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Abstract
Title: “Study of toxic gases by using n- and p- type composite materials”
In my master thesis work, two series of oxide cpmposites were synthesized, characterized
and studied for gas sensing applications, namely; Nickel-Cobalt Vanadates (NiV2O6,
Co0.5Ni0.5V2O6 and CoV2O6) and Nickel-Cobalt Tungstates (NiWO4, Co0.5Ni0.5WO4 and CoWO4).
The Vanadates were obtained by an easy and low cost solution based synthetic procedure in
which ethylene-glycol was used as a ligand. Tungstates were synthesized with the
hydrothermal process. Calcined powders of both series were characterized by X-Ray Powder
Diffractometry and Scanning Electron Microscopy.
Tungstates were studied in 4 different gases from toxic to flammable gases such as H2, H2S,
NO and acetone. The sensing films were prepared by the spin-coating technique and their
gas-sensing performances were studied at operating temperatures ranging from 200 to
350oC in dry air. The Tungstate sensors (n-type) exhibit low response in these gases and due
to the short time of the thesis, they were not studied further. The Vanadate Oxides were
also tested in these 4 gases and the Co0.5Ni0.5V2O6 and CoV2O6 sensors exhibit the highest
response at 300oC in H2 gas, namely 11 and 16 respectively.
p-type CoV2O6 nanoparticles were selected and were loaded with 0-2 wt% Palladium (Pd)
and systematically investigated for H2- sensing applications. Gas sensing measurements
showed that CoV2O6 sensing film with the optimal Pd-loading level of 1wt% exhibited a high
response of ~114, which was one order of magnitude higher than that of undoped one, and
a short response time of 17s towards 30.000 ppm H2 at an optimum operating temperature
of 300oC. In addition, the optimal Pd-loaded CoV2O6 sensor displayed high H2 selectivity
against NO, NO2, H2S and acetone. Thus, Pd- loaded CoV2O6 nanoparticle thick films were
proved promising candidates for H2-sensing applications.
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Περίληψη
Τίτλος: «Μελέτη της ανίχνευσης τοξικών αερίων με χρήση n- και p- τύπου σύνθετων
υλικών»
Στη συγκεκριμένη μεταπτυχιακή εργασία, δυο σειρές σύνθετων υλικών συντέθηκαν,
χαρακτηρίστηκαν και μελετήθηκαν για εφαρμογές ανίχνευσης αερίων- Νικέλιο-Κοβάλτιο
Βανάδια(NiV2O6, Co0.5Ni0.5V2O6 and CoV2O6) και Νικέλιο-Κοβάλτιο Βολφράμια (NiWO4,
Co0.5Ni0.5WO4 and CoWO4). Τα βανάδια αποκτήθηκαν με μία εύκολη και φτηνή συνθετική
πορεία βασισμένη σε διαλύματα με διαλύτη την Αιθυλενο-γλυκόλη. Τα Βολφράμια
συντέθηκαν με υδροθερμική πορεία. Θερμική ανόπτηση των υλικών και των δύο σειρών
χαρακτηρίστηκαν με Περιθλασίμετρο Ακτίνων - Χ και Ηλεκτρονική Μικροσκοπία Σάρωσης.
Τα Βολφράμια μελετήθηκαν σε 4 διαφορετικά αέρια από τοξικά μέχρι εύφλεκτα όπως H2,
H2S, NO και ακετόνης. Τα υμένια προετοιμάστηκαν με την spin-coating τεχνική και η
συμπεριφορά τους μελετήθηκε σε θερμοκρασίες λειτουργίας από 200 μέχρι 350oC σε αέρα.
Οι αισθητήρες Βολφραμίου (n- τύπου) έδειξαν χαμηλή απόκριση στα συγκεκριμένα αέρια
και δεν μελετήθηκαν περαιτέρω. Οι αισθητήρες Βαναδίου μελετήθηκαν επίσης σε αυτά τα
αέρια και οι αισθητήρες Co0.5Ni0.5V2O6 και CoV2O6 έδειξαν υψηλές αποκρίσεις σε Υδρογόνο
στους 300oC, 11 και 16 αντίστοιχα.
p-τύπου CoV2O6 νανο-σωματίδια επιλέχτηκαν και συζεύτηκαν (loading) με 0-2 wt%
Παλλαδίου (Pd) και μελετήθηκαν συστηματικά σε εφαρμογές ανίχνευσης Υδρογόνου. Οι
μετρήσεις για ανίχνευση αερίων έδειξε ότι ο ανιχνευτής με το υμένιο του CoV2O6 με το
βέλτιστο ποσοστό Pd να είναι το 1wt% έδειξε την υψηλότερη απόκριση ~114, η οποία είναι
μία τάξη μεγέθους υψηλότερη από τον ανιχνευτή με το υμένιο του CoV2O6 χωρίς ποσοστό
Pd. Ο χρόνος απόκρισης είναι 17 δευτερόλεπτα στη συγκέντρωση 30.000 ppm H2 στην
βέλτιστη θερμοκρασία λειτουργίας των 300oC. Επιπροσθέτως, ο βέλτιστος ανιχνευτής (
1wt% Pd-CoV2O6 ) έδειξε την υψηλότερη επιλεκτικότητα σε Υδρογόνο έναντι των NO, NO2,
H2S και ακετόνης. Επομένως, τα υμένια Pd-CoV2O6 είναι πολλά υποσχόμενα για εφαρμογές
ανίχνευσης Υδρογόνου!
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Chapter 1: Introduction - Literature Review

1.1 Motivation
Environmental pollution has become an important issue worldwide due to growing industrial
waste emissions to the environment. Important environmentally hazardous gases as air
pollutants include toxic gases (e.g. H2S, CO, NH3), greenhouse gases (e.g. N2O, CH4 and CO2)
and noxious greenhouse gases (e.g. NO, NO2 and SO2). There is also another category of
gases, the flammable or explosive gases (e.g. H2, NH3, acetylene) and they are highly
dangerous since they can cause fire. While some gases can cause fire, other gases are
harmful to human and animals. On the Table 1.1, the Threshold Limit Values (TLV) of several
gases are presented. The numbers are in parts-per-million (ppm) and are believed to be a
level to which a worker can be exposed day after day for a working lifetime without adverse
effects. Strictly speaking, TLV is a reserved term of the American Conference of
Governmental Industrial Hygienists (ACGIH). TLVs issued by the ACGIH are the most widely
accepted occupational exposure limits both in the United States and most other countries. If
people inhale gases in concentrations higher than their Threshold Limit Value, then they can
start suffering from diseases, be paralyzed or even die. So, it is essential to develop gas
sensors in order to detect and monitor hazardous gases and contain accidental exposure at
the source (e.g. gas leakages) or/and pollution into environment.
Example gas
Threshold Limit Values (TVL) (ppm)
Acetone
500
Ammonia
25
Chlorine
0.5
Chlorobenzene/ chloroform
10
Dim-ethylamine
5
Hydrogen Sulfide
10
Nitric Oxide
25
Ozone
0.05
Sulfur Dioxide
2
Table 1.1 Threshold Limit Values of several gases, over 8 hours, 25 °C, 760 mmHg, from WHO

It is well known that the function of a sensor is to provide information about our physical,
chemical, and biological environment. In particular, gas sensors have a huge variety of
applications such as environmental quality control, public safety, medical applications,
automotive applications and for air conditioning systems in aircrafts, space-crafts, vehicles,
and houses. According to a recent industrial market report, in the USA the demand for
sensors increased with an average annual growth rate 1(AAGR) of 4.6% from a market value
of $6.1 billion in 2004 to $7.6 billion in 2009. [1.1] However, the high cost of the classical
analytical instruments (spectroscopic gas sensor, optical gas sensor, mass chromatography,
and mass spectrograph) monitoring systems limits the control and monitoring of the air
quality. Alternatively, semiconducting metal oxides (MOs) based gas sensors have attracted
considerable interest in recent years due to their high sensitivity, selectivity, and fast
response time. In addition, for portable applications, they have low power consumption,

10

lightweight, simple in operation and a low maintenance cost. Furthermore, it is easy to
manufacture microelectronic sensor structures with metallic oxide sensitive thin layers.
Perovskite-structure oxides have been studied in this work. In particular, AWO4 and AV2O6,
with A= Co, Co0.5Ni0.5, Ni were fabricated and a study of their sensing properties has been
done. In the next subsection, theoretical background and literature review are presented.

1.2 Perovskite-structure Oxides (AxByOz)
A perovskite group of materials (ABO3) has a wide range of applications due to their
structural diversity, adaptability including exceptional physical and chemical properties. They
can accommodate around 90% of metallic elements of the periodic table at positions A
and/or B without destroying the matrix structure. This gives an extraordinary possibility of
various combinations and scope of complete or partial substitutions of cations resulting
incredible large number of compounds with enhanced properties. These materials have
been extensively explored for their magnetic, optical, catalytic and electrical properties. The
methods of synthesis greatly influence the catalytic properties of perovskites. They have
been exploited as oxidants, reductants and photocatalysts due to their enhanced catalytic
properties. In addition to catalytic uses, the role of perovskites has also been explored for
sensing and adsorption of various aqueous and gas phase species. [1.3]

1.2.1 Structure and Properties
Perovskites have a general formula of ABX3, where smaller transition metal ions on the B site
reside in corner-sharing octahedra of X anions, and larger A-site cations have 12-fold
coordination with X (Fig.1.2.1.1). In specific, A represents a rare earth metal or alkaline earth
metal, B represents small transition metal ions and X is often substituted by oxygen anions.
Calcium titanate (CaTiO3) was the first mineral discovered in this structural family, which was
named “perovskite” after the Russian mineralogist Lev Perovski. Owing to the flexible
electronic structure of the perovskite oxide family, represented by the distribution of
electronic states [or density of states (DOS)] (Fig. 1), they exhibit diverse physical and
chemical properties in bulk.[1.2]
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Fig. 1.2.1.1. Electronic and chemical structure of perovskites. (Center right) ABO3 perovskite
crystal structure. (Center left) The electronic DOS contributions from the oxygen (O 2p) and
metal (B 3d) states, which make up perovskite electronic structure. (Outer) Applications for
catalytic processes, bulk ion diffusion for gas sensors and fuel cells, solid-state ferroelectric
devices, and superconducting properties.
The promising properties of perovskite are mainly dependent on their crystalline structure,
composition and symmetry. Perovskite is formed from a dense packing of oxygen anions
with two types of cations at two different sites, one with coordination of six oxygen atoms
and another with coordination of eight or twelve oxygen atoms. The hexahedral sites can
host small cations of one to six valence oxidation states, whereas in eight coordinated or
twelve coordination sites, mono- to tri-valent large-sized cations can be located. Each A
cation is surrounded by twelve oxygen anions in a cubic octahedral coordination, and each B
cation is surrounded by six oxygen anions in an octahedral coordination (Fig. 1.2.1.2).
However, it is possible to create vacancies or to substitute any foreign cation of the periodic
table having different oxidation states or ionic radii in A and B sites. Furthermore, the degree
of substitution of A and B cations at respective sites is not liberal, as this would lead to
deviation of framework and destroy the matrix structure.

Figure 1.2.1.2 Typical Perovskite Structure
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The stability of the crystalline structure and the compatibility of an ion with a crystalline
structure are the major factors which determine the distortion of crystal structure. The
distortion of perovskite phase oxides can be quantified by Goldschmidt’s tolerance factor (t),
and it is given by the t =

𝑟𝐴+𝑟𝐵

, where rA, rB and rO are the crystal radii of A, B and O

√2 (𝑟𝐵+𝑟𝑂)

ions, respectively. When t<1, the system is of low symmetry and the B cations have a larger
size; t>1 corresponds to smaller B cations and bigger A cations and more symmetrical type of
the crystalline lattice (Dabrowski et al. 2003). The crystallization process of perovskite occurs
in all possible symmetries, viz. cubic structure (t = 1; SrTiO3), tetragonal structure (t>1),
rhombohedrally distorted structure (LaAlO3), orthorhombic structure (GdFeO3), monoclinic
symmetry (CaTiO3) and triclinic symmetry (BiMnO3). The cubic perovskite are considered as
an ideal perovskite structure, but the structure can also distort due to tilting or by ionic
displacements.
Moreover, enhanced and exotic properties of perovskites have been discovered by
introducing strain and heterointerfaces. For example, high mobility and superconductivity in
a two dimensional (2D) electron gas was unexpectedly discovered at the atomically sharp
interface between thin films ofLaAlO3 grown on SrTiO3, both of which are insulating
materials in bulk. Furthermore, perovskite surfaces can catalyze several reactions, including
oxidation of small molecules such as CO, hydrocarbons and NOx, (photo) electrochemical
splitting of H2O, and reduction of CO2, N2, and O2. The flexibility of the electronic and crystal
structure and chemical versatility of ABO3 perovskites can be used to establish design
principles for highly active, selective, and stable catalysts.

