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Chapter1 Introduction

1.1 Application of gas detection

The application of gas sensors has a long history'. Due to environmental concerns,
gas sensors are becoming more and more widely used worldwide2. In petroleum3,
chemical4, medical5, transportation, home security and other fields, gas sensors are
often used to detect the presence of flammable and toxic gases and their
corresponding concentrations®®.

In many industrial production, toxic and harmful gases are often emitted, such
as fluoride, chlorine, nitrogen oxides, mercury vapor and so on?. These gases are
very harmful to people and may lead to chronic poisoning or pathological changes
in some tissues of the body. Combustible gases such as carbon monoxide, methane,
ethane and ethylene will also be produced in industrial production. When these
gases are discharged into the atmosphere, they will not only waste energy, but also
cause environmental pollution. There will be a lot of gas in the process of coal
mining. The main component of the gas is alkane, in which methane accounts for
the vast majority, and a small amount of ethane, propane and butane. The gas is
flammable and explosive, which poses a serious threat to the safety of mining
production. If it cannot be detected and ventilated in time, it will bring serious
consequences. In addition, sulfur-containing gases are discharged from the process
of refining oil, coking coal and non-ferrous metal refining, which will be discharged
into the atmosphere to form acid rain. If these gases are detected in time and treated
accordingly, environmental pollution, explosion, poisoning and other dangerous
events can be prevented. This shows the important role of gas sensors in industrial
production.

With the market competition and economic growth, agriculture in all countries
is developing towards intelligence. Agricultural Internet of things is a new industry
and an important means to realize intelligent control and scientific management of
production and operation process®. Gas sensors play an important role in the
Agricultural Internet of things". Plants consume CO, in photosynthesis, so CO,
concentration will have a very significant impact on plant growth and development.
Many studies have shown that the increase of CO, concentration can promote the
growth of vegetables, fruits and crops'. This is mainly because the increase of CO,
concentration contributes to the increase of carbon assimilation rate and

photosynthetic rate of plants. However, for livestock farms, too high CO.,
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concentration will make the oxygen content relatively insufficient, which has a very
negative impact on livestock. Due to the decomposition of animal feces, urine and
feed, NH;, H.S and other toxic gases will be produced in the livestock farms, which
are very harmful to livestock. Therefore, the monitoring and analysis of CO, in the
greenhouse and CO,, NH;, H.S and other gases in the livestock farm will be of great
help to the realization of precision agriculture and smart agriculture.

Volatile organic compounds (VOCs), also known as solvents, are chemicals that
evaporate easily at room temperature’>. There are many sources of VOCs, such as
industrial emissions, decoration materials, tobacco smoke, dry-cleaned clothing,
moth repellents and air fresheners and breathing in animals'*9. Most VOCs have
unpleasant special odor, toxicity, irritation, teratogenicity and carcinogenicity?°.
Therefore, the monitoring and early warning of VOCs in different environments has
become a hot spot of research and development?"22, Humans also emit VOCs such
as methanol, ethanol, ethers, acids and other VOCs during the process of
exhalation®. These exhaled gas components can reflect a person's physiological
state. At present, disease diagnosis by monitoring VOCs components in patients'
breathing gas has attracted more and more attention as a non-invasive diagnostic
technology*4. Gas detection also has a wide range of applications in health and

medical care.

1.2 Gas detection methods
1.2.1 Semiconductor gas sensor

Semiconductor gas sensors can be divided into resistive and non-resistive types.
The principle of resistive gas sensor is that gas molecules cause changes in the
resistance of sensitive materials. The resistance value will vary according to the
concentration and type of gas being measured. Some metal oxides (SnO,, ZnO,
Fe,05%, MgO?2%, NiO¥, TiO,®, etc.) are used as sensitive materials due to their
simple preparation method, low cost, and responsiveness to various gases*. This
type of sensor has the characteristics of fast response, high sensitivity, and
insensitivity to temperature and humidity. However, the disadvantages of this type
of sensor are also obvious. When the semiconductor gas sensor works, it can
promote the speed of direct ion exchange between gas molecules and sensitive
materials by heating3°. Because of this feature, this kind of sensor works at a higher
ambient temperature, resulting in high power consumption. The sensitive material

