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Abstract

The aims of this research thesis are to synthesise VO, V,0s5 and V013 nanostructures and
apply the materials on sensor electrodes for gas and humidity sensing. These materials were
synthesised and optimised using chemical vapour deposition (CVD), microwave assisted and
pulse laser deposition (PLD) techniques. Analyses with thermogravimetric (TGA),
differential scanning calorimetry (DSC), X-ray diffraction (XRD), high resolution
transmission electron microscope (HRTEM), energy dispersive spectroscopy (EDS), X-ray
photoelectron spectroscopy (XPS), vibrating sample magnetometry (VSM), Raman and
Fourier transform infrared (FTIR) spectroscopy showed VOy phases order as NH;VO; —
VO, + V205 (150 — 200 °C) — V013 (300 °C) — V,05 (above 350 °C). This is when the
precursor NH;VVO3 was annealed in CVD between 100 — 350 °C in H, atmosphere for 2 hrs.
Adsorption analysis of VOx nanostructures showed a profile of Brunauer-Emmett-Teller
(BET) surface areas which increased with the annealing temperature until 300 °C after which
the transition occurred. Humidity (%) sensing response of VO, showed high response for
V6013 and V,0s5 phase whereas, the Langmuir isotherm plot in the form of the response per
BET surface area with respect to different levels of relative humidity showed high response

for VO,. Phase evolution diagram based on these properties has been proposed.

Thermal CVD annealing of NH4VVO3 at 500 °C in N, atmosphere for 2, 12 and 24 hours
produced monoclinic VO3 (at 2 hrs) and a-orthorhombic V,0s (at 12 and 24 hrs) nanorod
structures using the above characterization techniques. Gas sensing application of these
structures revealed that the H,S gas is selective in adsorption to VO3 phase with 132 %
response magnitude at 350 °C and 60 ppm, this response is 647.2 % higher than that of NH3,
CHy4, NO2, H; and CO. The response and recovery times are 32 and 129 s respectively which

is remarkably short compared with the data in literatures. This V¢O13 sensor was ranked with

ix|Page



its V05 counterpart and still found to be 238.5 % higher for H,S gas. Density functional
theory (DFT) through ab initio molecular dynamics of (110) facet of monoclinic V¢O;3 and a-
orthorhombic V,0s also showed high H,S adsorption energy for VO3 than V,0s with a

profile which simulate the experimental findings.

Low temperature microwave assisted synthesis of VO from NH,;V O3 without post-annealing
treatment demonstrated small size homogeneous crystallite with high BET surface area and
high adsorption and desorption pores. These properties translated to sub-ppm room
temperature sensing of the flammable CH,; and odorant NHj3 and toxic NO, with high
sensitivity. The VO, (B) phase produced via the same microwave process applied for
humidity sensing in the lateral gate metal oxide semiconductor field effect transistor
(MOSFET) configuration for 0, 5, 8, 10, 12 and 15 V gate voltages. An optimum percentage
humidity response observed at 5 V showed response and recovery times in the order of 60 —
70 s which is remarkably shorter than the > 300 s response of the non-gated VO, humidity
sensor reported in this thesis. Statistical information extracted from the non-linear S-curve
Hill Dose rate showed that the VO, (B) sensor is very resilient to relative humidity by
showing the humidity level of more than 100% where the response of the sensor could be

reduced to 50%.

In-situ Raman spectroscopy sensing of NH3 gas at the surface of PLD deposited V,0s thin
film was presented. The film crystal structure, depth profile and oxidation state was studied
by cross section scanning electron microscope (SEM), time of flight secondary ion mass
spectroscopy (TOF-SIMS), XPS and group theoretical analysis. Recoverable red shift of 194
cm™ and blue shift of 996 cm™phonons upon the interaction with the NH3 gas at 25 and 100
°C was observed. Decrease in the Raman scattered photons of the 145 cm™ phonon was also
observed for different levels of NH; exposure. The responses of these phonon properties in

NH;3 environment compared to the chemoresistive sensing of the film at 40 ppm showed that

x|Page



the in-situ Raman spectroscopy techniques is not only more sensitive but also demonstrated

possibility for selective gas detection via blue and red shift of phonon frequencies.
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CHAPTER 1