1.2.2 Applications of Perovskites
Perovskites have been explored for various applications which includes high-temperature
superconductors (Guertin et al. 2015), thermo-electric devices (Hashimoto et al. 2011), thick
ﬁlm resistors (Gurunathan et al. 2005), optical switches (Han et al. 2011), dielectric
resonators (Nedelcu et al. 2011), thermistors (Xiong et al. 2014), electrooptical modulators
(Wang et al. 2015), refractory electrodes (Wong-Ng et al. 2005), multilayer capacitors (Gong
et al. 2016), batteries (Du et al. 2014), piezoelectric transducers (Lopath et al. 1996),
oxidations, reductions and automobile exhaust puriﬁcation. They are found as active
catalysts for reactions like hydrogenation and hydrolysis of hydrocarbons (Ichimura et al.
2006), reduction in SO2 by CO (Wang et al. 2006), selective oxidation of C3H8 (Yang et al.
2004) and combustion of methane (Chen et al. 2010).
They are also used as adsorbents for the adsorption of dyes, pesticides, volatile compounds
and certain gases (Tavakkoli and Yazdanbakhsh 2013). They have been proposed as potential
three-way catalysts for the removal of exhaust gases (Tank et al. 2011) and used as sensor
for detection of a wide range of gases (Maity et al. 2016) and organic compounds (Bian et al.
2015).
The low cost, great diversity, redox properties, mechanical and thermal stability at relatively
higher temperature of perovskites made them potential catalyst in the ﬁeld of
environmental science (Tank et al. 2011). There are a lot of articles which provide overviews
of environmental applications of perovskite-type materials including their performances in
pollutant sensing and remediation of pollutants through adsorption and photocatalytic
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degradation. The structural properties and the techniques of perovskite synthesis have also
been discussed brieﬂy in these articles.

1.3 Tungsten and Vanadate Perovskite Oxides
Bimetallic oxide systems are of great interest in the design of new materials for catalysis,
electrochemistry, and microelectronics. These systems are multiple-functionalities and
exhibit prominent catalytic activity, selectivity, and stability over monometallic oxide
materials. NiO is among the most commonly used active materials in either pure or
hydroxide form. It is well-known for its chemical stability as well as its catalytic and electrical
properties. The application of NiO in electro-catalytic and electrochromic devices has been
investigated, along with its use as material for gas sensors. Vanadium oxide is an excellent
catalyst for various catalytic reactions. In relation to the heterogeneous catalysis of
vanadium oxides, redox property and surface acidity depend strongly on the additives or
support oxide materials. For instance, the addition of Ni to V2O5 to form Ni–V–O compounds
increases surface acidity with initial heat to 135 kJ/mol from 95 kJ/mol of V2O5for the
adsorption of H2. This finding indicates that such material possesses high surface acidity.
Moreover, the surface acidity of vanadium-based oxide can play an important role in the
selective sensing of H2. The use of a suitably designed Ni/V composite that utilizes the
beneficial effect of the interaction between the two metals to enhance electrocatalytic
activities in combination with the performance of two materials can generate suitable SE
material for H2 detection. As far as we know, a high temperature H2 sensor that employs the
designed composite as SE material has not been developed.[1.4]

Metal tungstates with the general formula MWO4 (M denotes Zn, Mn, Co, Ni, Fe etc.) belong
to an important family of inorganic functional materials and their crystal structures are
controlled by cationic radii. These metal tungstates have found potential applications as
microwave, photoluminescence devices, and humidity sensors. Some of them have recently
been explored for chemical gas sensing applications. It has been reported previously that
MWO4 (M ¼ Zn, Mn, Cd) when coupled as the sensing electrodes of the mixed-potential type
sensors demonstrated high sensitivity and selectivity to hydrogen. It points out that the
sensing electrode using the transitional metals with partly-empty outermost d shell such as
Ni, Co, and Cr in MWO4 could have better sensitivity and selectivity to lower concentrations
of hydrogen. Especially, Cobalt tungstates (CoWO4) has been used for antiknock and pigment
additives. Recently, it has been explored as a new oxygen carrier material for syngas
production because of its attractive catalytic activity and good alternative sensing
performance for detection of ammonia. The CoWO4 sensing electrode indicated excellent
sensitivity and selectivity to hydrogen at even lower temperature of 450oC compared to
Zn/Mn/CdWO4 ones.[1.6]
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1.4 Sensing Properties of Vanadate and Tungstate Oxides

In order to obtain knowledge about the works in Cobalt or Nickel Vanadium Oxide sensors,
the Table 1.4.1 was filled and now summarize them. Few works have been published
referred to Nickel Vanadium Oxide sensors and fewer to Cobalt Vanadium Oxide ones. It
should be mentioned that there is no work referred to Cobalt-Nickel Vanadium Oxide
structure/sensors. In general, the sensing properties of different crystal phases of Nickel
Vanadium Oxide have been studied in NH3 and acetone gases while the sensing properties of
Cobalt Vanadium Oxide have been studied in acetone and NO2 gases. The working
temperatures are high (≥ 500oC), while the p-type NiV2O6 sensor exhibits a good response
(~92 ) towards 100ppm NH3 at 120oC.

Sensing
Material

Method
Synthesis

Gases

Concentr.

Temp.

Response Tres, trec

p-type NiV2O6

Solution based /
coated on ceramic
tube Al2O3

NH3

100ppm

120oC

92(120oC) 10s, 16s

Ni3V2O8-SE

Sol-gel / YZT plate

acetone

200ppm

600oC

(-43mV
(-44 mV potential
mixed
difference value)
potential)

Ni3V2O8-1000oC

Sol-gel/ YSZ

NH3

100ppm

650oC

-62mV

Ni2V2O7 –V2O5

Precipitation
method/ screen
printing technique

NH3

1000ppm/
10% O2/N2

500oC

12.0 Ω

Co3V2O8-SE

Sol-gel/ YZT plate

acetone

200ppm

600oC

(-52mV
(-54 mV potential
mixed
difference value)
potential)

NO2

100ppm

700oC

130mV

Co3V2O8- TPB 3D Sol gel/ YSZ

830s

Table 1.4.1 Summary of Vanadium Oxides sensors prepared by various synthetic procedures
In order to obtain knowledge about the works in Cobalt or Nickel Tungsten Oxide sensors,
the Table 1.4.2 was filled and now summarize them. Few works have been published
referred to Cobalt Tungsten Oxide sensors and only one to Nickel Tungsten Oxide sensor. It
should be mentioned that there is no work referred to Cobalt-Nickel Tungsten Oxide
structure/sensors. In general, the sensing properties of Cobalt Tungsten Oxide have been
studied in NH3 and H2 gases while the sensing properties of Nickel Tungsten Oxide have been
studied only in NH3 gas. The working temperatures are again here high (≥ 450oC), except the
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last work with the nano-CoWO4 sensor which exhibits low response (~3.3 ) towards NH3 at
210oC.

Method
Synthesis

Gases

Concentr.

Temp.

Response

NiWO4

Polymer
precursor
method/ YSZ
plates

NH3

100ppm

700oC

~
DV=1mV

CoWO4

Polymer
precursor
method/ YSZ
plates

NH3

100ppm

700oC

DV=8mV

3s, 1s

CoWO4/YSZ/Pt

HT/ yttria
stabilized cubic
zirconia 8%

H2

960ppm

450oC

300 mV

145s, 120s

HT

NH3

1000μL L-1

210oC

3.3

Sensing
Material

Nano- CoWO4

Tres, trec

Background of
10vol% O2/N2

Table 1.4.2 Summary of Tungsten Oxides sensors prepared by various synthetic procedures

1.5 Sensors/Sensing Mechanism
According to the definition of a gas sensor, given by the International Union of Pure and
Applied Chemistry (IUPAC), "a chemical sensor is a device that transforms chemical
information, ranging from the concentration of a specific sample component to total
composition analysis, into an analytically useful signal.
Chemical sensors are classified in a number of different ways. One of the classifications uses
the operating principle of the receptor and they are distinguished (e.g. physical sensors,
chemical sensors, and biochemical sensors). Other classification schemes can be based on
the type of sensitive material (e.g., metal-oxide, polymeric, and inorganic), fabrication
technology (e.g., screen-printed and vapor deposited), field of application (automotive,
medicine, and environmental).
In order to characterize sensor performance a set of parameters is used. The most important
parameters and their definitions are listed below.
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• Sensitivity is a change of measured signal per analyte concentration unit, i.e., the slope of a
calibration graph. This parameter is sometimes confused with the detection limit.
• Selectivity refers to characteristics that determine whether a sensor can respond
selectively to a group of analytes or even specifically to a single analyte.
• Stability is the ability of a sensor to provide reproducible results for a certain period of
time. This includes retaining the sensitivity, selectivity, response, and recovery time.
• Detection limit is the lowest concentration of the analyte that can be detected by the
sensor under given conditions, particularly at a given temperature.
• Dynamic range is the analyte concentration range between the detection limit and the
highest limiting concentration.
• Linearity is the relative deviation of an experimentally determined calibration graph from
an ideal straight line.
• Resolution is the lowest concentration difference that can be distinguished by sensor.
• Response time is the time required for sensor to respond to a step concentration change
from zero to a certain concentration value.
• Recovery time is the time it takes for the sensor signal to return to its initial value after a
step concentration change from a certain value to zero.
• Working temperature is usually the temperature that corresponds to maximum sensitivity.
• Hysteresis is the maximum difference in output when the value is approached with an
increasing and a decreasing analyte concentration range.
• Life cycle is the period of time over which the sensor will continuously operate.

All of these parameters are used to characterize the properties of a particular material or
device. An ideal chemical sensor would possess high sensitivity, dynamic range, selectivity
and stability; low detection limit; good linearity; small hysteresis and response time; and
long life cycle and duration.[1.14]

1.5.1 Metal Oxide Sensors
A typical metal-oxide gas sensor element consists of the following parts:
• sensitive layer,
• substrate,
• electrodes, and
• heater.
Today, most of the commercial metal-oxide gas sensors are manufactured by screen printing
on small and thin ceramic substrates. The advantage of this preparation technique is that
the thick films of metal oxide semiconductor can be deposited in batch processing, leading
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to small deviations of characteristics for different sensor elements. Although this fabrication
technology is well-established, it possesses a number of drawbacks and needs to be
improved. Primarily, the drawbacks are connected with the necessity to keep the thick metal
oxide film at high temperature. Another technological problem is the proper mounting of
the overall hot ceramic plate to ensure the good thermal isolation between the sensor
element and housing. These problems have promoted the development of substrate
technology and strong research in preparation of the sensitive layer. [1.14]
1.5.2 Sensing mechanism and sensitivity parameters
Normally, the gas sensor based on MOS has an optimum operating temperature at high
temperature about 250-350°C. When the MOS is heated at lower temperature about 100200°C, oxygen molecules in the atmosphere are adsorbed on its surface and form oxygen ion
molecules by attracting an electron from the conduction band of MOS as shown in the Eqs
(1)
O2 (gas) +e- ↔O2- (adsorb)

(1)

At higher temperature, the oxygen ion molecules are dissociated into oxygen ion atoms with
singly or doubly negative electric charges by attracting an electron again from the
conduction band as shown in Eq. (2) and (3)

Where kOxy is the reaction rate constant. The oxygen ions on the surface of MOS are
extremely active with the target gas molecule and give up the electrons from the surface
back to the conduction band of MOS. The generally chemical reaction between gas molecule
and oxygen ions is shown in Eqs (4)

where Χ and Χ′ are the target gas and out gas, respectively. The b value is the number of
electron and k gas is the reaction rate constant of the gas reaction.
The chemical reaction causes changes of the carrier concentration in the conductivity and
thus, changes of the sensor resistance. The change of sensor resistance depends on the type
of MOSs. A schematic diagram for change of the sensor resistance upon exposure to the
target gas (reducing gas) in the cases of n-type and p-type MOS sensors is illustrated in
Figure 1.5.2 and will be discussed in the following.
For n-type metal oxide gas sensor:
Since majority carriers in n-type MOSs are electron, the resistance of n-type MOS sensor
decreases when the temperature increases due to their semiconducting properties.
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However under oxygen ambient, from Eq. (1)-(3), the electrons in the conduction band of ntype MOS are removed by the adsorbed oxygen ions. This causes a decrease of the carrier
concentration and thus, an increase of resistance of n-type MOS sensor at operating
temperature. When the n-type MOS sensor is under the target gas ambient (reducing gas),
the electrons obtained from the chemical reaction as in Eq. (5) are given back to the
conduction band leading to a decrease of the sensor resistance.
For p-type metal oxide gas sensor:
On the another hand, the majority carriers in p-type MOSs are holes. Similar to n-type MOSs,
the sensor resistance of p-type MOS decreases when the temperature increases. However,
under oxygen ambient, p-type MOS generates holes when the oxygen ions are adsorbed on
the surface via the excited electrons from valence band. This process results in raising the
number of charge carriers, which leads to a decrease of the sensor resistance (opposite to ntype). When the p-type MOS sensor is under the target gas ambient (reducing gas), the
electrons inject into the valence band and recombine with the holes and this method
resulting in reducing the number of holes, which leads to an increase of the sensor
resistance (opposite to n-type).
It should be noted that in the case of an oxidizing gas the change of resistance will be just
opposite to the above discussions.
In addition, from Eq. (4), a rate equation of an electron density can be written as

where n is the electron density or the electron concentration under the gas atmosphere, and
kgas is the reaction rate constant or reaction rate coefficient described as

where Ea is the activation energy of a reaction, kB is the Boltzmann constant and T is
absolute temperature. By integrating Eq. (5) at an equilibrium state under gas ambient and
air ambient and using the carrier concentration defined as n=α/R (where R is the resistance
and α is a proportional constant), a sensitivity relation can be obtained as (Hongsith et. al,
2010)

Sometimes, a compact form of the sensitivity relation on gas concentration, Χ, can be
rewritten as
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where a is a controllable parameter.
The sensitivity formula in Eq. (8) can be applied to explain very well the effect in the case of
thin film and bulk. In the case of nanostructure, however, two important parameters
including surface-to-volume ratio and depletion layer width need to consider in order to
explain the sensing characteristics. [1.22]

Figure 1.5.2 Schematic diagram for change of the sensor resistance upon exposure to the
target gas (reducing gas) in the cases of n-type and p-type MOS sensors

𝑅𝑎

In our case, Response (S) is given by the S = 𝑅𝑔, for reducing gas, n-type semiconductor, and S
=

𝑅𝑔
,
𝑅𝑎

oxidizing gas, n-type semiconductor.