made of these metal oxides has response to a variety of gases, so the selectivity of
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this kind of sensor is poor. When the components of the tested gas contain
hydrogen sulfide and other reducing sulfur compounds (carbon disulfide, trimethyl
disulfide, nitro compounds, etc.), these components will be oxidized to mineral
acids. These acidic substances will cause corrosion to the sensitive material, which

can lead to sensor poisoning3'.

Sensor cap and
p Metal oxide surface

hydrophobic ﬁlte% \

Sensor body v

Sensing element |

Lead wire
\

Fig.1.1 The structure of metal oxide semiconductor sensor.

Fig.1.1 shows the basic structure of a metal oxide semiconductor sensor. The
sensing performance of the sensor is closely related to the heating electrode and gas
sensing material. The selectivity of gas sensitive materials mainly refers to the
recognition function of gas sensitive materials for target gas, which mainly depends
on the ability of surface reaction or surface adsorption of materials. The selectivity
of gas sensitive materials is determined by the type and microstructure of the
materials. Therefore, the physical and chemical properties of the materials can be
changed by such methods as compounding, doping and surface modification, so as
to enhance the selectivity of the sensitive materials. Doping the gas sensing material
is the main method to improve the selectivity of the sensor. The addition of Pt, Pd,
Ir and other precious metals can not only effectively improve the sensitivity and
response time of the element, but also improve the selectivity due to different

adsorption tendencies caused by changes in the catalyst3
1.2.2 Electrochemical gas sensor

Electrochemical gas sensor refers to a device that reacts with a specific sensing

element to produce a sensing signal, and then converts this sensing signal into an



identifiable electrical signal proportional to the concentration of the target
substance through a specific transducer, to achieve qualitative or quantitative
analysis and detection of the target substance3334. Due to its simple operation
process, high selectivity, accurate and fast analysis, and low price, this gas sensor
has been used in many fields, such as food industry, biomedical research and
environmental detection. The basic structure of an electrochemical gas sensor is

shown in Fig.1.2.

Filter
Sensing

electrode
Reference
electrode

Electrolyte Counter

Lead wire _ l I

Fig.1.2 The schematic graph of electrochemical gas sensor.

electrode

Most electrochemical gas sensors are current type sensors, which produce a
current that is linearly proportional to the gas concentration. The service life of
current type electrochemical gas sensor is mainly related to electrolyte. Therefore,
how to choose a suitable electrolyte to prolong the service life of the sensor is a

common concern.
1.2.3 QCM gas sensor

Quartz crystal microbalance (QCM) is a device that is sensitive to mass changes,
and has the advantages of high sensitivity, low cost, simple operation, and real-time
online detection3. The sensitive material is the key component of the QCM gas
sensor. The sensitive material interacts with the target gas molecules, so that the
mass change signal is converted into a frequency change signal to achieve the
purpose of detection. In order to make QCM gas sensors selective, organic polymers,
supramolecular compounds, ionic liquids and nanomaterials are often used to
modify QCM gas sensors.

QCM sensor modified by organic polymer sensitive materials uses the principle



of physical adsorption of polymer molecules on target gas molecules, including
hydrogen bond and van der Waals force. Although organic polymers have high
sensitivity and good reversibility, their selectivity is poor.

Supramolecules are molecular aggregates formed by intermolecular interactions.
Some molecules are cages with hole structures, which can recognize organic gas
molecules. According to the molecular properties of different target gases, the host
compounds with different structures can be selected to synthesize sensitive films
with high sensitivity. Such molecules include phthalocyanines, molecularly
imprinted compounds, cyclodextrins, etc.

