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SUMMARY

In this thesis, organic/TiO, heterostructures were fabricated for gas sensor
applications. The one-dimensional (1D) TiO, nanorods were synthesized by the
hydrothermal method. Synthesized nano-sized TiO, structures were coated with
suitable organic molecules (different types of polymers and phthalocyanines) to form
organic/metal-oxide hetero-structures. Fabricated samples were characterized with
scanning electron microscope (SEM), X-ray diffraction (XRD), and Energy-
dispersive X-ray Spectroscopy (EDX). These hetero-structures were tested for gas-
sensing applications. Gas sensor measurements were performed for hydrogen gas and
volatile organic compounds such as chlorinated compounds, amines, aromatics and
alcohols at different operation temperatures. Among the selected organic compounds,
the heterostructures combined with fullerene containing polystyrene (C60-PS) and
TiO, nanorods (NRs) showed higher sensitivity, and clearer response against H, even
at the room temperature when comparing with the pristine TiO, NRs and C60-PS
thin film. The combination of TiO, NRs and C60-PS as the heterostructure exhibited
a great sensing behavior for applications. According to the results, the sensing

mechanism of the organic/metal-oxide heterostructure sensor was discussed.

Key Words: Organic/Metal-oxide Heterostructures, TiO;, Nanorod,

Hydrothermal, Polymer, Phthalocyanine, Gas Sensors.



OZET

Bu tez calismasinda, organic/TiO; hetero-yapilar gaz sensor uygulamalart igin
retilmislerdir. Bir boyutlu (1-D) TiO, nanogubuklar hidrotermal yontem ile
sentezlenmistir. Uretilmis nanoboyutlu TiO, malzemeler organik/metal-oksit
heteroyapilar olusturmak amaci ile uygun organic malzemeler (farkli tipte
ftalosiyanin ve polimer) ile kaplanmistir. Uretilen 6rneklerin taramali electron
mikroskobu (SEM), X ismlart kirmimi (XRD), ve enerji dagihim X 1sm1 (EDX) ile
karakterizasyon islemleri yapilmistir. Bu heteroyapilar gaz sensor uygulamalari iigin
test edilmislerdir. Gaz sensor Olgilimleri hidrojen gazi ve klorlu bilesikler, amin
gruplar1, aromatikler ve alkol gruplari gibi ugucu organic bilesiklere kars1 farkli
calisma sicakliklarinda yiritilmistir. Secilmis organic bilesikler arasindan,
fullerene igeren polystyrene (C60-PS) ve TiO; nanogubuklarin kombinasyonu ile
olusturulan heteroyapt C60-PS ince film eve TiO, nanogubuklara kiyasla oda
sicakliginda bile hidrojen gazina karsi daha yiiksek algilama ve temiz bir sensor
cevabi gostermistir. Bu heteroyapili sensor uygulamari i¢in mitkemmel bir sensor
cevabr sergilemistir. Elde edilen Olgim sonuglarina gore, organic/metal-oksit

sensoriin algilma mekanizmasi tartisiimistir.

Anahtar Kelimeler: Organik/Metal-Oksit Heteroyapi, TiO;, Nanog¢ubuk,

Hidrotermal, Polimer, Ftalosiyanin, Gaz Sensor.
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1. INTRODUCTION

The gas sensors are the subject of an intensive research because of their
applications in the industry (such as petro chemistry, mining, cosmetic, automobile,
and food industry, healthcare, agriculture, environmental protection, military, and
security). In general, sensors consist of three parts: the analyte, the sensing material,
and the transducer. The metal oxides (SnO,, ZnO, MgO, In,03, Ga,03, TiO,, etc ),
organic compounds such as phthalocyanines, and conducting polymers, and the
metals with high catalytic activity (Pd, Pt, etc) are widely used as the sensing
material. These sensing materials can be successfully produced as thin films,
nanowires, nanotubes, nano-powders in order to improve the properties of the sensor.
Especially during the last two decades, nanotubes, nanowires, and nanoparticles
became the subject of sensor research since they possess a high surface to volume
ratio, which is an advantage for a sensing material. The usage of nanostructured
materials as a sensor improves sensor parameters such as sensitivity, response time,
power consumption and operation temperature.

Organic-inorganic heterostructures have been recently investigated. Organic-
inorganic heterostructures have been used in a few industrial applications such as
paints and screens of television. But, new application fields (solar cells, sensors,
LEDs, photo-catalysis, fuel cells, biotechnology, drug ...) are currently emerging due
to their unexpected exceptional properties. There is limited number of research about
gas sensing mechanism of organic-inorganic heterostructures. In the last decade, the
research on gas sensing properties of organic-inorganic heterostructure has been
done and is limited. In general, organic-inorganic heterostructure gas sensors are
made of layered thin films or composites. There are a few studies on 1-D
nanostructured metal oxide / organic heterostructure gas sensors [1]. In addition the
gas sensing mechanism of organic-inorganic heterostructure devices are not well

understood.



2. GENERAL INFORMATION

The atmosphere we live in includes several gases, natural and artificial, some
of which are vital to living organism while many others are hazardous. Figure 2.1

shows gases in atmospheric air [2].
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Figure 2.1: Concentration levels of atmospheric gases

Many commercial activities and industrial processes need to monitor and
control of the ambient atmosphere in order to maintain health, safety, productivity
and stability. Real time environmental monitoring is main goal for sensor
applications. Gases are key targets especially in industrials and public activities in
order to monitor or control the environment. On the other hand, H; is promising gas
for future energy source. Besides, hazardous gases such as CO, NOy and VOCs
(volatile organic compounds) should be controlled in order to keep under the risky
level. Thus, wide range of process could be monitored with gas sensors. Selective,
sensitive and stable gas sensor can meet this demand. For this reason conventional
sensors should be drastically improved. Among different kind of monitoring
methods, scientists have been working to develop low cost, stable and simple usage

devices.



2.1. Gas Sensors

Numerous types of sensors have been investigated for different applications
such as agricultural, industrial, medicine and public services. The development of
gas sensor with high sensing abilities and low cost are still in process. Scientists have
been focused on different gas sensor approaches such as development of new sensing
materials, surface studies, use of catalyst or promoters, and multi array systems.