“Response Time” is the time required until 90% of the stable response signal is reached.
Correspondingly, “Recovery time” denotes the time needed until 90% of the original baseline
signal is recovered.

1.6 Sensing Responses of NO, H2S, H2, Acetone
In this subsection, a few details will be given for each gas used in our gas sensing tests.
•

Nitric oxide (NO)-oxidizing gas: is an important environmentally hazardous gases as
air pollutant (noxious greenhouse gases). It is produced through combustion in
chemical plants and automobiles and causes acid rain, photochemical smog,
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production of ozone and health problems  we need NO sensors with enhanced
sensitivity towards VOCs.
•

Hydrogen Sulfide (H2S)-reducing gas: is an important environmentally hazardous gas
as air pollutant – toxic gas. It is produced from anaerobic decomposition of organic
materials or other industrial activities, and it reacts immediately with blood and
block O2, at high concentrations it paralyze and Up to 10ppm (TLV), cause instant
paralysis followed by death H2S sensors will help to contain accidental exposure at
the source and pollution into environment.

•

Hydrogen (H2)-reducing gas: is a flammable gas with combustible concentration
range (4-75 vol%) and low explosion energy (0,02mJ). It is highly dangerous since it is
easy to leak from stored containers due to its ultra-small molecular size. It can not
be detected by human senses (colorless, odorless, tasteless)  we need sensors for
low concentrations 10-10.000 ppm and working at low or even room temperatures

•

Acetone- VOC : is a Volatile Organic compound (VOC) and is used for chemical
industries and labs. If ingested and inhaled at high concentrations, it can cause low
acute and chronic toxicity. There is in human breath and its concentration is <
0.9ppm.
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Chapter 2: Experimental Section
In this chapter, the synthetic procedures and the experimental processes are explained in
detail. A table with all the reagents been used is shown here and descriptions about the
synthetic procedures are cited. The techniques which were used for the characterization are
presented in a subsection of this chapter, as well the experimental set-up for sensing
measurements.
2.1 Reagents/Materials
In the table 2.1 the chemical compounds which are used for the synthesis of the
nanoparticles are shown.
Name

Company

Molecular Formula

Nickel (II) acetate
tetrahydrate
Cobalt (II) acetate
tetrahydrate
Vanadium (V)
Oxytripropoxide
Tungstic Acid
Ethylene-Glycol
(EG)
Palladium acetate
(Pd)
Ethyl Cellulose

Sigma-Aldrich

a-terpineol

Reagent
Grade %

C2H6NiO4 *4H2O

Molecular
Weight
(g/mol)
248.84

Sigma-Aldrich

C4H6CoO4 *4H2O

249.08

98

Aldrich

OV(OC3H7)3

Sigma-Aldrich
Sigma-Aldrich

H2WO4
C2H6O2

249.85
248.22

99
97

Sigma-Aldrich

Pd(OCOCH3)2

224.51

98

Fluka
30-70 mPa.s, 5 % in
toluene/ethanol
80:20(25 °C)
Aldrich

C10H18O

154.25

90

98

98

Table 2.1 Chemical Compounds-Reagents

2.2 Synthetic Procedure of Perovskites
Two kinds of perovskites (Tungstates and Vanadates Oxides) were synthesized by two
different synthetic procedures. The Tungstates were synthesized by solvothermal method
while the Vanadates were synthesized by a solution-based method at room temperature. In
both cases the solvent used was ethylene-glycol.

2.2.1 Synthetic Procedure of Tungstates with Solvothermal method
Hydrothermal and solvothermal synthesis are important branches of inorganic synthesis.
[2.3] The hydrothermal synthesis includes the various techniques of crystallizing substances
from high-temperature aqueous solutions (solutions in which the solvent is water) at high
vapor pressures […], when the solvent is not water then the same process is called
solvothermal method. Powders produced by solvothermal synthesis vary in median sizes
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from 3 nm to micron level particles. High purity crystalline powders possessing narrow
particle size distributions and good particle stoichiometry are often produced. Solvothermal
synthesis is a rapid technique that can produce high product yields. Particle size and
morphology can be controlled by altering one of several processing variables. The main
difficulty is removal of particles from solution without agglomeration. (This can often be
avoided by freeze drying the suspensions or by the addition of steric stabilizing polymers
before or after synthesis.)[2.4]
Originally, solvothermal synthesis could be defined as a method of synthesis of single
crystals that depends on the solubility of minerals in a hot solvent, in our case ethyleneglycol, under high pressure. The crystal growth was performed in an apparatus consisting of
a steel pressure vessel called an autoclave, in which a nutrient (reagent) is supplied along
with water. A temperature gradient is maintained between the opposite ends of the growth
chamber. At the hotter end the nutrient solute dissolves, while at the cooler end it is
deposited on a seed crystal, growing the desired crystal. In figure 2.2 is shown a photograph
along with a detailed schematic of the teflon-lined autoclave used in this project, parr acid
digestion vessel. Model 4748 has a 125 mL, removable PTFE cup in a stainless steel body
with six cap screws in the screw cap to seal the flanged PTFE cup.

Figure 2.2 Detailed schematic of the teflon-lined autoclave used in this project

2.2.2 Synthetic Procedure of Vanadates by a solution-based method at room
temperature (RT)
Solution-based chemical synthetic processes provide simple and powerful routes to
nano-crystals. They are quite general, allowing the preparation of a wide range of
nanomaterials and usually have the advantages of greater capability and flexibility compared
to the dry synthetic routes. [2.5] One specific process used in synthesis of particles is the
polyol-mediated synthesis of inorganic nano-particles which appears as a robust strategy
for preparation of well-defined metal NCs (nanocrystals) in terms of size, shape,
composition, and crystallinity. [2.6] The polyol process was described at first as a novel route
for preparing finely divided metal powders of easily reducible metals such as copper, noble
metals namely Au, Pd, Ag, and their alloys, or less reducible metals such as cobalt, nickel,
iron, and their alloys by reduction of inorganic precursors in liquid polyols. Polyols were
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either polyhydric alcohols namely a-diols such as 1, 2-ethanediol (ethylene glycol), 1, 2propanediol (propylene glycol), or etherglycols namely di(ethylene) or tri(ethylene glycol).
The solid precursor is suspended in the liquid polyol, which may be quite soluble (nitrate,
chloride, acetate- in our case) or only slightly soluble (oxide, hydroxide). The solution or the
suspension is stirred and heated to a given temperature which can reach the boiling point of
the polyol (197.3 °C for EG) for less reducible metals.
In more details in our project, a heterobimetallic (or heterotrimetallic) glycolate-acetate
complex such as NiV2-GAH or CoV2-GAH or Co0.5Ni0.5V2-GAH was prepared through a
facile room-temperature precipitation reaction in ethylene-glycol (EG) solution, which
started from ambient-stable Vanadium glycolate derivatives and nickel (or cobalt or cobaltnickel) glycolate acetate species. EG was used as bidentate ligand and can react with metal
ions to form a metal-glycolate polymer because of its coordination ability with transition
metal ions. The polymer further coagulates to form a spherical-like precursor (by Van der
Waals interactions).
Similar EG mediated routes were followed in other works, mainly for the formations of
titanates oxides.

2.3 Characterization Techniques
Inorganic and Polycrystalline Solid Materials can be characterized and studied through many
different characterization techniques, using either radiation (x-rays, electrons, etc) or by
exploiting other physiochemical properties of our materials, depending on the specific
application under examination. Here, the tools which were used for the characterization are
presented in this subsection. {a short explanation on their basic principles are presented in
Appendix X}
2.3.1 X-Ray Diffraction
Powder and Sensor X-ray diffraction patterns were obtained by a Rigaku D/MAX-2000H
rotating anode diffractometer (CuKα radiation) equipped with the secondary pyrolitic
graphite monochromator operated at 40 kV and 80 mA over the 2θ collection range of 20–
70°. The scan rate was 0.05°s−1.
The average crystal size (D in nm) of nanoparticles was calculated from the line broadening
of the X-ray diffraction peak according to the following Scherrer formula: D = kλ/βcosθ
where k is the Scherrer contact (~0.9), λ is the wavelength of the X-ray radiation (1.54 Ǻ for
CuKα), β is the full width at half maximum (FWHM) of the diffraction peak measured at 2θ,
and θ is the Bragg angle.
2.3.2 (Field- Emission) Scanning Electron Microscope (SEM –FESEM)
The morphology of the solid powders was examined by Scanning Electron Microscopy (SEM)
and Field Emission Scanning Electron Microscopy (SEM, Jeol 7000), operating at 15 keV, and
equipped with an Energy Dispersive X-ray (EDX) spectrometry system. Besides cross section,
film thickness and surface morphology of the sensing films (V-0 to V-2) after annealing and
sensor testing, materials were characterized by FESEM.
2.3.3 Energy Dispersive Electron Microscopy (EDX)
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The microstructure analysis were performed using Energy Dispersive X-ray spectroscopy, on
a JSM-6390LV microscope. The EDX system, also sometimes called EDS, is connected to
electron microscopes such as SEM, FE-SEM and HR-TEM. In EDX analysis, the detector
analyzes the emitted x- ray photons from the sample, which can be utilized for quantitative
and qualitative composition analysis.

2.4 Preparation of Sensing Elements
The powder nanoparticles (40mg) were mixed into an organic paste consisting of ethyl
cellulose (Fluka, 30-70 mPa s) and a-terpineol (Aldrich, 90%) as a binder and a solvent,
respectively. In more detail, 0.48gr of ethyl cellulose droped slowly into the 20ml of aterpineol, in order to obtain a homogeneous solution and then stirred for an hour at 80oC.
This solution became transparent and with high viscosity (paste). Each time 0.1 ml of this
organic paste was mixed with 40mg of tungstate nanoparticles and were ground in a mortal
for 30min to form a homogeneous paste for spin coating. The paste was spin-coated at
700rpm for 10s and at 3000 rpm for 30s to form a sensing film on Al2O3 substrate (0.50 x
0.50 x 0.04 cm3) equipped with interdigitated Au electrodes. After the initial spin coating,
the sensor was dried at 80oC for 10min and the same process was repeated for a second
time. At the end, the resulting sensors were annealed in an oven at 450oC for 2 hour at a
heating rate of 2oC/min for binder removal. The thickness of the sensing film was estimated
to be around 15-20 μm and homogeneously prepared. The whole process is presented
schematically in Figure 1.7 below. 2 sensors were prepared for each sample due to the fact
that they may be destroyed/ broken after the annealing process.