INTRODUCTION

1.1 General Overview and Rationale of the Study

The problem of air pollution is probably the number one challenge that is facing humanity in
this present age. This problem emerged as a result of an increase in the concentration and
release of airborne particulate matter and gases from oil exploration fields, motor vehicles,
power plants, agricultural fields and other industrial activities [1-3]. Some of these poluttants
are dust, dirt, soot, smoke, complex organic and inorganic substances such as the very
offensive, combustible, and flammable methane (CH,), sulphur dioxide (SO,), hydrogen gas
(H2), the toxic and odorant hydrogen sulphide (H,S), carbon dioxide (CO,), carbon monoxide
(CO), nitrogen monoxide (NO), nitrogen dioxide (NO;), ammonia (NHj3) etc. Others are the
volatile organic compounds (VOCs) which are benzene, ethanol, acetone, methanol,
formaldehyde, tetrachloroethylene and hexamethyldisiloxane (HMDS) to mention a few [1-
5]. These pollutants have been a major stumbling block to the world’s desire for clean air,
and a green and safe environment. According to the research conducted by the Global Burden
of Disease project and reported by the BBC Science and Environment in 2013 [6], “polluted
air causes 5.5 million deaths a year, EcoWatch also reported the International Energy Agency
and America Lung Association’s findings to be 6.5 million a year in 2015 [7]. The World
Health Organisation (WHO) recorded 7 million in 2012 — a figure found to be one in eight of

total global deaths [8].

Indoor and outdoor and long-time exposure to gases and VOCs have been reported to have
negative effects such as damage to the respiratory system and skin irritations and are also the

main cause of sick building syndrome [2, 9-10]. For example NO; and its by-products NO
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and N,O, are the most dangerous among inorganic gases forming a reddish-brown gas with a
pungent and irritating odour and usually irritating the lungs and eyes which often causes
problems in the human respiratory system [3, 9, 10]. They have been reported to be
responsible for asthma, lung diseases, and kidney impairment and as a carcinogenic agent [9,
10]. Naturally occurring and toxic H,S which is usually a by-product of crude petroleum,
volcanic gas, natural gases etc. also causes problems in the human breathing system.
Ammonia (NHs3) has a pungent odour, is colourless in nature and is a non-toxic gas, which
negatively impacts the environment through irritating human eyes, causing liver failure and
usually comes from the decomposition of animal manures. Methane (CH,4) gas is very
important in homes and industries, and is highly combustible, flammable and explosive such
that when it leaks or is trapped in storage; it can dangerously explode and cause fire. Sulphur
dioxide (SO;) is another gas that usually causes irritation in the human system. It has been
severally reported to provoke nose and throat irritation, coughing, wheezing, a tight feeling
around the chest and shortness of breath [10]. Carbon oxides gases (CO, CO,) are colourless
and odourless but very toxic and active in preventing oxygen from being absorbed into the
blood stream when inhaled by man. They often cause non-functioning or malfunctioning of
some vital organs, CO, ingestion has been reported to also lead to asphyxiation and
suffocation. These gases are by-products of numerous organic materials and substances

which we consume in our day to day activities.

Volatile organic compounds (VOCSs) are organic/carbonaceous molecules originating from
natural materials and artificial or processed materials. These compounds are also dangerous
to human health; and have been suspected and proven to be carcinogenic, for example,
formaldehyde, toluene, and benzene [3, 9, 10]. Molecules such as acetone, methanol, ethanol,

formaldehyde, benzene, pentane, ethane, isoprene etc. are breath constituents and so
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biomarkers for diseases like diabetes mellitus, ketonemia, oxidative stress and cholesterol

metabolism [3, 9].

However, the precursors through which these gases and compounds emanate from are
unavoidable for our daily survival, like crude petroleum and natural gas which are heavily
relied upon by the entire world for her energy provision. Precursors such as animal manure
and organic materials from agricultural fields and refuge sites are inevitable in man’s life
style. Transportation activities and combustion of fuel in air by which most of the deadly

gases matured from, are also required for continuous survival of life.