2.1.1. Definition of a Gas Sensor

The increase in the search of sensors to detect gases in modern technology has
caused to development of many different type of gas sensors and coloration between
different disciplines of science. Sensor could be described as the device convert
physical or chemical quantities to electrical signals. A gas sensor has two important
section: to detect a particular gas and to transduce the gas recognition into a
measurable sensing signals [2]. The gas diagnosis needs chemical processes on
surface due to gas-solid interactions. Adsorption or chemical reactions are few of
these interactions. The sensor material has an important role in the transducer
function of a gas sensor. The transduction of gas sensors could work to the
fluctuation of thermal, mass, electrical or optical properties. However, in large part
of commercial gas sensors give an electrical output monitoring the change of

resistance or current [3].

2.1.2. Types of Gas Sensors

2.1.2.1. Spectroscopic Gas Sensors

Spectroscopic systems depend on directly analyzing the spectrum of mass or
vibration of target gas. These sensors could measure accurately combination of
different gasses [4].



2.1.2.2. Optical Gas Sensors

Optical gas sensors measure change of the absorption spectrum after the
reaction between target gas and light. Detection of gases such as CO, VOC or H,
depends on optical absorption changing of thin films [5]. Optical gas sensors have
advantages such as high sensitivity, low noise and working with flammable gases.
On the other hand, spectroscopic and optical systems are expensive, complex and
large scale for daily usage. Figure 2.2 shows typical absorption spectra for different

gases in the mid infrared region [6].
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Figure 2.2: Absorption spectra for five gases measured by optical gas sensor. Taken
from the PNNL data base.

2.1.2.3. Solid-State Gas Sensors

Although solid-state gas sensors have lots of advantages, it has few
disadvantages such as limited accuracy and repeatability. Development with
nanotechnology, fabrication of new nanomaterials have positively affected
performance of solid-state gas sensors [7]. During reaction between gas and surface
of the sensor, changing on the characteristic features such as capacitance, work
function, mass or optic could affect the conductivity of sensing materials [5]. Table

2.1 shows operation principles of solid-state gas sensors [5].



Table 2.1: Types of solid-state gas sensors and operation principles.

Type Working Principle

Semi-conducting (chemical) Electrical conductivity/ resistivity
gas sensors
Catalytic gas sensors Thermal
Field effect gas sensors: Work function
diode, transistor, capacitor
Piezoelectric gas sensors:
Quiartz crystal microbalance (QCM) Mass

Surface acoustic waves (SAW)

In theory, wide range of materials could be used as a solid-state gas sensor
independently of their elemental, structural or physical features. Scientists have
reported thousands of studies about solid-state gas sensors based on wide range
materials. Up to now, semiconducting metal oxides, polymers, metals, solid
electrolytes, and ionic membranes have been already tested as a gas sensor material
[8-12]. Among the materials used as a gas sensor, choice of optimal material still
stays on a key problem. However, semiconductor metal-oxides are more promising
and successfully employed as sensing materials compared to polymeric (polyaniline
(PANI), polypyrrole (PPy), etc) and metal or compound (Si, Ge, etc) semiconductors
due to improvable features, low cost and easy for fabrication, and sensing ability to a

wide range of gases.

2.1.3. Parameters of Gas Sensor

Performance of a gas sensor could be evaluated according to a set of
parameters such as selectivity, sensitivity, response time, recovery time and
operation temperatures [3, 11, 13-15]. These parameters were defined as a result of

series of experiments.



2.1.3.1. Sensitivity

As most important parameter of gas sensors, to improve the sensitivity of
sensor, much effort has been performed. There is not a certain explanation for gas
sensor sensitivity. Commonly, sensitivity is defined as variation between initial and
last signals of a sensor interacts with gas. In case of conductometric based gas
sensors, sensitivity is difference in conductivity between baseline state and saturation
after exposure oxidizing or reducing gas. Sensitivity could be calculated with two
different ways depend on n-type or p-type.

In case n-type;

S = 2.1
Ryes (2.1)
In case p-type;
R
S = ;ZS (2.2)

where S= sensitivity, R is baseline signal in carrier gas and Rgss is a signal generated
by reaction between gas and sensor. In literature, it is observed that sensor response

could be used instead sensitivity;

Rs(%) = (%ﬁ’) 2.3)

Table 2.2: Summery of the sensitivity properties of 1-D nanostructures.

Gas Material  Detection Sensitivity Concentr Reference
tested Temperat ation
ure (°C)
Ethanol  ZnO 180-300 43P 100 ppm [16]
nanowire
H.,S Zno 25-400 1.77 0.005 ppm [17]



Table 2.2:  Continuation of the table

H, ZnO RT 3" 200 ppm [18]
nanowire

Ethanol SnO; 300 451" 100 ppm [19]
nanorod

NH; Sn0, 200 117 1000 ppm [20]
nanowire

LPG SnO; 350 20.4" 2000 ppm [20]
nanowire

H, TiO, 400 1000* 1000ppm [21]
nanotube

(6{0) TiO, 300 217 100 ppm [22]
nanofiber

Ethanol  TiO, 550 1.25" %2 [23]
nanowire

2.1.3.2. Selectivity

Selectivity indicates characteristic feature determine whether a sensor can
respond selectively to a group of gases or specifically to one gas [24]. Recently,
Scientist have been investigating to fabricate a sensor could selective against to one
gas [25, 26].

2.1.3.3. Stability

Gas sensor is expected to work stable without effecting from environmental
factors such as temperature, pressure, humidity and corrosion. Among materials can

be used as a gas sensor, metal-oxides are more durable materials.



2.1.3.4. Response and recovery Time

Response time is defined the time required for sensor to respond to a step
concentrate change from zero to a certain concentration value [24]. Sensor signal

changed by the reaction between gas molecules and sensor surface is saturated in
time as seen in Figure. 2.3.
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Figure 2.3: Sensor response towards H; gas.

2.2. Metal-Oxide Gas Sensors

After first published by Seiyama in 1962, researchers have been studied to
design stable, sensitive and selective gas sensors [27]. Last decades, the
conductometric semi-conductor metal-oxide (MOS) gas sensors have been widely
constituted in gas sensor field due to easy fabrication methods, low cost, flexibility in
production and large number of detectable gases. Each metal-oxide has its own
unique properties and characteristics. For these reason each metal-oxides show
different response towards each gas even at same conditions [11]. Kanazawa et al.

reported that each metal-oxide shows different sensor response towards 300ppm NO;
at 450°C operation temperature [28].
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Figure 2.4: Sensitivities and responses to 300 ppm N20O for the various single metal-
oxides.