Figure 2.4 Preparation of sensing film

2.5 Gas Sensor fabrication and testing of sensing properties
The gas-sensing properties of Tungstate Oxides sensors and Vanadate Oxides sensors (with
or without Pd decoration) were characterized towards a variety of different type of gases
such as NO, H2S, H2 and acetone gases at different concentration ranges under atmospheric
conditions by the standard flow through technique in a sealed stainless steel chamber with
an active volume of ~0.7L. The sensing films were heated to different operating
temperatures ranging from 200oC to 350oC using an external NiCr heater with a regulated DC
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power supply. A flux of synthetic dry air as gas carrier was flowed to mix at a standard Tjunction with the desired concentration of pollutants dispersed in synthetic air at a constant
total flow rate of 2L/min. The gas flow rates were precisely controlled using computer-driven
multi-channel mass flow controllers (Brook Instruments model 5850E). The sensors were
exposed to a gas sample for 10min at each gas concentration and air flux was then restored
for 25min. For n-type conductivity, the sensor response (S)was defined as the resistance
ratio Ra/Rg, where Ra is a stable resistance in dry air and Rg is the stabilized change in
resistance in the reducing gas including H2, H2S and acetone. The response definition was
reversed for oxidizing gas such as NO and NO2. The response time (tres) was defined as the
time required until 90% of the response signal is reached while the recovery time (trec)
denoted the time needed until 90% of the original baseline signal is recovered.
In Figure 2.3, the real experimental set up of gas sensing tests is shown. The sealed stainless
steel chamber consists of 6 channels and a NiCr heater under an Al2O3 substrate. Each
channel consists of 2 tips which contact with the 2 Au electrodes of the sensor (sensing filmis explained in another chapter) and some wires which makes circuit with a digital/analog
electrometer. The resistance of the tips and the circuit should be low (~ 10 -100 Ω) because
the resistance of the sensing film is measured clearly and the electrometer sent the signal to
the computer program (Lab View- Serra MCF00154 Flow Temperature Controler). This
program controls the heater to heat the chamber in a stable temperature and of course, the
mass flow controllers (Sierra Instruments.inc Model 954) allow a certain concentration of
gas to pass into the chamber. In the end, the power supply closes the circuit and provide
power to the system.
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Chapter 3: Synthetic Procedure, Characterization and Sensing Properties of Tungstates
In this section, the batch of Tungstates (CoWO4, (Co0,5Ni0,5)WO4 and NiWO4) is presented in
detail. In the first subsection, the whole synthetic procedure is presented with colorful figure
for better understanding. The characterization techniques which were used, were mostly XRay Diffraction (XRD) and Scanning Electron Microscope (SEM), equipped with an Energy
Dispersive X-ray (EDX) spectrometry system. Furthermore, in each chapter, data will be
presented for our samples both prior (“as obtained”) and after (“final”) the annealing
process. The comparison of these data is of interest, since the annealing of our “as
obtained” samples can distort the crystalline lattices as well as increase the crystallinity of
our materials, thus achieving better quality products. Analysis of the crystallinity of the final
powders is of course included. In the last subsection of this chapter, a detailed presentation
about the sensing properties of the Tungstate Oxides in different type of gases (from toxic,
non-toxic and flammable/ oxidizing or reducing gases) is provided.

3.1 Synthetic Procedure of Tungstates (CoWO4, (Co0.5Ni0.5)WO4 and NiWO4)
As previously mentioned, the synthetic route which was followed in order to obtain the
Tungstate Oxides (CoWO4, (Co0.5Ni0.5)WO4 and NiWO4) was the solvothermal method. The
main principles of this method was presented analytically in subsection 2.2.1.
Here the steps of the synthetic procedure are presented in Figure 3.1. 0.497 gr of Nickel
acetate (Ni(CH3COO)2) or 0.487 gr of Cobalt actetate (Co (CH3COO)2) is dissolved in 12.5 ml
Ethylene-Glycol (EG) (or 0.24 gr of Ni acetate in 6.25 ml EG and 0.24 gr of Co acetate in 6.25
ml EG) and …0.50 gr of Tungstic acid (H2WO4) is dissolved in 12.5 ml EG. The Molar ratio of
the reagents is shown in Table 3.1.

Ni acetate

Co
acetate

Tungstic
acid

W1

0

1

1

W2

0.50

0.50

1

W3

1

0

1

Molar ratio

Reagents

Table 3.1 Molar Ratio of Reagents

After 10 min of stirring, the solutions of (Ni+EG) and (Co+EG) are drop wisely added into the
(W+EG) solution. The solution of (W+EG) from dark yellow become light yellow after the
addition of the other 2 solutions, as it is seen in the figure below. The final light yellow
solution was placed into a Teflon vessel consists of a stainless steel autoclave. The autoclave
was placed inside vacuum oven at 150°C for 24 hours. The dark green or dark pink (color)
precipitates were centrifuged (the solid was separated from the liquid-solvent) , dried at
60oC for 4 hrs and calcined at 600°C for 2 hours in order to crystalline. The heat rate was
5°C/min. The colors of the final powders are shown in the figure. The CoWO4 was blue, the
(Co0.5Ni0.5)WO4 was green and the NiWO4 was yellow.
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Figure 3.1 Steps of the synthetic procedure. The color of the final powders are blue for
CoWO4, green for (Co0.5Ni0.5)WO4 and yellow for NiWO4.

3.2 Characterization of Tungstates
From the previous subsection, the final crystallized colorful powders are obtained. In this
subsection, the structural and morphological properties of the Tungstate Oxides (CoWO4,
(Co0.5Ni0.5)WO4 and NiWO4) are investigated.
3.2.1 Structural investigation of Tungstates (CoWO4, (Co0.5Ni0.5)WO4 and NiWO4)
The investigation of the structural properties of the Tungstate Oxide powders took place by
the X-Ray Diffraction Technique. In the Figure 3.2.1 a is shown the XRD powder patterns of
the CoWO4, (Co0.5Ni0.5)WO4 and NiWO4. It is clearly observed that the materials are
crystallized after the annealing process at 600oC for 2hours deduced from the fact that the
peaks of the XRD pattern are high, sharp and narrow. All of the materials had the same
pattern/peaks which mean that they have the same crystallite structure. The crystallite
structure of the composite materials after the calcination at 600oC was highly monoclinic
(reference code no. 015851 for CoWO4 and no. 015852 for NiWO4). However, there is a
small amount of orthorhombic phase WO3 that was found as impurity in the NiWO4 powder
at 23.083o, 24.099o and 34.022o but because no more impurities were found (for example
NiOx), easily can be assumed that the powders are formed mainly in the monoclinic crystal
system. The monoclinic Cobalt Tungstate Oxide (CoWO4) and the monoclinic Nickel
Tungstate Oxide (NiWO4) belong to the P2/a space group and their space group number is
13. Since the (Co0.5Ni0.5) WO4 powder exhibits exactly the same XRD pattern, it is safely
assumed that it is highly monoclinic.

29

CoWO4

NiWO4

20

30

40

50

60

Intensity (a.u.)

Co0.5Ni0.5WO4

70

2Theta CuKa
29

30

31

2Theta CuKa

Figure 3.2.1 XRD patterns of the CoxNi1-xWO4. The phase of orthorhombic WO3 could not be
represented (fig.3.2.1 a). Diagrammatic representation of the shift to lower 2θ values when
the content of Co increases in the main (-110) crystallographic direction (fig. 3.2.1 b).
A shift of the peaks to lower 2theta is observed when the content of Co is increased in the
unit cell of the samples. The cell parameters for the 3 tungstate oxides are shown in Table
3.2. The lattice parameters calculated for a monoclini system with a ≠ b ≠ c and the cell
volume V=abc sin(β). In general, lattice parameters and volume cell of CoWO4 are larger
than NiWO4 due to the larger ionic radius of Co ion. More specific, NiWO4 has a= 4.5992 Å,
b=5.6606 Å, c=4.9068 Å and volume cell 127.74 Å3. When the content of Co increased the
lattice parameters and volume cell increased as well. In particular for Co0.5Ni0.5WO4 are
slightly increased with value at a= 4.6445 Å, b= 5.65395 Å and c= 4.91915 Å and cell volume
129.71 Å3. For CoWO4 a= 4.6698 Å, b= 5.6873 Å, c= 4.9515 Å and cell volume 131.50 Å3.

Samples

a(Å)

b(Å)

c(Å)

Cell Volume (Å3)

CoWO4

4.6698

5.6873

4.9515

131.50

(Co0.5Ni0.5)WO4

4.6445

5.65395

4.91915

129.71

NiWO4
4.5992
5.6606
4.9068
127.74
Table 3.2 Lattice parameters and cell volume of the CoxNi1-xWO4 at different Co:Ni ratio.

3.2.2 Morphological and Elementary investigation of Tungstates (CoWO4,
(Co0.5Ni0.5)WO4 and NiWO4)
Scanning Electron Microscope (SEM) and Energy Dispersive X-Ray Spectroscopy technique
have been used for further investigation the morphology and elements of the solid solutions
of composite oxides.
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Figure 3.2.2 shows the SEM images of the powders prior (“as obtained”) and after (“final”)
the calcination at 600oC for 2 hrs in air. SEM images demonstrate that the calcination
temperature at 600oC effects on the (surface) morphology of CoxNi1-xWO4 particles.
The morphology of the “as obtained” powders (Figure 3.2.2 a, b and c) is kind of amorphous
and agglomerates from 3- 5 μm are observed. However the final powders (Figure 3.2.2 d, e
and f and at different magnification g, h, i) exhibit rough surfaces with edges and smaller
particles (nm to 1 μm). The morphology of the final powders could not clearly identified due
to the low resolution of the microscope, but (Co0.5Ni0.5)WO4 and NiWO4 look like spherical
nano- and micro particles while CoWO4 particles are less spherical and more with edges.

CoWO4

(Co0.5Ni0.5)WO4

NiWO4

a

b

c

d

e

f

g

h

i

Figure 3.2.2 SEM images from the “as obtained” CoxNi1-xWO4 nanoparticles (a, b, c) and the
final (d, e, f) and at different magnification (g, h, i). As seen, (a, d, g) refers to CoWO4, (b, e,
h) to (Co0.5Ni0.5)WO4 and (c, f, i) to NiWO4.
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The elementary analysis of the solid solutions of the composite oxides are shown in the
Figures 3.2.3 a, b and c. Figure 3.2.3a shows the detected elements of the CoWO4 sample.
Peaks of Co, W and O atoms are observed with atomic percent of 14.87%, 17.37% and
67.77%, respectively. Coupling with the chemical formula of the sample (CoWO4), their
percent composition match.
Figure 3.2.3b shows the detected elements of the Co0.5Ni0.5WO4 sample. Peaks of Co, Ni,
W and O atoms are observed with atomic percent of 6.20%, 5.72%, 18.80% and 69.29%,
respectively. Coupling with the chemical formula of the sample (Co0.5Ni0.5WO4), their percent
composition match too. It should be mentioned here that each Co0.5Ni0.5WO4 nanoparticle
consists of Co and Ni ions, with very close, even similar atomic percentages.
Figure 3.2.3c shows the detected elements of the NiWO4 sample. Peaks of Ni, W and O
atoms are observed with atomic percent of 10.96%, 15.13% and 73.90%, respectively.
Coupling with the chemical formula of the sample (NiWO4), their percent composition match
very well considering that the % error of EDX measurements is high and more specific,
around 5%.

a

b
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c

Figure 3.2.3 Elementary analysis of the solid solutions of the composite oxides (CoxNi1-xWO4)
nanoparticles.

3.3 Study of Sensing Properties of Tungstates in different type of gases
In this subsection the results from the sensing tests of the batch of Tungstates (CoxNi1-xWO4)
nanoparticles are presented. The sensing films as well as their exposure in different type of
gases such as NO, H2S, H2 and acetone are presented in tail here.
The preparation of the sensing films was presented in detail in subsection 2.4.

3.3.1 NO sensing properties
After the preparation of the 3 sensors (sensing films on the Al2O3 substrate with 2 Au
electrodes), the first test was in NO gas.
As mentioned above, the sensing properties are highly dependent on operating temperature
due to the temperature dependent adsorption-desorption property of gas on sensing
materials. In general, the working temperature for most Metal Oxide Semiconductor sensors
is 300-450oC but because our sensing set up could not reach 400oC, the range of
temperatures was 200-350oC with a step of 50oC ( 4 different temperature).
The resistance of the sensor to the oxidizing gas (NO) is presented in Figure 3.3.1.1. To
determine the optimum temperature, the concentration of NO was set at 5ppm, as the
maximum concentration. In all figures we observe only the second cycle of input gas
because the first was used to stabilize the sensors at this temperature and under the
exposure of this concentration of gas. The y-axis is logarithmic. It should be mentioned that
the response and recovery times are not important parameters when the sensor is not
sensitive to a gas, so they would not be presented at all.
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The results indicate that the change of resistance of these 3 Tungstate sensors (CoxNi1-xWO4,
x=0, 0.5 and 1) is very low, which leads to a very low response. With more details, the baseline of the sensors is not a straight line but there is “noise” and this means that the sensors
are unstable to NO gas. CoWO4 sensor exhibited a small change in resistance only at the
temperature of 200oC, as well the Co0.5Ni0.5WO4 sensor. In every next temperature there was
no change in resistance. The NiWO4 sensor exhibited a small change in its resistance at the
temperatures of 200oc and 250oC. The data is not clearly “read” and that’s why we are not
sure.
In any case, Figure 3.3.1.2 could lead us to safer results. The sensor response histogram vs
operating temperature of the tungstate sensors is presented. The tungstate sensors under
the exposure of 5 ppm NO concentration and at the operating temperatures 200-350oC
exhibited very low response. The NiWO4 sensor exhibited the highest response (~1.4) at the
operating temperature of 250oC, but still it was too low. They were regarded not suitable
sensors for monitoring or detecting NO gas.
It is known that the change in resistance for semiconductor sensors is mainly caused by the
absorption and desorption of oxygen on the surface of the sensing materials. Maybe the
surface reaction is limited due to the high activation energy of the surface , at a temperature
below 350oC .
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Figure 3.3.1.1 Change in resistance of CoxNi1-xWO4 sensors vs time under exposure to 5 ppm
of NO at 200oC (a), 250oC (b), 300oC (c) and 350oC (d).
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Figure 3.3.1.2 The sensor response histogram vs operating temperature of CoxNi1-xWO4
sensors to 5ppm NO at 200-350oC.