Although the selectivity of the modified QCM sensor has become better3®, there
are still many disadvantages, such as poor signal-to-noise performance due to
surface interference and crystal size. The basic structure and gas response principle

of the QCM gas sensor are shown in Fig.1.3.

Quartz Gas

" :
|
L

L Electrodes
e
( ) Gas-sensitive

film
Lead

Base

\4

Fig.1.3 The basic structure of QCM sensor.
1.2.4 Gas chromatography

Gas chromatography (GC) is a type of chromatography. Chromatography has two
phases, one is the mobile phase, and the other is the stationary phase3”. When a
liquid is used as the mobile phase, it is called liquid chromatography. The use of gas
as the mobile phase is called gas chromatography. Gas chromatography is a
chromatographic separation and analysis method using gas as the mobile phase,
which is widely used in the quantitative analysis of small molecular weight and

complex components. A gas chromatograph is mainly composed of a gas system, a
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sample injection system, a separation system (column), a detection and
temperature control system, and a recording system, as shown in Fig.1.4.

The carrier gas of a gas chromatograph goes through a series of treatments and
sends the sample gas to the column for separation. The separated components flow
into the detector successively for detection. The detector converts the concentration
or mass change of the component to be measured into an electrical signal, which is
amplified and recorded on the recorder to obtain the chromatographic outflow
curve. Qualitative analysis can be carried out according to the retention time on the
chromatographic outflow curve. Quantitative analysis can be carried out according
to the peak area or peak height.
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Fig.1.4 Schematic diagram of gas chromatography.
1.2.5 E-nose

Compared with other animals, human sense of smell is the least sensitive. But at
present, in the process of food quality evaluation, people mainly rely on their sense
of smell. Practitioners of this kind of work generally need some professional
training, and the identification process cannot avoid a lot of subjective factors.
There are considerable individual differences in the identification results with age,
gender, identification ability and language expression ability. The manual
identification time should not be too long, nor can it identify toxic and harmful
gases, otherwise the olfactory sensitivity will be reduced or damaged. Therefore, an
objective and accurate olfactory identification method to replace the human sense

of smell to identify odor and volatiles has been the expectation of people for many



years.

An e-nose is an instrument that can identify simple or complex odors, consisting
of a partially selective chemical sensor array and an appropriate pattern recognition
system3®, The electronic nose has attractive application prospects in the food
industry3?, environmental monitoring4°, etc., and has many advantages compared
to the human sense of smell. Therefore, this research field has received extensive
attention.

The e-nose is mainly composed of three functional parts: odor sampling system,

gas sensor array and appropriate pattern-classification system, as shown in Fig.1.5.
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Fig.1.5 E-nose system.

The main mechanism of the electronic nose to identify odor is that each sensor
in the array has different sensitivity to the measured gas, and the response curve of
the entire sensor array to different gases is different. It is this distinction that allows
the system to identify odors based on the sensor's response curve.

In addition to these devices and equipment, Photoionization detection# (PID)
and plasmonic gas sensors+>4 are also commonly used to detect VOCs.

A PID is a gas detector with extremely high sensitivity and can detect VOCs and
some toxic gases from very low concentrations of 10 ppb#4 to higher concentrations
of 10000 ppm#. Compared with traditional detection methods such as metal oxide
gas sensors, it has the advantages of high accuracy, fast response and good real-time
performance4®, however, its low selectivity is an unavoidable problem#7.

Plasmonic gas sensor can be divided into localized surface plasmon resonance
(LSPR) gas sensor4®49 and surface enhanced raman spectroscopy (SERS) gas
sensor>® depending on the principle. Both types of sensors use optical principles for
gas detection and therefore have the advantage of fast response and high accuracy.