For these reason, it is very important that choosing the metal-oxide according
to target gas. Moreover, metal-oxides sensing properties are mainly attribute to
structural parameters such as thickness, grain size, porosity, surface geometry, bulk
stoichiometry and band gap [29]. The above mentioned parameters effect energetic
parameters of adsorption/desorption, number of surface sites, concentration of charge

carriers, initial surface band bending [30, 31].

2.2.1. Gas Sensing Mechanism of MOS Sensors

Gas sensing mechanism of semiconductor metal-oxide gas sensors have been
explained and investigated by numerous studies [3, 11, 27, 32]. Especially TiO,
ZnO and SnO; have been extensively investigated as gas sensing materials. Sensing
mechanism of metal-oxide based chemical sensors basically can be explained as a
reaction between metal-oxide surface and gas molecules. Chemisorption of oxygen
on the surface plays a significant role on the sensing mechanism. The result of charge
transfer reaction between chemisorbed oxygen and target gas make a change on the
conductivity of metal-oxide. During the charge transfer, electrons are injected into or
extracted from the metal-oxide depends on whether target gas is reducing or
oxidizing, respectively. For an n-type semiconductor metal-oxide such as TiO;, which

majority carriers are electrons, interaction with a reducing gas increases the



conductivity (Figure 2.5). On the other hand, to exposure oxidizing gas decreases the

conductivity of n-type metal-oxide.

In Air Hydrogen mixed Air

adsorbed oxygen

Surface depletion
» region /
—> Conduction region <—

Figure 2.5: Depletion layer formation of MOS in air and hydrogen atmosphere,
respectively.

Opposite effect are observed for p-type semi-conductor metal oxide such as
CuO, which majority charge carriers are positive holes. Conductivity decreases in a
presence of reducing gas since negative charge introduced in to the metal-oxide
reduces the positive charge carrier concentration [33]. Table 2.3 shows a summery

for change of the conductivity depends on whether target gas is reducing or oxidizing.

Table 2.3: Conductivity change depends on target gas species.

Classification Oxidizing Gases Reducing Gases
n-type Conductivity decrease Conductivity increase
p-type Conductivity increase Conductivity decrease

Oxygen molecules can adsorb onto surface of metal-oxide in air. Then,
adsorbed oxygen molecules react to electrons extracting from the conduction band of
metal-oxide. As a result of this, O,, O, and O* ions form depending on the
operation temperature [34, 35]. Depletion region on the surface shapes due to
combination of positively charged MOS surface and negatively charged absorbed
oxygen ions. The thickness of depletion layer may depend on semiconductor material.
Elevated operation temperatures change the depletion layer or barrier height, which
is formed by interaction of target gas and adsorbed oxygen ions. Fundamentals of gas
sensing mechanism have been explained in detailed by Yamazoe [36], Gopel [37],

Weimar [30] up to now.

10



The effect of sensing layer such as grain size, surface-volume ratio, film
thickness and structural formation on sensing mechanism is well identified [14].
Working principle of conventional thick-film gas sensors is based on surface and
bulk conductivity changes. The sensing properties of this type of sensor are low due
to gas molecules may not interact with whole bulk of the film. In thin film gas
sensors, sensor abilities are mainly based on surface conductivity changes. Gas
molecules need not penetrate all bulk due to the thickness of the sensing layer. In
order to understand sensing mechanism of metal-oxides, the role of oxygen surface

species and the surface conduction model should be well understood.

2.2.1.1. Oxygen Adsorption

The conductivity of a MOS are dependant on the partial pressure of
atmospheric oxygen [35]. Barsan et al. proof that the stoichiometry of
semiconducting MOS changes as a function of ambient oxygen [3]. The electrical
conductivity of the materials depends on the change in stoichiometry can be

expressed by following equation [35]:

E
o = apexp (— ) PO @4

where o denotes electrical conductivity, k is Boltzmann’s constant, T is the
temperature (°K), E, is the activation energy of conduction and p(O,) is the partial
pressure of the gaseous oxygen. The activation energy is the sum of the energy
required to form the ionic defects [35]. The value of n (seen Eq. 2.4) depends on the
point defects as a result of removed oxygen from the lattice.

To understand defect chemistry of TiO, at high operation temperatures, the
following example is given. When TiO, are exposed to oxygen at high temperatures,

the formulation of Ti interstitials (Ti; ) is formed [35]. The reaction is given by:
Ti¥, + 20¥ = Ti; + 4e™ + 0,(gas) (2.5)

With the charge neutrality;
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4-Ti; | =n (2.6)
The equilibrium constant of reduction reaction (2.5):
Kg =[Ti; |- n* p(0,) (2.7)
When equation (1.6) and (2.7) are combined:
n=4-[Ti;"] = (4K) /5 - p(0,) /s (2.8)

The defects of TiO, have a dependence on oxygen pressure of n = -5. Thus, the
conductivity of TiO, sensor depends on temperature as well as p(O,). The
equilibrium between oxygen species and lattice is preliminary effect on the sensing
mechanism of MOS sensor. However, sensing mechanism relies on surface

conductivity during the reaction between target gas and MOS surface [7, 8].

2.2.1.2. Surface Conductance in MOS Films

It is widely accepted that oxygen molecules are adsorbed onto the surface of
MOS layer to form O,, O" and O ions by extracting electrons from the conduction
band depending on the temperature [38, 39]. These negative charges trapped by
oxygen species cause a band bending. Hence, adsorbed oxygen species on the MOS
surface play an important role in detecting gases. As shown Figure 2.6, oxygen
molecules adsorbed on MOs surface trap electrons from conduction band E.. This
will lead a band bending and electron-depleted region [11]. Where the energy of
conduction band, valance band and the Fermi level, represent Ec, Ev and Ep,

respectively. A, is thickness of the space-charge layer and Ey is the potential barrier.
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Figure 2.6: Schematic diagram of band bending for n-type MOS after oxygen
chemisorption. “e™ and“+” denotes electrons and donor sites, respectively.