3.3.2 H2S sensing properties
H2S is a reducing gas. Again here the change of the resistance of the tungstate sensors vs
time are presented in Figure 3.3.2.1 and the sensor response histogram vs operating
temperature in Figure 3.3.2.2.
The CoxNi1-xWO4 sensors were also tested to H2S gas at the concentration of 10ppm and at
the operating temperatures of 200-350oC. The results indicated that the tungstate sensors
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exhibit almost no change in resistance at the range of these temperatures and especially the
CoWO4 sensor is not stable to H2S gas at all.
The response of these sensors is again low, under 1.2 at the range of the temperatures,
maybe the temperature below 350oC was not enough to activate surface reaction.
4,5E10
4E10
3,5E10

CoWO4
Co0.5Ni0.5WO4

2E10

CoWO4

1E10

Co0.5Ni0.5WO4

Resistance (Ohm)

Resistance (Ohm)

o

H2S 250 C, 10ppm

o

H2S 200 C, 10ppm

3E10
2,5E10

NiWO4
1,5E10

1E10

NiWO4

1E9
5E9
40

50

60

70

80

40

Time (min)

50

60

70

80

Time (min)

1E10

1E10

o

H2S 300 C, 10ppm

Resistance (Ohm)

Resistance (Ohm)

CoWO4
Co0.5Ni0.5WO4
NiWO4
1E9

o

H2S 350 C, 10ppm
CoWO4
Co0.5Ni0.5WO4
NiWO4

1E9

1E8

1E8
40

50

60

70

1E7

80

40

Time (min)

50

60

70

Time (min)

Figure 3.3.2.1 Change in resistance of CoxNi1-xWO4 sensors vs time under exposure to 10
ppm of H2S at 200oC (a), 250oC (b), 300oC (c) and 350oC (d).
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Figure 3.3.2.2 The sensor response histogram vs operating temperature of CoxNi1-xWO4
sensors to 10ppm H2S at 200-350oC.

3.3.3 H2 sensing properties
H2 gas is a reducing gas and the CoxNi1-xWO4 sensors was exposured to 3 vol% ( = 30.000
ppm) H2 concentration and at operating temperatures of 200-350oC.
In Figure 3.3.3.1, the change of the resistance of the tungstate sensors is shown and in
Figure 3.3.3.2, the response histogram vs operating temperature. CoWO4 sensor was
unstable at the lowest temperatures (200oC and 250oC) and their change in resistance is
almost zero. At the temperature of 300oC and 350oC, the resistance of CoWO4 was
decreased and this means that it exhibits a low sensitivity to H2. The highest response was
shown at 350oC and was around 2.4. The Co0.5Ni0.5WO4 sensor exhibited a small decrease in
its resistance at all temperatures. The greatest decrease was observed at 250oC, while its
response was 1.4. Lastly, the NiWO4 sensor did not exhibit any change in its resistance, and
its response was around 1.0 at each temperature – 1.0 is the minimum response that the
set-up can measure, maybe the temperature below 350oC was not enough to activate
surface reaction. However, the base-line of the NiWO4 sensor did not reach the initial value
of resistance but it continued to increase.
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Figure 3.3.3.1 Change in resistance of CoxNi1-xWO4 sensors vs time under exposure to 3vol%
of H2 at 200oC (a), 250oC (b), 300oC (c) and 350oC (d).
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Figure 3.3.3.2 The sensor response histogram vs operating temperature of CoxNi1-xWO4
sensors to 3vol% H2 at 200-350oC.

3.3.4 Acetone sensing properties
The final test of the Tungstate sensors was in Acetone gas. The CoxNi1-xWO4 sensors was
exposured to 1000ppm Acetone concentration at the same range of temperatures. Again
here the CoWO4 and NiWO4 sensors were not stable to acetone and their base-lines had a
lot of “noise”. These sensors also did not exhibit any change in their resistance. Their
response was around 1.0 in every temperature, maybe the temperature below 350oC was
not enough to activate surface reaction. However, the Co0.5Ni0.5WO4 sensor was very stable
and at 350oC and its resistance decreased. It also exhibited the highest response of the
other two sensor and the value was around 1.8.
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Figure 3.3.4.1 Change in resistance of CoxNi1-xWO4 sensors vs time under exposure to 1000
ppm of Acetone at 200oC (a), 250oC (b), 300oC (c) and 350oC (d).
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Figure 3.3.4.2 The sensor response histogram vs operating temperature of CoxNi1-xWO4
sensors to 1000ppm Acetone at 200-350oC.

We can conclude that Tungstate Oxides sensors did not exhibit high response at any of these
gases (NO, H2S, H2 and Acetone). One possible explanation could be that they are not
sensitive or selective to these gases, or another possible one is that the range of
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temperatures that we selected did not provide enough activation energy for surface
reactions. The base-lines of the sensors had different values of resistance (the average value
was between 109 to 1011 Ohm) because the resistance of the Channel, in which we placed
every sensor, was different and change time by time.
Another conclusion that we can safely assume is that the CoxNi1-xWO4 sensors are n-type
semiconductor oxides. A n-type semiconductor is a material where the majority charge
carriers are electrons and shows an increase in conductivity in the presence of a reducing
gas (such as H2S, H2) which refers as a decrease in resistance. The target gas interacts with
the surface of the metal oxide film (generally through surface adsorbed oxygen ions), which
results in a change in charge carrier concentration of the material. This change in charge
carrier concentration serves to alter the conductivity (or resistivity) of the material, that’s
why this resistance decrease is observed in our measurements. Also it should be mentioned
that WO3 is n-type semiconductor as well. The bimetallic or trimetallic systems did not
change the type of the semiconductor, however in the case of Acetone the Co0.5Ni0.5WO4
exhibited a higher performance than the simple CoWO4 and NiWO4 systems. Suitably
designed bimetallic or even trimetallic (in our case) catalysts utilize the beneficial effect of
the interaction between the two or three metals for the enhancement of both catalytic
activities. [response properties and selectivity depend on the nature of active site in sensor
surface. ]
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Chapter 4: Synthetic Procedure, Characterization and Sensing Properties of Vanadates
In this section, the second batch that is presented in this work is Vanadium Oxides (CoV2O6,
(Co0.5Ni0.5)V2O6 and NiV2O6). In the first subsection, the whole synthetic procedurewas
presented with colorful figure to fully understand. The characterization techniques which
were used, were mostly X-Ray Diffraction (XRD) and Scanning Electron Microscope (SEM),
equipped with an Energy Dispersive X-ray (EDX) spectrometry system. Furthermore, in each
chapter, data will be presented for our samples both prior (“as obtained”) and after (“final”)
the annealing process. Analysis of the crystallinity of the final powders is included. In the
last subsection of this chapter, a detailed presentation about the sensing properties of the
Vanadium Oxides in different type of gases (from toxic, non-toxic and flammable/ oxidizing
or reducing gases) is written. The gas sensing studies revealed that CoV2O6 exhibits the
highest response in H2 compared to the other sample and gases.
4.1 Synthetic Procedure of Vanadates (CoV2O6, (Co0.5Ni0.5)V2O6 and NiV2O6)
As previously mentioned, the synthetic route which was followed in order to obtain the
Vanadium Oxides (CoV2O6, (Co0.5Ni0.5)V2O6 and NiV2O6) was the polyol process with EthyleneGlycol as solvent. The main principles of this method was presented analytically in
subsection 2.2.2.
Here the steps of the synthetic procedure is presented in Figure 3.1., 1.24 gr of Nickel
acetate (Ni(CH3COO)2) or 1.245 gr of Cobalt acetate (Co (CH3COO)2) or 0.62 gr of Ni acetate
and 0.62 gr of Co acetate is/are dissolved in 30 ml Ethylene-Glycol (EG) and then added 1.18
ml of Vanadium (V) Oxytripropoxide (OV(OC3H7)3. The Molar ratio of the reagents is shown
in Table 4.1.

Ni acetate

Co
acetate

Vanadium
precursor

V1

1

0

1

V2

0.50

0.50

1

V3

0

1

1

Molar ratio

Reagents

Table 4.1 Molar Ratio of Reagents
After 30 hours or 3 days of continuously stirring (NiV2O6 has slow kinetics and took more
time) the solid solutions changed color, as it is seen in figure below. The light green solid
solution of NiV2O6 and the brown-orange solid solution of Co0.5Ni0.5V2O6 and the orange solid
solution of CoV2O6 were centrifuged (the solid was separated from the liquid-solvent), dried
in air for 24hours and then calcined at 600oC for 2 hours in order to crystalline. The heat rate
was 5°C/min. The colors of the final powders are brown for NiV2O6 and black for
Co0.5Ni0.5V2O6 and CoV2O6.
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Figure 4.1 Steps of the synthetic procedure a) for NiV2O6, b) for Co0.5Ni0.5V2O6 and c) for
CoV2O6.

4.2 Characterization of Vanadates
From the previous subsection, the final crystallized colorful powders are obtained. In this
subsection, the structural and morphological properties of the Vanadium Oxides (CoV2O6,
(Co0.5Ni0.5)V2O6 and NiV2O6 ) are investigated.
4.2.1 Structural investigation of Vanadates (CoV2O6, (Co0.5Ni0.5)V2O6 and NiV2O6 )
The investigation of the structural properties of the Vanadium Oxide powders took place by
the X-Ray Diffraction Technique. In the Figure 4.2.1a is shown the XRD powder patterns of
the CoV2O6, (Co0.5Ni0.5)V2O6 and NiV2O6. It is clearly observed that the materials are
crystallized after the annealing process at 600oC for 2hours due to the fact that the peaks of
the XRD pattern are high, sharp and narrow. All of the materials have the same
pattern/peaks which means that they have the same crystallite structure. Some additional
peaks referred to small amounts of oxides. The crystallite structure of the composite
materials after the calcination at 600oC is highly triclinic (anorthic) (reference code no.
510130 for CoV2O6 and no. 068974 for NiV2O6). However, there is a small amount of
orthorhombic phase V2O5 that was found as impurity in the NiV2O6 powder and a small
amount of rhombohedral phase V2O3 in the CoV2O6 but because no more impurities were
found (for example NiOx or CoOx), easily could be assumed that the powders were highly of
the triclinic crystal system. The triclinic Cobalt Vanadium Oxide (CoV2O6) and the triclinic
43

Nickel Vanadium Oxide (NiV2O6) belongs to P-1 space group and their space group number is
2. Since the Cobalt- Nickel Vanadium Oxide (Co0.5Ni0.5)V2O6 powder exhibits exactly the same
XRD pattern, it is safely assumed that it is pure triclinic.
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Figure 4.2.1 XRD patterns of the CoxNi1-xV2O6. The phases of orthorhombic V2O5 and
rhombohedral V2O3 could not be represented (fig.4.2.1 a). Diagrammatic representation of
the shift to lower 2θ values when the content of Co increases in the main (-210)
crystallographic direction (fig. 4.2.1 b).

A shift of the peaks to lower 2theta is observed when the content of Co is increased in the
unit cell of the samples. The cell parameters for the 3 Vanadium oxides are shown in the
Table 4.2. The lattice parameters calculated for a triclinic system with a ≠ b ≠ c and the cell
volume V= abc (1- cos2 α - cos2 β - cos2 γ) + 2(cos(α) cos(β) cos(γ))½. In general, lattice
parameters and volume cell of CoV2O6 are larger than NiV2O6 due to the larger ionic radius of
Co ion. More specific, NiV2O6 has a= 7.1300 Å, b=4.7910 Å, c=8.8250 Å and volume cell
293.89 Å3. When the content of Co increased the lattice parameters and volume cell
increased as well. In particular for Co0.5Ni0.5V2O6 are slightly increased with value at a=
7.1540 Å, b= 4.7997 Å and c= 8.8630 Å and cell volume 296.78 Å3. For CoV2O6 a= 7.1785 Å,
b= 4.8104 Å, c= 8.8982 Å and cell volume 299.67 Å3.

