTER on the keyboard. 

16. It should return with four replies… 

17. If step 16 is good, then communication is there. 
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Now you can start the 6220 demo software, and it should “find” the 6221. 
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Appendix B 

Example of program used for pulsed testing: 

This is an example of the program entered in the Keithley communicator to send 

command to the combined 6221-2182A instrument to start the pulsed test. The program 

is based on the SCPI code generated by the KI6220 example software.  

:sour:swe:abort 

WAIT3000 

*rst 

:SYST:COMM:SERIal:SEND "SYST:FFIL ON" 

:OUTP:ISH OLOW 

:outp:lte OFF 

WAIT500 

:sour:del 0.094 

:form:elem READ                         

:sour:pdel:high 0.004 

:sour:pdel:low 0 

:sour:pdel:count 30 

:sour:pdel:rang best 

:sour:swe:rang best 

:sour:pdel:width 0.001 

:sour:pdel:sdel 0.0001 

:sour:pdel:swe off 

:sour:pdel:lme 1 

:sour:pdel:int 50 

:sour:curr:comp 10 

:sour:curr:start 0 
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:sour:curr:stop 0.01 

:sour:curr:step 0.01 

:SYST:COMM:SERIal:SEND ":sens:volt:rang 10" 

:sens:aver:wind 0 

:sens:aver:stat off 

:sour:pdel:arm 

WAIT3000 

:init:imm 

Use the “trace:data?” command after the test is over to get the voltage readings stored 

in the buffer in the Keithley communicator window. 
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Appendix C 

Mounting the detecting element in the flow-through setup 

The ISO guidelines require that the detecting element is kept in between the flanges 

fixed on the pipe carrying the test gas 35. The flanges provide a platform for keeping 

the sensor in a fixed way. An O-ring is also kept above the detecting element to 

minimize the gas leakage 34. The weight of the other flange compresses the o-ring to 

some extent which then seals the gaps between the flanges. The flanges used in this 

work have an opening in the centre which is used for screwing them on the T – junction 

emanating from the main pipe. It is necessary to close these openings as the gas can 

leak from there too. An ordinary cello tape was used for that purpose. The detecting 

elements developed in this work are of roughly 1 cm by 1cm dimension. The opening 

in the centre of the flange has a 1 in ID, which is larger than the size of such detecting 

elements. According to 34, the quickest and most repeatable sensing results were 

obtained when the area of the flange opening was same as that of the detecting element. 

Also, since the detecting element was to be kept in between the flanges and as well as 

connected to the wires of the Keithley 6221-2182A instrument, an extension coming 

out of the flanges was necessary to connect the both of them. Copper tape was used for 

this purpose. However, since the flanges were made of stainless steel and hence were 

electrically conducting, created a “short circuit” in that the current from the 6221 would 

pass through the flanges and not the detecting element, as the flanges were less resistive 

than the detecting element.  

To avoid this situation the flanges were covered by copier paper. The paper was also 

cut in the central part of the flange to match the area of the detecting element. The 

copper tape is quite flexible and can be prone to tear if not appropriately supported. For 

this purpose a thick and transparent piece of polyester film was cut in the appropriate 

size, to be used as a sturdy base for the detecting element and the copper tape. A small 

part of the polyester was cut in the shape and size of the detecting element in it central 

part. The copper tapes were fixed on either side of the central part, where the detecting 

element was placed. Another smaller piece of polyester sheet was placed on top of this 

longer polyester base, to prevent the detecting element from moving while the flanges 

were screwed on the T-junction or otherwise. The U-clips were used to hold both the 
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polyester films and the detecting element in between them in place. They also provided 

good contact between the copper tapes and the detecting element.  

 

Figure C.1: Detector (between U-clips) kept in between copper tapes stuck on a flexible OHP support. 

U-clips provide good contact between the copper tapes and the detector 
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Appendix D 

ATH-300 Hydrogen generator 

It was found that there was a need to have a source of producing pure hydrogen gas and 

that too one, which does not store hydrogen gas. The Annexure A of ISO 26142 35 

describes the injection of pure hydrogen gas through the inlet of the diffusion chamber 

setup when the test starts. A cylinder of pure hydrogen gas was deemed to be too risky 

and dangerous for this sole purpose. Hence a gas generator, that can produce almost 

pure hydrogen gas, as and when required without storing it, was sought after.  

 

 

Figure D.1: ATH-300 hydrogen generator 
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An ATH-300 generator was purchased from Athena Technologies, Thane, for this 

purpose. It produces 99.999% pure hydrogen. It produces hydrogen gas by 

electrolyzing a lye solution of potassium hydroxide (KOH) solution.  

Anode:     2 OH-         H2O   +   ½ O2   +   2 e- 

Cathode:    2 H2O   + 2 e-  2 OH-     +      H2 

Net reaction:    2 H2O                        2 H2     +       O2 

Oxygen is also produced as a by-product which is simply vented out into the 

environment. The hydrogen, on the other hand, is produced at the cathode and is used 

thereafter. Moisture is also removed from it in a column of desiccant beads to ensure 

that the gas exiting the generator is almost pure hydrogen. To make the lye solution 320 

g of KOH (85%, SD Fine Chemicals Ltd., Mumbai) was dissolved in 1000 ml de-

ionized water taken in a Borosil© glass beaker. It was then kept for ultrasonication until 

all the KOH pellets got dissolved. This lye solution was then poured into the lye tank 

of the hydrogen generator. The front of the generator was raised to about 40-degree 

angle for 3 times as was mentioned in the manual. This makes the air in the electrolysis 

cell get replaced with the lye solution entirely. Then 500 ml of de-ionized water was 

added in the lye tank, just to make the lye solution level in it between high (H) and low 

(L) 

This liquid should be replaced after every 3 months; hence the date of using has to be 

noted. The black cap over the lye tank is removed, just so that the oxygen produced in 

the cell can be vented out. Then the power cord is connected to the standard power 

supply, and the generator is switched on. Hydrogen starts to get produced, and the 

display in the front panel shows the volumetric flow rate of hydrogen production. The 

hydrogen outlet can then be connected to a rotameter and the flow rate can be regulated.  
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Appendix E 

Effect of dosage 

The toner prepared for depositing palladium on printed silver squares is made by 

dissolving 7.04 mg PdCl2 in 10 mL solution, which corresponds to 4.23 mg palladium 

in 10 mL solution. Out of this 10 mL, 2.5 mL solution is used in the caps for toning. 

This is equivalent to exposing 1.06 mg of palladium to 0.2 mg of silver on the sensing 

elements. By EDS analysis of 24-hour toned samples, it was found that the Pd:Ag ratio 

was slightly higher than 1:1. Hence we can assume about 0.3 mg Pd to be deposited on 

them.  

Such sample was tested in the dosage experiment by passing 300 ml/min of H2 for 2 

minutes, i.e. 600 ml of H2 was flown. At room temperature and pressure, since hydrogen 

behaves ideally, this volume corresponds to roughly 0.04 g H2. 

Hence, Mass of H2 flown/Mass of Pd in element = 40 mg H2/0.3 mg Pd = 133.33 mg 

H2/mg Pd 

As per Klotz, the maximum observed stoichiometry for absorption of H2 by Pd was 

PdH0.7 
53. This corresponds to a weight ratio of H2 to Pd of 0.006 mg H2/mg Pd, that 

can be achieved at maximum.  

The H2 that was passed in our dosage tests was more than this value, which means that 

there is more than enough H2 even for 2 minutes of H2 flow, let alone 6 minutes. 

Although H2was passed in excess, the sensitivity kept dropping even post switching off 

H2. The reason can be a quest for the future. 
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