Takata et al. show that oxygen ions form depends on the operation temperature
of MOS sensor [40]. Oxygen ions were form O, below 100°C, O" between 100 and
300°C and O? above 300°C on ZnO surfaces. Tagata et al. explained the oxygen

adsorption on the MOS surface by the following equations:

O2(gas) 2 Oz(ads) (2.8)
O2(gas) + €7 2 Ozaas) (2.9)
O2(gas) + 2€7 2 20(gq5) (2.10)
Oa(gas) + €~ 2 Ol (2.11)

Tagata et al. explained that the negatively charged adsorbed oxygen ions and the
positively charged surface form a depletion layer at the semiconductor MOS surface.
Thus, the resistance of n-type MOS gas sensor is increase in air as a result of
alteration of potential barrier. Electron depletion at the surface induces formation of a
space charge layer. The thickness of space charge layer Ap (namely Debye Length)
can be defined following equation [38]:

13



O _ 2K &V,

A = =
D e'ND [ e'ND

(2.12)

Where Qs is the surface charge density, Ny is the number of ionized donor states per
unit volume, e is the carrier charge, K is the static dielectric constant of the oxide, &
is the permittivity of the vacuum, and Vs is the surface potential barrier height. The
space charge region is less conductive then the bulk of materials [31]. It is well
known that formation of the space charge region is related to each grain and inter-
grain contracts. The grain model related to the band model is given on Figure 2.7
[35]. Potential barrier forms as a result of inter-grain contracts and this barrier
potential depends on the amount of adsorbed oxygen. The carriers are required to
surpass a barrier of eV for inter-grain transport and this barrier Vs is a function of
temperature and atmospheric oxygen pressure [41]. There is a direct ratio between
the adsorbed oxygen on MOS surface and the thickness of space-charge layer. Thus,
the conductivity increases due to decrease of the Schottky barrier [11]. During the
reaction between n-type MOS surface and reducing gas such as H, or CO at elevated
temperatures, the oxygen adsorbed on the MOS surface are removed by this
reduction reaction [35]. This reaction can be explained as follows at elevated

temperatures [35, 41]:

Oqas) + Hz = H,0 +e” (2.13)

Ofaas) + €O > €Oy + e~ (2.14)
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Figure 2.7: The structural and band model of conductive mechanism during exposure
to target gas. a) with or b) without target gas.

2.2.2. Nanostructured MOS Gas Sensors

Electrical modification of conventional film type sensors only takes place in
the grain boundary or porous surface. On the other hand, electrical process occurs on
entire surface [16]. Most important characteristic of 1-D nanostructures is high
surface-to-volume ratio [7]. During exposed to target gas, high surface-to-volume
ration along with the large depletion region cause a much large change in
conductivity compare to thin films [13]. In addition to that, high surface-to-volume
ratio provides faster and higher response due to better diffusion of gas, as seen in
Figure 2.8. Ozturk et al. show that ZnO nanorods have high and fast response
towards NO; gas [42]. Haidry et al. propose that enhanced sensitivity of TiO, thin
films can be related to increased surface porosity [43]. Sennik et al. investigated that
TiO, nanotube sensors have not only high sensitivity but also low operation
temperature due to nanostructural morphology [32].
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Thin Films 1-D Nanostructures

Figure 2.8: Schematic illustration of hydrogen diffusion for MOS thin film a), and
MOS 1-D nanostructures b).

2.3. Polymer Based (Organic) Gas Sensors

The researches have been increasingly studied polymer based materials in wide
range of application field as well as gas sensors. Polymer based materials are
alternative candidates to metal-oxide semiconducting gas sensors due to easy
structural modification, low cost, low operation temperature, synthesizing on wide
variety of substrates [1, 44]. Additionally, in the field of gas sensors, organic sensing
materials such as polyaniline (PANI), polypyrrole (PPy), and phthalocyanine showed
promising sensor response to target gases at room or low temperatures [1]. Agbor et
al. fabricated PANI thin film gas sensor [45]. They found that the thin film is
sensitive to NO,, SO,, H,S and N, gases at room temperature. Xie et al. investigated
PANI thin film against NO, gas at room temperature [46]. They reported that the
PANI based thin film can be used NO, gas sensor. However, organic materials have
their shortcomings such as low thermal stability, long response time and long

recovery time, low response [1]. These disadvantages can be obstacle in applications.

2.4. Organic/Inorganic Heterostructure Gas Sensors

The conventional gas sensors based on doped or undoped metal-oxide
materials or have been well studied to detect gases due to low cost, good response
and easy fabrication [1]. However, there still exist some problems with MOS sensors
such as high power consumption, high operation temperatures and selectivity [1, 3,
35]. On the other hand, Organic compounds have also received significant interest as

sensing material for low temperature sensors [44, 45, 47]. However, the single
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inorganic or single organic sensing materials have their own shortcomings such as
high operation temperatures and low selectivity for MOS sensors and low thermal
stability and low sensing performance for organic compounds [1]. These
disadvantages could limit their application.

Last decades, many studies have been reported based on the organic/inorganic
heterostructure materials for the application in gas sensor field [1, 48]. Figure 2.9
shows SEM images of different heterostructure combinations. Combination of the
metal-oxide materials and the organic materials can improve sensor performance and
solve the problems mentioned above [1, 48-50]. Kong et al. fabricated
polythiophene/SnO, heterostructures via polymer oxidation method. The gas sensing
properties of heterostructure performed towards methanol, ethanol, acetone and NOy
at different operation temperatures. They found that the heterostructure showed
higher sensitivity, higher response and selectivity towards NOy at lower operation
temperatures compare to SnO, [51]. Ma et al. synthesized PANI/TiO, composite film
for gas sensor applications. They report that the sensor had good response against
trimethylamine at room temperature [52]. Tai et al. investigated the gas sensor
performance of PANI, PANI/TiO2, PANI/SnO; and PANI/In,O3 towards NH3 gas.
They report that the heterosturcure sensors have better sensor properties than PANI
thin film [53].

Figure 2.9: SEM images of heterostructures a) PANI/TiO; thin film, b) PANI/TiIO,
nanofibers.