Samples

a(Å)

b(Å)

c(Å)

Cell Volume (Å3)

CoV2O6

7.1785

4.8104

8.8982

299.67

(Co0.5Ni0.5)V2O6

7.1540

4.7997

8.8630

296.78

NiV2O6

7.1300

4.7910

8.8250

293.89

Table 3.2 Lattice parameters and cell volume of the CoxNi1-xV2O6 at different Co:Ni ratio
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31,5

4.2.2 Morphological and Elementary investigation of Vanadates (CoV2O6, (Co0.5Ni0.5)V2O6
and NiV2O6
Scanning Electron Microscope (SEM) and Energy Dispersive X-Ray Spectroscopy technique
have been used for further investigation the morphology and elements of the solid solutions
of composite oxides.
CoV2O6

(Co0.5Ni0.5)V2O6

NiV2O6

a

b

c

d

e

f

g

h

i

Figure 4.2.2 shows the SEM images of the powders prior (“as obtained”) and after (“final”)
the calcination at 600oC for 2 hrs in air. SEM images demonstrate that the calcination
temperature at 600oC effects on the (surface) morphology of CoxNi1-xV2O6 particles.
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The “as obtained” powders (Figure 4.2.2 a, b and c) consists of with abrupt edges and size
0.5-3 μm. However the final powders (Figure 4.2.2 d, e and f magnification x10.000 and at
different magnification g, h, i) composed of particles with rough surfaces and porosity. The
diameter of the particles are differ, for CoV2O6 is around 0.5-1 μm and the shape is like
plates, for (Co0.5Ni0.5)V2O6 is around 0.5-3 μm and consists of more spherical particles while
for NiV2O6 is around 1-4 μm and consists of rod-like structures. The high magnification SEM
images confirms that the samples consists almost entirely of uniform particles, same average
diameter, these were homogeneously distributed with distinguishable grain boundaries.

The porous morphology of the samples sustain an excellent potential for gas sensing
applications because their structures can usually accommodate a large surface-to-volume
ratio that can strongly promote gas diffusion and mass transport in sensor material, thus
increasing sensor response. It should be mentioned that the structural and morphological
properties of the CoV2O6 and NiV2O6 agrees with the ones in literature!
The elementary analysis of the solid solution of the composite oxide (Co0.5Ni0.5)V2O6 is shown
in the Figures 4.2.3. The Figure 4.2.3 shows the detected elements on the surface of the
(Co0.5Ni0.5)V2O6 sample. Peaks of Co, Ni and V atoms are observed with atomic percent of
17.56%, 10.55% and 56.29%, respectively. Two more elements are detected on this sample C
and Au. The Carbon (C) atoms are detected because of the carbon tape which is used in
order to place the material and the Au atoms because of the thin layer from sputtering
technique. The materials are semiconductors and in order to have good diffusion of
electron, sputtering technique was using. It should be mentioned here that each
Co0.5Ni0.5WO4 nanoparticle consists of Co and Ni ions, with close enough atomic percentages.
No peaks of O atoms were detected and that is not expected to.
The %error of EDX measurements are high and more specific, around 5%.

Figure 4.2.3 Elementary analysis of the solid solution of the composite oxide (Co0.5Ni0.5)V2O6
particles.
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4.3 Study of Sensing Properties of Vanadates in different type of gases
In this subsection the results from the sensing tests of the batch of Vanadium Oxides CoxNi1xV2O6 particles are presented. The sensing films are exposured in different type of gases such
as NO, H2S, H2 and acetone and the response and recovery time is also given here.
The preparation of the 3 sensors (sensing films on the Al2O3 substrate with 2 Au electrodes)
is presented in Chapter 2 analytically.
The sensing properties are highly dependent on operating temperature due to the
temperature dependent adsorption-desorption property of gas on sensing materials. In
general, the working temperature for most Metal Oxide Semiconductor sensors is 300450oC. Our range of temperatures was 200-350oC with a step of 50oC (4 different
temperatures).
In Figures we observe only the second cycle of input gas because the first one was to
stabilize the sensors at this temperature and under the exposure of this concentration of
gas. The y-axis is logarithmic. The chosen maximum value of gas concentration in order to
investigate the operating temperature effect (the best operating temperature) was its
threshold limit value (TVL) - see Chapter 1. It should be mentioned that the response and
recovery times are not important parameters when the sensor is not sensitive to a gas, but
for the Vanadium Oxides are presented at each temperature.

4.3.1 NO sensing properties
The change in resistance of the sensor to the oxidizing gas (NO) was presented in Figure
4.3.1.1. To determine the optimum temperature, the concentration of NO was chosen to be
5ppm. The results indicates that the change in resistance of the 3 Vanadate sensors (CoxNi1xV2O6, x=0, 0.5 and 1) is very low, which leads to a very low response at every temperature.
The base-line of the sensors are straight lines which means that the sensors are stable to NO
gas.
In the Figure 4.3.1.2 is shown the sensor response histogram vs operating temperature of
the Vanadate sensors. The Vanadate sensors under the exposure of 5 ppm NO concentration
and at the operating temperatures 200-350oC exhibits very low response. The CoV2O6 and
(Co0.5Ni0.5)V2O6 sensors exhibit the highest response (~1.2) at the operating temperature of
200oC, but still it’s too low.
In the Table 4.3.1 the response (tres ) and recovery (trec ) times of CoxNi1-xV2O6 sensors at the
range of 200oC-350oC is presented. Most of the response and recovery times are longer on
the order of several minutes for 5 ppm NO concentration gas. The CoV2O6 sensor displays
the shortest response time of ~16.1s at 350oC than at the other temperatures, while the
mixture composite oxide displays response time ~82.3s at the same temperature and the
NiV2O6 was ~0.017s at 300oC.
It is known that the change in resistance for semiconductor sensors is mainly caused by the
absorption and desorption of oxygen on the surface of the sensing materials. Maybe the
surface reaction is limited due to the high activation energy of the surface, at a temperature
below 350oC.
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Figure 4.3.1.1 Change in resistance of CoxNi1-xV2O6 sensors vs time under exposure to 5 ppm
of NO at 200oC (a), 250oC (b), 300oC (c) and 350oC (d).
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Figure 4.3.1.2 The sensor response histogram vs operating temperature of CoxNi1-xV2O6
sensors to 5ppm NO at 200-350oC.

Samples

(tres (s), trec (s))
at 200oC

(tres (s), trec (s))
at 250oC

(tres (s), trec (s))
at 300oC

(tres (s), trec (s)) at
350oC

CoV2O6

362, 306

212, 223

104, 770

16.1, 940

(Co0.5Ni0.5)V2O6

425, 417

211, 795

95.9, 986

82.3, 951

NiV2O6

59.1, 181

3.94, 1100

0.017, 557

342, 410

Table 4.3.1 Response (tres ) and Recovery (trec ) times of CoxNi1-xV2O6 sensors at each
temperature to NO gas.

4.3.2 H2S sensing properties
The change in resistance of the sensor to the reducing gas (H2S) was presented in Figure
4.3.2.1. To determine the optimum temperature, the concentration of H2S was chosen to be
10 ppm. The results indicates that the change in resistance of the 3 Vanadate sensors
(CoxNi1-xV2O6, x=0, 0.5 and 1) is very low, which leads to a very low response at every
temperature. The base-line of the sensors are straight lines which means that the sensors
are stable to H2S gas.
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In the Figure 4.3.2.2 is shown the sensor response histogram vs operating temperature of
the Vanadate sensors. The Vanadate sensors under the exposure of 10 ppm H2S
concentration and at the operating temperatures 200-350oC exhibits very low response. The
CoV2O6 and (Co0.5Ni0.5)V2O6 sensors exhibit the highest response (~1.2) at the operating
temperature of 350oC, but still it’s too low.
In the Table 4.3.2 the response (tres ) and recovery (trec ) times of CoxNi1-xV2O6 sensors at the
range of 200oC-350oC is presented. Most of the response and recovery times are longer on
the order of several minutes for 10 ppm H2S concentration gas. The CoV2O6 sensor displays
the shortest response time of ~17.5 s at 250oC than at the other temperatures, while the
response time of NiV2O6 was surprising very low at 200oC- 300oC.
It is known that the change in resistance for semiconductor sensors is mainly caused by the
absorption and desorption of oxygen on the surface of the sensing materials. Maybe the
surface reaction is limited due to the high activation energy of the surface, at a temperature
below 350oC.
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Figure 4.3.2.1 Change in resistance of CoxNi1-xV2O6 sensors vs time under exposure to 10
ppm of H2S at 200oC (a), 250oC (b), 300oC (c) and 350oC (d).
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Figure 4.3.2.2 The sensor response histogram vs operating temperature of CoxNi1-xV2O6
sensors to 10 ppm H2S at 200-350oC.
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80

Samples

(tres (s), trec (s))
at 200oC

(tres (s), trec (s))
at 250oC

(tres (s), trec (s))
at 300oC

(tres (s), trec (s)) at
350oC

CoV2O6

477, 897

17.5, 1110

186, 1460

464, 1330

(Co0.5Ni0.5)V2O6

579, 1130

542, 1000

8.73, 211

561, 1440

NiV2O6

28.7, 1200

3.92, 0.017

9.04, 0.019

309, 858

Table 4.3.2 Response (tres ) and Recovery (trec ) times of CoxNi1-xV2O6 sensors at each
temperature to H2S gas.

4.3.3 H2 sensing properties
The resistance of the sensor to the reducing gas (H2) was presented in Figure 4.3.3.1. To
determine the optimum temperature, the concentration of H2 was chosen to be 3vol%. The
results indicates a good change in resistance (increase) of the CoV2O6 and Co0.5Ni0.5V2O6
sensors, which leads to high response at specific temperatures. These two vanadate sensors
are sensitive to H2 gas. However, no change in resistance is observed by the NiV2O6 sensor.
The base-line of the sensors are straight lines which means that the sensors are stable to H2
gas.
In the Figure 4.3.3.2 is shown the sensor response histogram vs operating temperature of
the Vanadate sensors. It is seen that the responses of CoV2O6 and Co0.5Ni0.5V2O6 sensors
increase with increasing the operating temperature from 200oC to 300oC and then decrease
as the operating temperature increases further to 350oC, yielding the optimal operating
temperature of 300oC. At 300oC and 3vol% H2 concentration gas, the CoV2O6 and
Co0.5Ni0.5V2O6 sensors exhibit their highest response ~16 and 11.5, respectively. However,
the response of NiV2O6 sensor was very low ~ 1.0. The behavior of NiV2O6 sensor was not
expected compared to the other vanadate sensors and gas sensing tests should be repeated.
In the Table 4.3.3 the response (tres ) and recovery (trec ) times of CoxNi1-xV2O6 sensors at the
range of 200oC-350oC is presented. Most of the response and recovery times are longer on
the order of several minutes for 3vol% H2 concentration gas. The response times of CoV2O6
and Co0.5Ni0.5V2O6 sensors was around 6 minutes at 300oC.
The optimal operating temperature found to be 300oC provided the needed activation
energy of the surface to react. It is known that the change in resistance for semiconductor
sensors is mainly caused by the absorption and desorption of oxygen on the surface of the
sensing materials.
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Figure 4.3.3.1 Change in resistance of CoxNi1-xV2O6 sensors vs time under exposure to 3vol%
of H2 at 200oC (a), 250oC (b), 300oC (c) and 350oC (d).
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Figure 4.3.3.2 The sensor response histogram vs operating temperature of CoxNi1-xV2O6
sensors to 3vol% H2 at 200-350oC.

Samples

(tres (s), trec (s))
at 200oC

(tres (s), trec (s))
at 250oC

(tres (s), trec (s))
at 300oC

(tres (s), trec (s)) at
350oC

CoV2O6

221.5, 840.5

377.2, 419.6

335.9, 272.5

465.5, 212.9

(Co0.5Ni0.5)V2O6

212.2, 953.4

398.5, 308.2

386.7, 214.4

496.6, 180.1

NiV2O6

443.0, 19.9

10, 0.016

0.016, 0.017

461.8, 1087.1

Table 4.3.3 Response (tres ) and Recovery (trec ) times of CoxNi1-xV2O6 sensors at each
temperature to H2 gas.
The CoV2O6 decorated with Pd system further investigated to H2 sensing properties in
Chapter 5.