This type of sensor can be made selective with a specific layerss3.
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1.3 Sensing film fabrication methods

In the field of sensors, it is often necessary to deposit nano particles and polymer
materials on the substrate>+55. At present, there are many ways to make thin films.
The type of solvent, the concentration of particles and temperature can affect the
formation of the films. By adjusting these parameters, the thickness and

morphology of the film can be further controlleds.

1.3.1 Drop casting

For small substrates, the drop casting method has the advantages of fast and easy
operation. The thickness of the film can be adjusted by the volume of the dispersion
used and the particle concentration. After the drop casting is completed on the
substrate, it needs to be dried to form a film. A schematic diagram of the drop
casting process is shown in Fig.1.6. By adjusting the pressure and temperature
during drying, the time required for film formation can be changed, which also has
a certain impact on the final morphology of the film. In addition, the degree of
wetting the substrate with solvent, the rate of evaporation, capillary forces
associated during drying, etc. can also have an effect on the morphology of the film.

However, the film prepared by drop casting method is greatly affected by the
coffee ring effect, and the homogeneity of the film is poor. Even under ideal
conditions, the difference of evaporation rate or concentration fluctuation of

solvent will cause changes in the internal structure of the film.

Evaporation

= =

Substrate Substrate Substrate

Fig.1.6 Schematic diagram of the drop casting process.



1.3.2 Spin coating

As one of the many thin film preparation methods, spin coating has the
advantages of accurate and controllable film thickness, high-cost performance,
energy saving and so on%. It has a broad application prospect in the fields of
microelectronics>®, biology, nanophotonics, medicine and so on. The spin coating
method requires the use of a spin coater. Compared with drop casting, spin coating
usually provides a more uniform film thickness on the substrate, and the film can
be formed on a larger substrate using appropriate equipment. Three steps are
required to prepare thin films by spin coating, as shown in Figure 1.7. First, drop a
certain volume of solution into the center of the substrate, then set the rotation
speed and rotation time of the spin coater, and finally dry the spin-coated substrate,
and evaporate the solvent to produce a thin film. Centrifugal force causes the
dispersion to be uniformly distributed on the substrate. The thickness of the film is
related to the surface tension, viscosity of the solution and the rotation speed of the
substrate. Actual material usage in spin coating methods is usually very low (about
10% or less) and the rest of the material is discarded. While discarded material is
usually not a problem for the environment, it is a waste for mass production. Other
than that, quantitative film cannot be produced, and it is difficult to make 2 to 3

times the thickness of the base film.
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Fig.1.7 The main stages of spin coating.
1.3.3 Screen printing
Screen printing refers to the use of a screen as a plate base, and a screen-printing

plate with a pattern is made by a photosensitive plate-making method. The screen-

printing plate is printed based on the basic principle that the patterned part of the



mesh can pass through the ink, and the non-patterned part of the mesh cannot pass
through the ink5°. A schematic diagram of screen printing is shown in Fig.1.8.
Compared with inkjet printing, screen printing requires less ink and requires
relatively simple equipment. However, for different patterns, the screen needs to be
remade, which will not only cause a certain amount of waste, but also make the

experiment tedious.
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Fig.1.8 The screen-printing process.
1.3.4 Inkjet printing

Inkjet printing technology has rapidly developed in the field of organic electronic

devices because of its advantages of low cost, simplicity, and reliability®.

Print head
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Fig.1.9 Schematic diagram of the inkjet printing system.
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A schematic diagram of inkjet printing is shown in Fig.1.9. Current inkjet printing
technology can control the printed droplets to the picometer level, and the droplet
diameter formed on the substrate can be controlled to the micron level. Because of
the extremely small droplets, the coffee ring effect on film uniformity can be
reduced, thus improving the performance of organic electronics. Ink is the key to
inkjet printing technology, however, making functional materials into inkjet

printing inks is a complex problem.