Betty et al. investigated the gas sensing properties of PANI-SnO,
heterostructure sensor. They found that the heterostructure sensor shows specific
response at room temperature for SO, and NO, with specific signals [54]. The

sensing mechanism of the SnO,-PANI heterostructure sensor is related to the space
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charge modulation of the junction between SnO, and PANI during
oxidation/reduction reactions taking place. Bai et al. fabricated PANI/SnO;
heterostructure sensor to detect NH3; at room temperature. They report that the
heterostructure sensor has not only better sensitivity but also good selectivity
compared to pure PANI and SnO, [55]. Figure 1.10 shows sensor responses of SnO»,
PANI and the heterostructure to NH3 gas at room temperature. They suggest that
improved sensing performance of the heterostructure sensor is mainly attributed to

the heterojunction between PANI and SnO,.
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Figure 2.10: Gas sensor measurements of SnO,, PANI and the PANI/SnO,
heterostructure, which represents PS0.15, to different NH3 concentrations at room
temperature.
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3. EXPERIMENTAL DETAILS

TiO, nanorods, organic compound thin films and the heterostructures were
fabricated to investigate gas sensor properties. C60-PS and phthelosyanines were
used as organic compounds. The gas sensor measurements of phthelosyanine
( (CS)sPcCu and (CgS)sPcNi ) thin films were previously performed by our group
[56].

3.1. Fabrication

3.1.1. Fabrication of TiO, Nanorods

TiO, nanorods array were synthesized onto the transparent conductive fluorine-
doped tin oxide (FTO) substrate by hydrothermal method [57, 58]. FTO substrates (8
Q/sq) were purchased from Sigma-Aldrich. Titanium (IV) n-butoxide (99 %) used as
a Ti precursor was purchased from Alfa Aesar. Hydrochloric acid (37 %) was
obtained from Honeywell Specially Chemistry. FTO substrates were ultrasonically
cleaned in acetone, isopropanol and methanol for 10 min, respectively. A FTO
substrate was placed in a 250 ml teflon lined stainless steel autoclave containing 30
mL of hydrochloric acid (37 wt%), 30 ml of deionized water, and 1 ml of titanium
butoxide. The rate of the titanium precursor in the solution was changed by previous
study in order to investigate the effect of titanium to morphology of nanorods. Figure
3.1 shows schematic illustration about teflon and stainless steel autoclave which used
for fabrication of the nanorods on FTO by hydrothermal method. The hydrothermal
reaction was conducted at 150 °C for 18 h. Finally, the sample was rinsed

extensively with deionized water and dried in ambient air.
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Figure 3.1: Schematic illustration of Teflon and stainless steel autoclave.

3.1.2. Preparation of Organic Material Thin Films

The organic compounds were obtained by different chemistry laboratories [56,
59]. Figure 3.2 shows the chemical structure of selected phthalocyanines and
polymer. In order to perform sensor tests organic compounds C60-PS were coated
from a solution of 10 mg/ml in chloroform onto glass substrates using spin-coating
system with spin rate of 1000 rpm for 60 seconds. Then, the sample was annealed on

hot plate at 100 °C for 30 minutes.

a) § § b)
o}
Ngn P(S-co-CMS-Cyy)
z (P3)

Figure 3.2: The chemical structure of the a) (C¢S)sPcM [ M- Ni, Cu] and b) C60-PS
compounds.
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3.1.3. Preparation of Organic/TiO, Heterostructures

In order to obtain organic/TiO, NRS heterostructure, organic compounds were
coated on TiO, NRs by spin coated method with spin rate of 1000 for 60 seconds.

Figure 3.3 shows schematic illustration of heterostructure formation.

—) Organic layer
_)

FTO

Organic/TiOz2 NRs Heterostructures

Figure 3.3: Schematic illustration of the heterostructure.

3.2. Structural Characterizations

The morphologies of samples were examined by Scanning electron microscopy
(SEM and EDX, Philips XL 30S). Phase identification was conducted by X-ray
diffraction (XRD, Rigaku Smartlab X-ray diffractometer with Cu-Ka radiation, A =
0.15418nm).

3.3. Sensor Measurements

Gold (Au) electrodes were evaporated onto the samples with a Leybold Univex
450 coater system using a shadow mask. The (Au) electrodes were deposited on the
samples with a thickness of 150 nm, a diameter of 2 mm, and a spacing of 150 mm

between the electrodes.
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Figure 3.4: Schematic illustration of a) C60-PS TF sensor device, b) TiO, NRs
sensor device, and c) the heterostructure sensor device.

Gas-sensing measurements for the samples were performed in a homemade test
chamber (1 L) connected to a high-purity dry air line (Figure. 3.5b). The
experimental procedure was carried out by heating the devices up to 100 °C for the
heterostructure due to decomposition of organic materials and 200 °C for TiO, NRs
under the high purity dry air (200 sccm) flow. Then, the admirable concentrations of
the gas were sent into the gas chamber. H, gas was directly sent into the chamber
from the gas tube. 50 ml of VOCs (methanol, ethanol, isopropanol, carbon
tetrachloride, dichloromethane, chloroform, and acetone) were placed in a glass
washing bottle that was put inside thermostatic bath maintained at a certain
temperature to provide the appropriate partial pressure. The gas flow meters
controlled with multi gas controller (MKS 647C) were used to adjust the desired
concentration of VOCs. A schematic figure of the gas test system is given in Figure
3.5a. Temperature controller (Lakeshore 340) was used to keep the desired
temperature of the sensors. The gas test chamber reached the maximum gas
concentration with a flow of 200 sccm for 5 min. The bias voltage of 1 V was
applied to the sensor. The direct current (DC) was measured with a Keithley 6517A
Electrometer/High Resistance Meter. The sensor responses were monitored
continuously under dry air flow and recorded using an IEEE-488 data acquisition
system incorporated into a personal computer. The high purity dry air flowed through
the test chamber for almost 15 min, and then exposed VOCs at 5000 ppm through a
bubbler.
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Figure 3.5: A schematic illustration of a) electrical and gas sensor measurement

system b) homemade test chamber.
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4. RESULTS and DISCUSSION

4.1. Structural Characterization of the Samples

Samples’ morphology and crystallinity are a very important way to understand
the electrical conductivity and the surface reaction with the analyte gases. The peaks
of titanium (Ti), gold (Au) and oxygen (O) elements were observed for TiO, NRs in
Figure 4.1a. The Au come into existence in the EDX analysis because approximately
3 nm thin Au films are coated onto TiO, NRs with RF sputtering to obtain a
conducting surface for SEM analysis. According to the XRD results, the peaks
represent the reflections from rutile TiO, crystallites and FTO substrate as seen in
Figure 4.1b. The diffraction peaks of TiO, at 27.4°, 36.1°, 41.2°, 54.3°, 62.7° and
69.8° are appointed to (110), (101), (111), (211), (002), and (112) crystal planes
(JCPDS 21-1276) and these information confirm the formation of rutile TiO, [58].
The high peak intensities in XRD pattern are observed for (101) and (002) peaks.

b)

a) FTO §§
L Rutile TiO,[]

Ti Ka

Counts
Intensity (a.u.)