4.3.4 Acetone sensing properties
The change in resistance of the sensor to Acetone gas was presented in Figure 4.3.4.1. To
determine the optimum temperature, the concentration of Acetone was chosen to be 1000
ppm. The results indicates that the change in resistance of the 3 Vanadate sensors (CoxNi1xV2O6, x=0, 0.5 and 1) is low, which leads to a low response at every temperature. The baseline of the sensors are straight lines which means that the sensors are stable to Acetone gas.
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However, at the temperatures of 300oC and 350oC the resistance decreases of CoV2O6 and
Co0.5Ni0.5V2O6 sensors which means that these sensor exhibit sensitivity to acetone gas.
In the Figure 4.3.4.2 is shown the sensor response histogram vs operating temperature of
the Vanadate sensors. It is seen that the responses of CoV2O6 and Co0.5Ni0.5V2O6 sensors
increase with increasing the operating temperature from 200oC to 350oC, yielding the
optimal operating temperature of 350oC. At 350oC and 1000 ppm Acetone concentration
gas, the CoV2O6 and Co0.5Ni0.5V2O6 sensors exhibit their highest response ~2.75 and 2.40,
respectively. However, the response of NiV2O6 sensor was very low ~ 1.0. The behavior of
NiV2O6 sensor was not expected compared to the other vanadate sensors and gas sensing
tests should be repeated
In the Table 4.3.4 the response (tres ) and recovery (trec ) times of CoxNi1-xV2O6 sensors at the
range of 200oC-350oC is presented. Most of the response and recovery times are longer on
the order of several minutes for 1000 ppm Acetone concentration gas. The CoV2O6 sensor
displays the shortest response time of ~81.8 s at 200oC than at the other temperatures,
while the response time of NiV2O6 was surprising low at 200oC and 250oC.
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Figure 4.3.4.1 Change in resistance of CoxNi1-xV2O6 sensors vs time under exposure to 1000
ppm of Acetone at 200oC (a), 250oC (b), 300oC (c) and 350oC (d).
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Figure 4.3.4.2 The sensor response histogram vs operating temperature of CoxNi1-xV2O6
sensors to 1000 ppm Acetone at 200-350oC.
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Samples

(tres (s), trec (s))
at 200oC

(tres (s), trec (s))
at 250oC

(tres (s), trec (s))
at 300oC

(tres (s), trec (s)) at
350oC

CoV2O6

81.8, 41.3

418, 289

427, 271

267, 856

(Co0.5Ni0.5)V2O6

193, 1390

165, 1270

324, 713

249, 925

NiV2O6

13, 38.4

0.017, 133

392, 1150

278, 1050

Table 4.3.4 Response (tres ) and Recovery (trec ) times of CoxNi1-xV2O6 sensors at each
temperature to Acetone gas.

In general, the Vanadium Oxide sensors was not sensitive to NO and H2S gas, while CoV2O6
and Co0.5Ni0.5V2O6 sensors exhibits low sensitivity to H2 and Acetone gas. At specific
temperatures and concentration gases, their response times was low, however, the recovery
times was in order of several minutes ~ 10-15 mins.
The base-lines of the sensors had different values of resistance (the average value was
between 109 to 1011 Ohm) because the resistance of the Channel, in which we placed every
sensor, was different and change time by time.
Another conclusion that we can safely assume is that the CoxNi1-x V2O6 sensors are p-type
semiconductor oxides. A p-type semiconductor is a material that conducts with positive
holes being the majority charge carriers. Here an increase in conductivity (decrease in
resistance) is observed in the presence of an oxidizing gas, where the gas has increased the
number of positive holes. A resistance increase with a reducing gas (in our case the H2 gas) is
observed in our measurements/figures, where the negative charge introduced in to the
material and reduces the positive (hole) charge carrier concentration. Also it should be
mentioned that VO2 is p-type semiconductor as well. The bimetallic or trimetallic systems
did not change the type of the semiconductor.
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Chapter 5: CoV2O6 decorated with Pd and study in H2 sensing properties
The selectivity histogram of sensor responses to various gases including 5 ppm NO, 3 vol%
H2, 10 ppm H2S and 1000 ppm acetone at 300oC of the Vanadium Oxide sensors is
demostrated in Figure 5.1. The p-type CoV2O6 sensor exhibits best gas-sensing response ~16
at 300oC towards 3vol% H2.
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Figure 5.1 The selectivity histogram of sensor responses to various gases including 5 ppm
NO, 3 vol% H2, 10 ppm H2S and 1000 ppm acetone at 300oC of the Vanadium Oxide sensors.

5.1 Decoration of CoV2O6 spherical-like-particles with Pd particles by impregnation
method
In order to further investigate the gas-sensing properties in H2, the Cobalt Vanadium Oxide
spherical-like-particles was decorated by Pd (Palladium) particles. The process which was
used was the impregnation method. The impregnation method is related to ion-exchange /
adsorption processes and the interaction with the support is dominant. 0.25-2.0 wt% Pd was
impregnated on the CoV2O6 spherical-like-particles using Palladium acetate as a precursor.
The precursor was dissolved in acetone with appropriate amounts, dropped onto the
unloaded CoV2O6 powder, thoroughly mixed, dried at 80oC for 24hours in an oven and then
annealed at 450oC for 2 hours, with heating rate 2oC/min. The unloaded CoV2O6 sphericallike particles was labeled as V-0 while CoV2O6 particles loaded with 0.25, 0.5, 0.75, 1.0, 2.0
wt% Palladium (Pd) were designated as V-0.25, V-0.5, V-0.75, V-1 and V-2, respectively.
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5.2 Morphological characterization of Pd-decorated CoV2O6 sensors
FE-SEM images of unloaded CoV2O6 powder and 2wt% Pd-decorated CoV2O6 powder are
taken from the sensing layer of the sensor after annealing and sensing tests as shown in
Figure 5.2.1. No morphological change is observed in the structure of the unloaded CoV2O6
powder-film (left image) compared with the powder before the preparation of sensing film
(Figure 4.2.2 e,h) which means that impregnation together with binder-powder mixing and
spin-coating methods does not affect the morphology of the particles. However, a
morphological change is observed between the unloaded CoV2O6 powder and the 2wt% Pddecorated CoV2O6 powder. The structure of Pd-loaded CoV2O6 powder(at the highest Pd
concentration of 2wt%) exhibits larger particles, more compact structure, due to the
agglomeration of Pd nanoparticles which is leading to larger clusters and lowers specific
active surface area.
The cross-section, film thickness and surface morphology of sensing films (V-0, V-0.75 and V2) after annealing and sensor testing were characterized by FE-SEM as shown in Figure 5.2.2.
It is seen that V-0 and V-0.75 sensing films are ~ 10 μm thick, while the V-2 sensing film is ~
5-7 μm thick and comprise fine agglomerated nanoparticles, which form a dense layer on a
solid alumina substrate. The good uniformity in the film structure demonstrates that
impregnation together with binder-powder mixing and spin-coating methods are practical
for gas sensor fabrication. The film density is not notably affected by the Pd-loading levels,
however, it can be noticed that the sizes of grains in the films tend to increase with
increasing Pd loading level.
In Annex 2-a) FE-SEM top image of V-2 sensor, a thick layer covers the Al2O3 substrate
equipped with interdigitated Au electrodes, b) EDX image of V-2 sensor, peaks of Co, V, O
and Al, Au are found and are presented.

a

b

Figure 5.2.1. FE-SEM images of (a) unloaded CoV2O6 powder and (b) 2wt% Pddecorated CoV2O6 powder of sensing film.
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Figure 5.2.2. FE-SEM micrographs of unloaded CoV2O6 and Pd- loaded CoV2O6
sensing films: a) V-0, b) V-0.75 and c) V-2 on Au/Al2O3 substrates after annealing and sensing
test.

5.3 H2 sensing properties
The gas sensing properties such as sensor response, response and recovery times can be
significantly affected by the structural morphology, Pd loading level and operating
temperature. The effect of Pd loading on the optimum operating temperature of the sensor
for H2 detection was studied. Gas sensing responses of sensors ( V-0 to V-2) were studied at
various operating temperatures in the range of 200-350oC towards 3vol% H2 as
demonstrated in Figure 5.3.1. It is seen that the H2 response of all sensors (V-0 to V-2) slowly
increases with increasing temperature up to 300oC and then slightly decreases as the
temperature increases further. Regarding the influence of Pd-loading level, the response
increases significantly at loading level of 0.75 wt%. At the Pd-loading content of 1wt% the
response increase dramatically by reaching its highest value and the further addition of Pd
dopants up to 2 wt% leads to (steady) decline of H2 response. Hence, the optimal Pd- loading
level for H2 response enhancement is 1 wt%. In particular, V-1 sensor exhibits a high
response of ~ to 3 vol% H2 at 300oC.
In Figure 5.3.2 show the change in the resistance of 0-2 wt% Pd-loaded sensors (V-0 to V-2)
under exposure to 3 vol% H2 at 300oC. A phenomenon is observed here, the resistance of the
undoped sensor increases, the sensor behaves as a p-type MOS sensor, while the resistance
of the doped sensors (V-0.25 to V-2) decreases and the sensors behave as a n-type MOS
sensor.
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Figure 5.3.1 The sensor response histogram vs. operating temperature 0-2 wt% Pd-loaded
CoV2O6 sensors (V-0 to V-2) to 3vol% H2 at 200-350oC.
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Figure 5.3.2 Change in the resistance of 0-2 wt% Pd-loaded sensors (V-0 to V-2) under
exposure to 3 vol% H2 at 300oC.
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Figure 5.3.3 illustrates the change in resistance of V-0 to V-2 sensors under the exposure to
H2 concentrations at the optimal operating temperature of 300oC. It is seen that the baseline
decreases with the medium loading-levels from 0.25 to 1 wt%. Interestingly, the CoV2O6
sensor containing 1 wt% Pd exhibits notably higher baseline resistance than the undoped/
loading levels sensors. It is evident that the resistance of undoped sensor (V-0) increases,
affirming typical p-type gas-sensing behavior towards a reducing gas, while the resistance of
the doped sensors (V-0.25 to V-2) decrease, affirming typical n-type behavior.
Figure 5.3.4 displays the corresponding sensing characteristics in terms of sensor response
(solid line, left axis) and response time (dash line, right axis) of V-0 to V-2V sensors as a
function of H2 concentration at 300oC. It is evident that the sensor response increases
greatly with the increase in H2 concentration. In particular, 1 wt% Pd- loaded CoV2O6 sensor
(V-1) exhibits the highest response of ~114 to 3 vol% H2, which is one order of magnitude
greater than that of the undoped CoV2O6 sensor (~ 16). In addition, the V-1 sensor display
relatively short response time of ~17 s at 3 vol% H2 compared with V-0 (~335.9s), while its
recovery time is corresponding greater than V-0. The response time at 3 vol% of the optimal
Pd-loaded sensor is considerably shorter than the time for purging or filling the test chamber
of ~21 s (equal to the active chamber volume (~0.7 L) divided by the total gas flow rate ( 2
L/min)). Thus, V-1 sensor exhibits initially good response kinetics and change in resistance
response upon exposure to target gas molecules. Furthermore, the response kinetic behavior
also depend on the Pd- loading level content. At medium Pd loading levels (0.25 to 1 wt%),
the response is fast (around 23s) while at V-0 and V-2, their response is slow (~ 335.9s and
~59 s, respectively).
Moreover, the recovery time of most sensors is substantially equal/ longer than the
chamber purging time, indicating that the sensor still requires some additional time for gas
desorption after the initial gas purging.
Concerning the response dependency on H2 concentration, the responses of all sensors
increase monotonically with increasing H2 concentration according to the well-known power
equations as listed in the inset labels of figure 5.3.4. Since the mass flow detector has a
detection limit in concentration, the minimum of concentration that my sensor can detect
can be found by power law equation. Thus, 1 wt% is an optimum Pd-loading level that yields
very desirable sensing properties of high and fast H2 response.
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Figure 5.3.3 Change in the resistance of 0-2 wt% Pd-loaded sensors (V-0 to V-2) under
exposure to 0.25-3 vol% H2 at 300oC.
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The selectivity of sensors were studied towards 5ppm NO, 5ppm NO2, 3vol% H2, 10ppm H2S
and 1000ppm C3H6O at 300oC as shown in Figure 5.3.5. It is shown that the response of all
the sensors (V-0 to V-2) is very low to every gas except the H2 gas. The small Pd-loading
levels makes the sensor to become highly selective to H2.
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Figure 5.3.5 The selective histogram of sensor response to various gases including 5ppm NO,
5ppm NO2, 3vol% H2, 10ppm H2S, 1000ppm C3H6O at 300oC of Pd- doped CoV2O6 sensors
with different Pd- doping levels.
It is clearly seen that 1 wt% Pd decorated CoV2O6 exhibits the high response of ~ 114 towards
the 3 vol% H2 concentration at 300oC. The response time was low ~ 17s, which means that
the sensor has fast and high gas-sensing response. Also the sensor exhibits good selectivity
among the previously-mentioned gases.
The attained H2 response and selectivity of the 1 wt% Pd-decorated CoV2O6 sensor are better
than or comparable to several other recently reported high-performance p-type H2 sensors as
summarized in Table 5.3. It is seen that most other results demonstrate detection at
relatively lower H2 concentrations with relatively low response (< 13) at lower working
temperatures. However, it is still inferior to p-type CuS thin films fabricated by spray
pyrolysis, which offered good response ~ 99 to 1 vol% H2 at Room Temperature with
comparable low response times. Thus, the 1 wt% Pd loaded CoV2O6 sensor is another
promising candidate for highly sensitive and selective detection of H2.
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ceramic tube Al2O3
<100nm

NH3

100ppm

Pd/V2O5(p-type)

DC magnetron reactive
sputtering

H2

Pd decorated
MnO2
nanowalls(ptype)
p-type CuS thin
film sensor (DIW
as a solvent)

Response

Tres (s),
trec (s)

Ref.
Present
work

16
114

450,348
17, 1332

120oC

92

10s, 16s

1

100ppm
(0.01vol%)

100oC

5.7

6, 21

2016
Sanger

Electrochemical anodization/ DC H2
magnetron sputtering

100ppm
(0.01 vol%)

100oC

11.4

-

2016
Sanger

Spray pyrolysis

H2

1 vol%

RT

98.9

16s

2016
Sabah et
al.

H2

1vol%

RT

78.4

35s

2016
Sabah et
al.

H2

5000 ppm
(0.5 vol%)

150oC

13

60-20, 16.5

2001
Imawan

p-type CuS thin
Spray pyrolysis
film (DIW mixed
with ethanol as a
solvent)
V2O5 (50nm)Magnetron rf sputtering
MoO3 thin film
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ZnO-T networks

Thermal annealing

H2

100ppm
(0.01vol%)

ZnO-T –ZnAl2O4
(20:1)

400oC

1.62

250oC

2017
Lupan

7.5

80ms,
180ms
4.7s, 3.6s

1.2 wt %
RGO/ZnO

Hummer’s meth.