1.4 Inkjet printers and flexible substrates
1.4.1 DMP-2850

The Dimatix Materials Printer (DMP-2850) is a desktop, laboratory inkjet
printing device with micron-level accuracy that can print different functional
materials on a variety of substrates. The printer has a viewing system for ink drop
and a calibration camera for substrate alignment and measurement, which is very
helpful for making films in the lab. Although the device has many advantages for
experimental development, the price is very expensive, about 2000 times the price
of an ordinary home printer EPSON PX-105.

Ink Cartridge

N

P J

e Plate to place the
substrate

Print Head

Fig.1.10 Product of DMP-2850 and some main components3>.
1.4.2 EPSON L310 and EPSON PX-105

In this study, the printer model recommended by the commercial silver ink
company is EPSON L310, so the first printer model we used is EPSON L310. The

printer is not currently available in Japan and must be imported from the
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Philippines or from China. If the printer imported from China is used in Japan, the
power module must be replaced. By observing the original ink that comes with the
printer, it can be found that it is a dye ink. Disassembling and observing the
printheads of the printer show that the number of printheads for black ink is 180,
and the number of printheads for yellow, magenta and cyan ink is 59. Compared
with this experiment, the Epson L310 printer has the following advantages and

disadvantages.

Ink cartridge

Enlarged view of part

Bottom of the head

Fig.1.11 Pictures of the internal structure and parts of EPSON L31o0.

Advantages: 1. Although the original ink of the printer is dye ink, pigment ink
can still be used. Since the functional inks in this experiment are mainly pigment
inks, this feature is very important for this experiment.

2. Through the corresponding settings of the printout in Inkscape, a certain ink
can be printed separately.

Disadvantages: Since this experiment requires frequent replacement of ink, it is
necessary to clean the place containing ink in the printer. However, as shown in
Fig.1.11, the parts containing ink in this model of printer include the ink tank, ink
cartridge, ink flow path and print head, which is very difficult to clear and

12



completely replace the ink.

Epson PX-105 is a new printer to be found according to the experimental needs.
The ink cartridge of the printer is not integrated with the printer, but independent.
By using the unfilled ink cartridge corresponding to IC4CL69L, ink replacement

becomes easier.

EPSON PX-105 Internal structure Empty cartridges

Fig.1.12 Pictures of the internal structure and parts of EPSON PX-105.

Advantages: In addition to being cheaper and more convenient to purchase, ink
replacement is easier due to the unfilled ink cartridges. The original ink belongs to
pigment ink, which is closer to the performance of the ink used in the experiment.

Disadvantages: When printing patterns, if standard printing is adopted, one of
the four ink cartridges can be selected for printing by adjusting the CYMK value of
the patterns. However, when setting the printing parameters, if the photo paper is
selected as the printing paper and set as high-quality printing, the ink of any of the
four ink cartridges cannot be printed separately. When setting photo paper to print,
if a black pattern is printed, the ink is not from the black ink cartridge, but a mixture
of three-color inks. When any color pattern is printed, the printed ink is also mixed
with at least two inks. This is very unfavorable for the evaluation and discussion of

thin film experiments.
1.4.3 PET film

Polyethylene terephthalate (PET) film has good mechanical properties and is
widely used in food packaging, medical packaging, printing film, transformer
insulating ink and flexible printed circuit. PET is a kind of plastics. Compared with
other plastics, PET film has higher tensile strength, excellent dimensional stability,
low moisture absorption and good physical properties in a wide temperature range.

PET has a relatively high melting point, which makes it suitable for high-

13



temperature sterilization environment. However, compared with other cellulose
products such as paper, PET is not easy to decompose, but biodegradable additives
can be used to enhance the biodegradability of this plastic.

1.4.4 Photo paper

The photo paper in the product can be divided into Photo Quality Glossy Film,
Photo Quality Glossy Paper and Photo Paper in detail according to the use and
surface characteristics of the photo paper. The photos printed with these three types
of paper will be different in terms of color saturation, bright color, detail
performance, etc.