Energy (keV)

10 20 30 40 50 60 70 80
Two-Tetha (260)

Figure 4.1: a) EDX graph and b) XRD pattern of TiO, NRs.

Figure 4.2 shows the SEM images of TiO, NRs fabricated depending on the
concentrations of Ti precursor in mixed solution. When Ti precursor was chosen as
0.25 ml, TiO, NRs were not observed on FTO substrate as seen in Figure 4.1a. TiO,
NRs were started to form after the concentration of Ti precursor increased twice. In
Figure 4.1(b), not homogenous and thinly-thickly TiO, NRs were observed on the
surface of FTO. TiO, NRs hydrothermally fabricated using 1 ml of Ti precursor was
homogenously spread over entire surface (Figure 4.1(c)). In Figure 4.1(d) with high
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magnification, the NRs have a diagonal shape and are almost perpendicular to FTO
surface, the top facets of the NRs are square, the side facets are smooth, and the
average diameter is about 100 nm. The growth mechanism of TiO, NRs on FTO
substrate could be explained as follow. Initially, Ti species from titanium (IV) n-
butoxide precursor start to react with H+ ions from concentrated solution containing
HCI and H,0. The unstable Tiz" species in an aqueous solution hydrolyze with water
at the interface of water/FTO substrate; therefore TIOH?* species are formed. After
TiOH? is oxidized with dissolved oxygen, TiO, crystal nucleuses are grown on FTO
surface. Then TiO, nanorod arrays are formed with the growing the nucleuses
vertically respect to the substrate surface. The growth TiO, nanostructures via
hydrothermal method is well known process and the nanostructure type is depending
on hydrothermal conditions such as acidic concentration, Ti precursor, Ti precursor

concentration, temperature, substrate etc. [58, 60, 61].

Figure 4.2: The SEM images of TiO, NRs depending on the concentration of Ti
precursor a) 0.25 ml, b) 0.5 ml, c) and d) 1 ml.

As a result of the hydrothermal optimization studies, TiO, NRs fabricated
using 1 ml of Ti precursor was chosen for sensor measurements and the
heterostructure studies. Figure 4.3 shows the SEM images of the TiO, NRs and the

heterostructure. It has been observed that the average length of TiO, NRs is 5 um as

seen in the cross-section image (inlet of Figure 4.3(a)). As for the heterostructure
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seen in Figure 4.3(c) and (d), the polymer was coated homogeneously on the TiO;
NRs as a thin layer. The thickness of the polymer was measured by means of

profilemeter and it was about 100 nm.
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Figure 4.3: SEM images of TiO, NRs a), b) and PS-C60/TiO, NRs heterosructure c),
d). Cross sectional view of TiO, NRs (inlet of Figure 4.3a).) and PS-C60/TiO, NRs
heterosructure (inlet of Figure 4.3c).)

4.2. Gas Sensor Properties

4.2.1. TiO, NRs

The gas sensing measurements were carried out at 200 °C. The sensor was
placed in a home-made chamber and 1 V constant voltage was applied during all
measurements. Changing dc current was measured upon 250-2000 ppm H, and 5000
ppm VOCs in high purity dry air at constant temperature and voltage. The current
values of TiO, NRs at H, atmosphere are given in Figure 4.4. In order to determine
the baseline, the current was measured under high purity dry air flow. Then, the NRs
were exposed to the desired concentrations of H, with high purity dry air. The
current of the TiO2 NRs are 0.26 pA, 0.31 pA, 0.37 pA and 0.53 pA at 250 ppm,
500 ppm, 1000 ppm, and 2000 ppm concentrations of H,, respectively as seen in
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Figure 4.4(a). The direct ratio between increasing current and increasing H;
concentration is related to the semiconductor behavior of TiO, and perfect alignment
of device [32]. Reaching the saturation of device takes 20 minutes each concentration.
After the saturation, H, gas was removed by high purity dry air flow. The recovery
approximately takes 20 minutes for each concentration of H; flow. In Figure 4.4(b),
the sensor response defined in Equation 4.1 [62] for TiO, NRs are given as a
function of H, concentrations. The sensor response of TiO, NRs increased with
increment of gas concentrations. The linear relationship between gas concentration

and the sensor response is observed, especially after 250 ppm.
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Figure 4.4: H, measurements for TiO, NRs at 200°C a) the current versus time by
exposure to different concentrations H; gas, b) H, concentration dependent sensor
response.
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(4.1)

The gas sensing properties of TiO, nanomaterials mainly depend on the surface
porosity and operation temperature. Haidry et al. investigated H, sensing properties
of TiO, TF and explained H, sensing mechanism with Equation 4.2 [43]. The
adsorbed oxygen decreases the conductivity of the metal-oxide film and forming a
depleted surface layer. The oxygen can be desorbed by exposed reducing gas as
hydrogen. The trapped electrons are returned back to the conduction band and the

conductivity of the film is partly or fully restored. They reported that increasing of
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the sensitivity of the film related to increased surface roughness offering more
adsorption sites.

Hy(gas) T O(aas) = H20(ges) + €~ (4.2)

Chen et al. investigated the gas sensor properties of TiO, nanotubes (NTs) against H,
gas at room temperature [63]. They explain the H; sensing mechanism that
increasing resistance of the sensor following exposure to hydrogen is related with the
absorbed oxygen on the nanotube surface. In detail, the oxygen molecules extract
electrons from the conduction band of TiO; resulting in the formation of O, or O
species. Following this, hydrogen reacts with the adsorbed oxygen ions to form water
and the electrons are injected back into the electron-depletion layer leading to
resistance decrease. They reported that sensing mechanism of TiO,-based hydrogen
sensors included both the effect of chemisorbed oxygen and that of a Schottky barrier.