H2

200ppm
(0.02 vol%)

150oC

3.5

22s, 90s

2014
Anand

Pd/ZnO
nanoflowers

hydrothermal

H2

300ppm
(0.03 vol%)

250oC

2.7

-

2011 Xing

Table 5.3 Summary of sensing performances of p-type H2 gas sensors.

5.4 Sensing mechanism spillover effect
Bimetallic systems are of great interest in the design of new materials with industrial
applications in the areas of catalysis, electrochemistry and microelectronics. The cobaltvanadium bimetallic system is a typical example of a hyper-hypo d-electronic metal
combination. Suitably designed bimetallic catalysts utilize the beneficial effect of the
interaction between the two metals for the enhancement of both catalytic activities.
It is well known that response properties and selectivity depend on the nature of active site
in sensor surface. CoV2O6 surfaces are expected to exhibit modified chemical properties
compared to pure metal surfaces. Cobalt seems to be a special promoter that increased the
surface acidity and enhanced the redox cycles of vanadium sites simultaneously, leading to
the increased sensing of Hydrogen. However, the results show that Pd loading significantly
affects the electrical conductivity of CoV2O6 nanoparticles and the H2 response is greatly
enhanced by Pd loading particularly at the optimal Pd loading level of 1 wt%. The results
may be explained based on the formation of Pd (or PdO)-nanoparticles/ CoV2O6-sphericallike-particles hetero-junctions and catalytic spillover effects of chemisorbed oxygen and
hydrogen species by Pd (or PdO) nanoparticles on the porous network of CoV2O6 particles as
illustrated in Figure 5.3.
The semiconductor gas sensing mechanism of unloaded CoV2O6 – with no Pd loading level- is
based on the reactions between the surface of the material and the interaction of gas
molecules, which causes a change in the CoV2O6 material resistance due to a charge transfer
between the adsorbates and adsorbent. Normally, the mobile lattice oxygen acts as the
selective site in gas adsorption. The partially reduced vanadium (V+4) to possess vast
reservoir of oxygen generates highly mobile charge carriers. As mentioned in Chapter 1, at
temperature lower than 140oC, the catalysis surface is covered by reactive electrophilic Oand O2-, whereas at temperatures higher than 140oC, only nucleophilic O2- species are
present at the surface. The adsorption of O- was the most interesting process in sensors,
because these oxygen ions were more reactive and thus made the material more sensitive
to the presence of reducing gases e.g. H2. When the sensor material was exposed to H2
gases, the superficial reactions of H2 molecules with the oxygen species caused more
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electrons to return to the conduction (hydrogen acting as the donor of electrons); the
electrons injected into the surface recombined with some of the holes, thus reducing the
concentration of the charge carriers and increasing the resistance of the sensor material
(such as in Figures 4.3.3.1 and 5.3.3). Therefore, the improved ionosorption of oxygen
species due to the spillover effect will promote the enhanced response of the sensor to the
reducing gases (~16). The surface reactions between the H2 and the sensor material can be
described as follows:

O2 (gas) ↔ O2(ads) (1)
O2(ads) + e- ↔ 2O- (2)
O-2 + e- ↔ 2O- (3)
H2 (gas) +O-(ads) ↔ H2O (gas) + e- (4)
H2 (gas) +O2-(s) ↔ H2O (gas) + 2e- (5)
Eqs (4) and (5) explain us that H2 molecules are directly oxidized by surface oxygen (O-ads)
and release electrons into the conduction band of CoV2O6.
With Pd inclusion, Pd/ n-type (or p-type) PdO nanoparticles are formed and dispersed on
CoV2O6 spherical-like-particles and p-n hetero-junctions are created, causing extended
depletion regions as represented in Fig. 5.3 (b). Pd generally plays an important role in
enhancing the response and response rate of a metal oxide sensor as a catalyst, which
increases the reaction rate by activating the dissociation of molecular oxygen, resulting in
atomic products that diffuse onto the metal support.
More specific, Pd/ PdOx nanoparticles can catalytically dissociate O2 molecules in air to form
O atoms -Eqs. (6):

O2 (gas) ↔ 2O (absorbed) (6)
Some O atoms can diffuse and spill over from Pd/ PdOx islands onto the CoV2O6 surfaces
where they can capture free electrons from the conduction band of CoV2O6 to form
adsorpted O- ions on surface-Eqs (7) :

O (absorbed) + e- (from CoV2O6 ) ↔ O- (7)
When Pd is present, H2 molecules may directly be oxidized by adsorbed oxygen species on
Pd, O(Pd), which could be more reactive than O2- (s) according to Eqs. (8):

H2 (gas) +O(Pd) ↔ H2O (8)
The spillover oxygen species extract electrons on the surface region around n-type Pd/PdO
nanoparticles leading to further enhancement of depletion regions on CoV2O6 surface as
indicated in Figure 5.3 (a)-(b). The hetero p-n junction and oxygen spillover effects should
lead to resistance increase after Pd/PdO loading. At low Pd concentrations (0.25, 0.5 and
0.75 wt% Pd), the expansion of the depletion region due to hetero junctions and oxygen
spillover is still not significant. In addition, it is observed from SEM characterization that
spin-coated powder of unloaded CoV2O6 spherical-like- particles is relatively smaller than Pdloaded ones (Figure 5.2.1). As a result, the unloaded CoV2O6 film would have considerably
higher resistance than the low-content Pd-loaded one.
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As Pd concentration increases further (1 wt% -Figure 5.3 (c)), more and larger Pd/PdO
nanoparticles are formed on CoV2O6 particles, leading to higher density p-n semiconductor
hetero-junctions as well as more spillover oxygen species. This leads to larger extension of
the depletion regions in CoV2O6 particles. At the highest Pd loading level (2 wt%), many Pd/
PdO nanoparticles agglomerate in to larger articles as observed in FE-SEM images (Figure
5.2.2). Under exposure to H2, some H2 molecules are catalytically dissociated on the surface
of Pd/PdO nanoparticles islands to generate H atoms, which can readily react with
preadsorbed oxygen ions:

H2 ↔ 2Hatom (9)
2H + O-(adsorbed) ↔ H2O + e- (10)
2H + O2-(adsorbed) ↔ H2O + 2e- (11)
The reactions lead to electrons transfer from chemisorbed oxygen species to the conduction
band of CoV2O6, resulting an increase of electron concentration, the receded depletion
regions in CoV2O6 and the decrease in the resistance of CoV2O6 particles.
In general, the observed gas-sensing dependence on Pd concentration may be explained
based on the spillover phenomenon. At an appropriate temperature, reactants are first
absorbed onto the surface to react there with surface oxygen species, affecting the surface
conductivity. For this processes to dominate the metal oxide resistance, the spillover species
must be able to migrate through the interparticle contacts. Thus, the catalyst particles must
be well dispersed so that they are available near all contacts. Only then the catalyst can
effectively control the interparticle contact resistance. This is the case for the 1wt% Pdloaded CoV2O6 material, of which the observed high H2 response can be attributed to
efficient spillover effect of well-dispersed Pd/PdO nanoparticles on CoV2O6 support. As the
Pd loading concentration increases, spillover mechanism becomes less effective due to the
agglomeration of the Pd nanoparticles, leading to deteriorated H2- sensing response.
It should be mentioned that CoV2O6 material can have bivalent catalytic centers by assuming
that charge transport might also occur via the Co+ – O -- Co2+ framework with all V ions in a
+5 state or V4+ -O- V5+ framework with all Co ions in a +2 state. Therefore, the presence of
fraction of reduced V4+ ions in the system is capable to reduce Co2+ major centers partly to
ions of lower oxidation, whereas Co1+ minor centers being more active species in H2 sensing
reaction. Here, the presence of vanadium atom seems to stabilize the catalyst structure
against oxidation as well as reduction and to permit a very strong oxidized/reduced sensing
material. This leads to easy recovery of the original state of the sensing material.
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Figure 5.4 Representative models for H2 sensing mechanism of (a) unloaded CoV2O6
spherical-like-particles and CoV2O6 particles loaded with Pd/PdO at (b) very low and (c) high
Pd concentrations.
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Chapter 6: Conclusions
6.1 Summary and Conclusions
In this project, 2 kind of perovskite oxides are examined: the Tungstates and Vanadates.
Synthesis, structural, morphological and elementary characterization and Study in different
gases have been carried out. From the analysis of the results of samples characterizations,
conclusions can be summarized as:
i.

The hydrothermal method shows to be a good process for solution-based
techniques for synthesizing good quality perovskite Tungsten Oxides.

ii.

Firstly, optical properties (powder color) exhibits the Co ion exchange in the
structure of the NiWO4.

iii.

From the structural analysis, the crystallite structure of the Tungsten Oxides is pure
monoclinic, with relevant lattice parameters and cell volume to their ionic radii.

iv.

The morphological characterization exhibits that the powders consists of nanoparticles but it could not clearly mentioned because of microscope low resolution.

v.

Tungsten Oxides sensors did not exhibit high response at any of these gases (NO,
H2S, H2 and Acetone). One possible explanation is the working temperatures did not
provide enough activation energy for surface reactions. The CoxNi1-xWO4 sensors are
n-type semiconductor oxides.

vi.

The polyol process shows to be a good process for synthesizing good quality
perovskite Vanadium Oxides.

vii.

From the structural analysis, the crystallite structure of the Vanadium Oxides is pure
triclinic (anorthic), with relevant lattice parameters and cell volume to their ionic
radii.

viii.

The morphological characterization exhibits that the powders consists of sphericallike- particles/plates and rod-like structures with good homogeneity and
distinguishable grain boundaries.

ix.

In general, the Vanadium Oxide sensors was not sensitive to NO and H2S gas, while
CoV2O6 and Co0.5Ni0.5V2O6 sensors exhibits sensitivity to H2 and Acetone gas. At
specific temperatures and concentration gases, their response times was low,
however, the recovery times was in order of several minutes. The CoxNi1-x V2O6
sensors are p-type semiconductor oxides.

x.

The p-type CoV2O6 sensor exhibits best gas-sensing response ~16 at 300oC towards
3vol% H2 and was decorated with Pd ( Palladium) in order to enhance its sensing
properties.

xi.

The optimal Pd- loading level for H2 response enhancement is 1 wt%. In particular, V1 sensor exhibits a high response of ~ 114 to 3 vol% H2 at 300oC. The response time
was low ~ 17s, which means that the sensor has fast and high gas-sensing response.
Also the sensor exhibits good selectivity among the previously-mentioned gases.

xii.

The sensing mechanism is well explained in Chapter 5.
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6.2 Future Suggestions-Perspectives
As future suggestions, we would recommend some of the following experimental
procedures and analysis:
a. Tungsten Oxides could be tested in more gases such as LPG and NH3 since they have
exhibited good responses in literature. Also, noble metals or hetero-junction with
other materials such as graphene could be formed in order to enhance its sensing
response.
b. NiV2O6 sensor is expected to exhibits higher gas-sensing responses. We would highly
recommend for future works to repeat previous sensing experiments with this
sensor.
c. It would be of great interest the TEM, XPS and BET characterization analysis of Pddecorated CoV2O6 sensors.
d. In specific, XPS analysis could solve a lot of our questions such as the phase of Pd in
oxide surfaces (metallic or PdO –oxide) and so a more secure sensing mechanism
could be given.
e. Cobalt-Nickel Vanadium Oxides could be decorated with Pd in order to enhance
their sensing properties.

Annex 1- Ethylene- Glycol (EG)
Ethylene-Glycol (EG) is an important organic compound and chemical intermediate used in a
large number of industrial processes (e.g. energy, plastics, automobiles and chemicals). In
view of various synthetic methodologies of EG in conventional industries and modern
technologies (Figure 2.1), great efforts have been undertaken in order to improve synthetic
processes, enhance photocatalytic performance and reduce cost of investment. EG is
abundant in resources and widely used in synthesis of nanostructures with controlled
particle sizes and morphologies on a large scale. [2.2]
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Figure 1. Synthetic methodologies and applications of EG

Annex 2- FE-SEM and EDX images from V-2 sensor.

Figure 2. a) FE-SEM top image of V-2 sensor, a thick layer covers the Al2O3 substrate
equipped with interdigitated Au electrodes, b) EDX image of V-2 sensor, peaks of Co, V, O
and Al, Au are found.
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