According to different coating methods and coating materials, photo paper can
be divided into Swellable Photo Paper, Cast Coating Photo Paper and Micro-porous
Photo Paper. Since the formation of various functional films needs to be discussed
in this study, the photo paper is discussed in detail from the perspective of coating

methods and coating materials.

A. Swellable Paper
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Polymer _
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PE resin layer
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Fig.1.13 Schematic diagram of the structure and ink-fixing process of swellable
photo paper.
The coating layer is also called ink absorbing layer. It uses polyvinyl alcohol (PVA)
as the main film-forming material to form a bentonite coating on the base paper. Its
surface is composed of gelatin, polyvinyl alcohol and other polymers to form an ink

absorption layer.
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B. Cast Coating Photo Paper
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Fig.1.14 Schematic diagram of the structure and ink-fixing process of cast coating
photo paper.
The coating is made of micron silicon dioxide. After special processing, the
brightness and whiteness can reach the level of traditional photo paper. It has a
waterproof coating, but the base paper is the same as the swellable photo paper, so

the overall waterproof performance is poor.

C. Micro-porous Paper
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Fig.1.15 Schematic diagram of the structure and ink-fixing process of micro-porous

photo paper.

Due to its special microporous structure, the coating has a strong ink absorption
capacity, and can also express the layering effect well for the part with very dark
tones; it dries quickly, and it can be directly touched when it comes out of the

printer.
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1.5 Aim and novelty in this research

Aim 1: Through the development of functional inks, a home printer can complete
the production of sensors.
Aim 2: To develop an insulating layer that can be printed with a home inkjet printer,

the insulating layer needs to have both insulating and ink-absorbing functions.

Novelty: 1. The fabrication of the fully printed sensor was realized.

2. A sensor matrix with a multilayer structure was developed.

1.6 Thesis outline

This research is mainly about the development of functional inks and the
fabrication of fully printed gas sensor matrices using these functional inks.

In chapter 1, we introduce the application scenarios of gas sensors, existing gas
sensing technologies, thin film fabrication methods and some common flexible
substrates. The main object of this study is to realize the fabrication of large-scale
sensor matrices on flexible substrates and further make the sensor matrices
selective for VOCs.

Chapter 2 describes the dispersion effect of carbon black in different solvents
with different dispersants. The preparation method of polymer carbon black ink
that can be used for home inkjet printing is introduced in detail. Through a home
printer, full inkjet printing of a sensor array containing 8 sensors was achieved. In
addition, through experiments, it was found that some polymers and salts mixed
with carbon black can be used to make gas sensing layers. This provides sufficient
material for developing more sensors with different characteristics in the future.

In Chapter 3, we report a novel full printing process for fabricating chemiresistor
gas sensor matrixes on photographic paper with an inkjet printer. Sensor matrices,
which can increase the number of sensors significantly compared with a serial
sensor array, were printed on one piece of A4 photographic paper. Each sensor
matrix contains 36 interdigital electrodes in an area of less than 1 mmz2, which
greatly improves the density of the sensor. The basic architecture of the sensor
matrix is electrodes that row and column intersecting. In order to insulate the row
and column electrodes from meeting each other, an insulating layer needs to be
fabricated at the point of intersection between the row and column electrodes. The

insulation layer was produced by adjusting the number of printing passes and shape
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of the printing pattern of color pigment ink. Carbon black was used to form
conductive composites by changing its resistivity with a specific polymer for the
preparation of sensing material. In order to make the sensing material can be
printed, it is necessary to disperse carbon black first. Carbon black was dispersed in
aqueous solution with sodium dodecyl sulfate added as a surfactant to lower the
surface tension, which enabled printing of carbon black using an inkjet printer.
Some polymers have certain adsorption characteristics for gases. According to the
different gas properties, the adsorption characteristics are also different. By adding
polyethylene glycol polymer to the carbon black layer, the response to four gases
with different properties is improved. Compared with the drop coating, the full-
printing sensors not only re