TiO, NRs device was tested to VOCs gases ethanol, methanol and isopropanol
at 200° C. Among the tested VOCs, only isopropanol gas was sensed by TiO, NRs
device. It is seen in Figure 4.5 the sensitivity of TiO, NRs device to 5000ppm
isopropanol.
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Figure 4.5: Sensor response of TiO, NRs towards 5000 ppm isopropanol at 200 °C.

Sennik et al. fabricated Pd loaded spider-web TiO, nanowires using Ti foil in
order to investigate volatile organic compounds (VOC) [62]. They reported that Pd

loaded TiO, spider-web nanowires showed the highest sensitivity to isopropanol
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because of releasing electrons maximum on the oxide surface according to Equation
4.3. They concluded that Pd loaded TiO, nanostructures were able to detect not only
isopropanol but also other alcohols because of the catalytic effect of Pd loaded on the
structure. According to these information, TiO, NRs are sensitive only isopropanol

due to absence of catalytic material.

(CH3),CHOH + 90~ (ads) 2 3C0,(g) + 4H,0(g) + 9¢™ (4.3)

4.2.2. C60-PS Polymer TF

Sensor measurements of phthelosyanine TF sensors were previously performed
by our group [56]. C60-PS polymer TF sensor device was tested against 5000 ppm
VOCs and 1000 ppm H; at 100 °C. On the other hand, C60-PS TF sensor did not
show sensor response towards VOCs. Figure 4.6(a) shows the current- time
measurement of C60-PS thin film against 5000 ppm TEA at 100 °C. The current
values of C60-PS thin film change from 27.25 pA to 28.19 pA for 10 minutes when
exposed to 5000 ppm TEA at 100 °C as seen in Figure 4.6(a). During the gas
exposure, the current of C60-PS thin film increased, and then the rate of increment
slowed down. After the flow of TEA was stopped (cleaning process), the current of
C60-PS thin film recovered to the baseline for 15 min. Similar behavior was
observed for H, measurement of C60-PS thin film. The baseline current of C60-PS
thin film changed to 23.06 pA from 29.19 pA for 10 minutes when the sensor was
exposed to 1000 ppm H,. After waiting for 10 minutes, the sensor was purged with
dry air for several minutes. While purging the sensor, the current decreased, and then

the rate of reduction slowed down until it reached to the baseline.
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Figure 4.6: Current versus time graph of C60-PS at 100 °C towards Ho.

4.2.3. Gas Sensing Properties of the Heterostructure

Gas sensor measurements of the heterostructure were performed at 30, 50 and
100° C towards different concentrations of H, and 5000 ppm VOCs. Figure 4.7
shows the sensor response and the response time of the heterostructure, which is
C60-PS coated with 1000 rpm spin rate on TiO, NRs, sensor as a function of
operation temperature against 1000 ppm. The sensor response increases with
increasing of operation temperature as seen from Figure 4.7(d). Moreover, response
time decreases depending on increasing of operation temperature. Figure 4.7(a-c)
shows the current-time graphs against 1000 ppm H; at 30°, 50°, and 100° C. The
sensor has a clear response to H, gas despite of the low operation temperatures. The
current increased rapidly when the heterostructure sensor was exposed to H, gas and
recovered completely to the initial value once the H, gas supply was stopped and air
was introduced. The sensor responses of heterostructure are 2.1, 4.3 and 7.5 at 30°,

50°, and 100° C, respectively.

30



QD
=

O
~

e
@

1000 ppm H, - 50 °C

o
o
L

2 1000 ppm H, -30°C
_f %
¥ LY
,' b ]
; \
H
H

10 20 10 20
Time (min) Time (min)

o

a

"
o
Y

Current (nA)
o
«w
Current (nA)

o

N
S
o

e
o

(¢
~

o
~

1000 ppm H, - 100 °C

o
H

»

=3
L

FS
1
L
-
@
H

Current (nA)

N
X

_/ v

L
1
(ui) asuodsay Josuag

Sensor Response (Al/l )
3

o
I

2 30 5 100
Time (min) Temperature ( °C)

Figure 4.7: Sensor response of heterostructure (1000rpm C60-PS/TiO, NRs) sensor a)
30 °C, b) 50 °C, and c) 100 °C and d) temperature dependent sensor response and
response time against 1000 ppm Ho.

To understand the sensor behavior in detail, the heterostructure sensor was
exposed against different concentration of H, at optimum operation temperature.
Figure 4.8 shows sensor responses towards varied H, concentration from 100ppm to
2000 ppm. As seen in Figure 4.8, there is a linear ratio between sensor response and
H, concentration. The sensor has clear response even towards 100 ppm H, at 100 °C.

Moreover, response and recovery times are same for each concentration.
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Figure 4.8: Response of the heterostructure sensor against different H, concentrations
at 100 °C.
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The heterostructure sensor could detect VOCs only at 100 °C. Figure 4.9 shows
comparative sensor responses of the heterostructure sensor against VOCs. Among

measured VOCs gases, the sensor showed highest response against ethanol gas.
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Figure 4.9: Bar diagram about sensor response of C60-PS /TiO, NRs heterosructure
against 5000ppm VOCs at 100 °C.

Figure 4.10 displays I-t curves of the heterostructure towards 5000ppm VOCs at 100
°C. Although the heterostructure sensor response to chlorine group gases such as
CCl,4 and chloroform, the responses were not clear. However, VOCs responses of the
heterostructure sensor are negligible when compare with H; response. These results
show that the heterostructure sensor (1000rpm polymer/ TiO, NRs) has very good
selectivity against H,.
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Figure 4.10: I-t curves of the heterostructure sensor against 5000 ppm a) ethanol, b)
isopropanol, ¢) acetone, d) methanol, ) CCly, and f) chloroform at 100°C.

Besides, Phthelosyanine coated TiO, NRs sensors could not response against

measured gases.

4.2.4. Comparison of TiO, NRs, C60-PS polymer TF and C60-PS
TF/TiO, NRs heterostructure sensors

Gas sensing properties of TiO, NRs, C60-PS polymer TF, and the
heterostructure were investigated. Figure 4.11(a) shows the comparison between the
sensor responses of the heterostructure, TiO, NRs and C60-PS thin film against 1000
ppm H,. Although C60-PS gas sensor could work at low temperatures, the sensor
response is very low. It is clearly understood that sensor performance of the polymer
is very low and TiO, NRs sensor has not response to measured gases above 200 °C.
On the other hand, the heterostructure sensor has the highest sensor response in
comparison with the C60-PS polymer TF and TiO, NRs separately due to organic-
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inorganic combination. Sensing mechanism of the heterostructure will be explained
in section 4.3. Figure 4.11(b) shows the sensitivity of pristine TiO, NRs and the
heterostructure to H, at different concentration. As shown in Figure 4.11(b), it is
obvious that the sensitivity of pristine TiO, NRs reaches saturation after 500ppm H;
concentration. The sensitivity of the heterostructure shows a good linear behavior
with the change of the H, concentration. Although the operation temperature of the
heterostructure is 100 °C which is one-half of pristine one, the sensitivity of the
heterostructure is twice compared to pristine TiO, at 250 ppm of H,. It suggests that
the heterostructure may have a lower detection limit and wider detection range than
that of the pristine TiO,.
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Figure 4.11: a) Sensor Response of all the samples, b) Sensitivity of TiO, NRs and
C60PS /TiO, NRs heterosructure.

4.3. Gas Sensing Mechanism of the Heterostructure

Sensing mechanism of the n-type metal-oxide gas sensor is well documented in
the literature with depletion layer model [5, 8, 39]. The interaction between reducing
gas and chemisorbed oxygen ions on metal-oxide surface causes the resistance
change of sensor device. In air atmosphere, surface of the metal-oxide adsorbs the
oxygen molecules and the electrons located on conductive band are trapped. This
may lead to an increase the metal-oxide resistance. In case of reducing gas
atmosphere, the gas molecules just as H2 or VOCs can react with the chemisorbed
oxygen species and trapped electrons are released back to the conducting band,
which is responsible for decreasing resistance of metal-oxide [2, 35]. In case of
organic compounds such as C60-PS, the sensing mechanism is mainly attributed to
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carbon atoms play an important role in reaction between surface and gas molecules
[59].

When C60-PS polymer TF coated on TiO, NRs, the heterojuntion forms
between two materials. Figure 4.12 shows a schematic energy band diagram of the
heterostructure at thermal equilibrium, where Er is the Fermi level and Ej is the band
gap of TiO,, while the Eg is the band gap of the polymer. The band gaps of the
polymer and TiO, have been reported 3.0 and 3.2 eV, respectively. The polymer used
behaves like a semiconductor [59]. When the Fermi levels (Ef) of two different
materials which have electrically connection, the electrons at higher energies will
flow through the junction to occupy the lower energy levels until Fermi energies of
these two materials have equilibrated [64]. Then, depletion area comes into existence
between polymer and TiO, since polymer can trap electrons emitted by the oxygen
vacancies of TiO,, as shown in Figure 4.12(c). As a result, the resistance of
heterostructure increases with the decrease of the carrier density [1, 65]. This process
increases the barrier height, which is suggested that it is responsible for the

enhancement of the sensor response [1].
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Figure 4.12: a) Schematic illustration of the energy band of heterostructure at
thermal equilibrium, b) Energy band diagram of the heterostructure in hydrogen
atmosphere, and c) and d) Schematic depletion model for heterostructure sensor

exposed to air and hydrogen, respectively.

Figure 4.12 (b) shows schematic energy band diagram of the heterostructure in

hydrogen atmosphere. The gas reacts with adsorbed oxygen ions on the surface and
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releases electrons back to the conduction band. Besides, electrons released on the
surface can trigger a reduction of the depleted layer at the junction between polymer
and TiO,. This process may shift the band gap of TiO,, which significantly reduces
the width of the depletion layer and decreases the barrier height [54]. Conductivity
can increase dramatically due to enlargement of conducting channel. Figure 4.12(d)
Is the schematic illustration of the conduction channel and depletion layer during H,
atmosphere.

Shifting the barrier height and the depletion layer are considered as an
important reason for improved sensitivity of the heterostructure [66, 67]. According
to the results, the heterostructure sensor has higher sensor abilities when compared
with pristine TiO, NRs and C60-PS polymer thin film itself.
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5. CONLUSIONS

In this thesis, the sensing properties of organic/inorganic heterostructure gas
sensor have been investigated. The results show that, the combination of polymer
and TiO, NRs enhanced sensing properties compare to constituent parts of the
heterostructure. Characterization of the sensor devices has also been carried out.
According to the results, following conclusions can be made:

Vertically oriented rutile TiO, NRs were synthesized by means of
hydrothermal method on FTO glass using titanium but-oxide, hydrochloric acid and
deionized water. TiO, NRs were fabricated with a diameter of 100nm and length of
Sum.

TiO, NRs sensor showed clear response to 250, 500, 1000 and 2000 ppm
concentrations of H,. Reaching the saturation and recovery of the TiO, NRs sensor is
approximately 20 min to each concentration of H,. On the other hand, TiO, NRs
sensor device is only sensitive to isopropanol among tested VOCs.

C60-PS polymer material was coated on glass substrate as thin film via spin
coating method. The polymer based sensor device could sense 1000 ppm H; at 100°C.
Yet, the sensor response was low according to metal-oxide sensors.

Organic/TiO, NRs sensor device was fabricated in order to investigate gas
sensing properties. C60-PS polymer, Cu containing phthelosyanine and Zn
containing phthelosyanine compound was coated on TiO, NRs by spin coating
method.

The heterostructure combination of phthelosyanines and TiO, NRs had not
sensor response to any gas.

C60-PS polymer heterostructure sensor exhibited an excellent selectivity and
sensitivity against H, gas even at room temperatures. Moreover, the heterostrucure
sensor detected to 100 ppm H, at 100°C. Although the heterostrucure has response to
5000 VOCs at 100 °C, it is negligible when compared to H, response.

The heterostructure sensor exhibited higher sensor response then pristine TiO,
NRs and polymer. The formation of the depletion layer as a result of the hetero-
junction between two materials is the major reason for improved sensing properties

especially sensitivity, selectivity and operation temperature.*’’
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