Continuous measurement and monitoring of these pollutants appears to be the plausible
solution to these environmental problems; and has been suggested by many researchers [2-
10], health stakeholders and agencies. These stakeholders include the world health
institutions like the WHO, United Nations Environment, Green Space, America Lung
Association and National Ambient Air Quality. The South African Government is also
relentlessly working on the safety of citizens by providing annual reliable data often tagged
“STATE OF THE AIR REPORT AND NATIONAL AIR QUALITY INDICATOR” and by
publishing Gazettes through the South African Minister of Water and Enviromental Affairs
under the National Enviromental Air Quality Act 2004 (Act No: 39 OF 2004) which
emphasizes measurement and monitoring as major solutions. Figure 1.1 is the summary of

the critical screening areas and the respective target and interferent compounds.
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Environmental Monitoring
Typical Target compounds plus possible
Interferents are:
NO,, €O, CO,, NH,, SO,, NO, N,O, CH,, H., RH,

Indoor Air Quality
Typical Target compounds plus possible
Interferents are:
Many VOCs including the toxic benzene and
0,, H,S, benzene, toluene, ethylbenzene, xylene and formaldehyde, also CO,. CO N O, NO, and RH
other VOCs. Concentration range is from sub-ppb levels to tens of
Concentration range is from ppb to several ppm ppm

Fire detection Odor monitoring

Typical Target compounds plus possible Typical Target compounds plus possible
Interferents are: Gases and VOCs Interferents are:

CO NO, NO, and RH categories amines, also VOCs, H,, CO NO, and RH
Concentration range is from sub-ppb levels to tens of

ppm ppm

Acetic acid, complex VOCs CH, and H,, also CO,, monitoring application H.,S and organosulfur compounds, NH,, ketones and

Concentration range is from sub-ppb levels to tens of

Health and Bio-markers

Typical Target compounds plus possible

Interferents are:

Majorly VOCs including acetone, toluene, isoprene
and formaldehyde and also H,, CO and NO

Industrial applications
Typical Target compounds plus possible
Interferents are:
NO,, CO, CO,, NH,, SO,, NO, N,0, CH,, H,, RH,
0O,, H,S, benzene, toluene, ethylbenzene, xylene and

other VOCs. Concentration range is from sub-ppb levels to several
Concentration range is from ppb to several hundreds of ppm
of ppm

Figure 1.1 Review of the various screening areas and the respective target gases. [This is

adopted from [3] but reviewed in this thesis]

Among the many chemical/gas sorption or detection technologies, metal

semiconductor (MQOS) is the preferred transduction and detection method due to

characteristics such as low cost, long life time, fast response time and high sensitivity [2].

This method can be dated back to the 1960s when Seyama et al.(1962) discovered the chemo-

resistive effect as they exposed a zinc oxide (ZnO) surface to chemicals [1]. Since that

period, ceramics and high band gap semiconductors like aluminium sesquioxide (Al,Og), zinc

monoxide (ZnO), thin oxide (SnO,), titanium dioxide (TiO,), tungsten trioxide (WQOj3), and

cupper dioxide (CuO,) etc. have dominated the field [11-15]. Nevertheless, realization of

practical sensing devices through these materials has been a major challenge due to

limitations such as; (1) poor responses at room temperature - in other words MOSs usually

respond at high temperature and thereby placing high demands on electricity, (2) poor

recovery - that is, inability of MOSs to completely recover back to their initial electronic

state, (3) poor selectivity — that is, inability to detect one species of gas or chemical at a time
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[2, 10]. Another challenge of MOSs in chemical and gas sensing technology is that most
available devices were not portable; hence there is need for movable or pocket-like devices

for easy application in the field.

Recently, the surface properties and low band gaps of vanadium oxide materials (V,0s, VO,
etc.) are beginning to draw attention in the field of gas and chemical sensing because of their
atomically well-defined geometry, surface chemical reactivity, multiple valence state,
adsorption property, magnetic behaviour, optical switching and metal-to-insulator transition
properties [16-18]. These properties can be improved significantly when the material’s
dimensions are reduced from bulk to nano-scale wherein the material loses its gravitational
effects (classical) and gain electromagnetic effects (quantum) and consequently yield drastic

increase in volume-to-surface ratio properties [19].

Availability of vanadium ore in South African local mining also forms parts of the propelling
force driving the objectives of this work. According to the statistics [20-21] South Africa has
about 29.4% of vanadium ore commercially available and 40.2% in reserve. The country also
hosts some of the world-leading vanadium producing companies including Vanchem
vanadium (Pty) Ltd which is located in Witbank, one of the South Africa’s industrial cities

[22].

This thesis therefore studies the unique properties of vanadium oxides nanostructures with
respect to the sensitivity, selectivity, portability and room temperature detection of gases and

VOC:s by electrical and Raman spectroscopy methods.
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1.2 Aims and Objectives

The aims of this research thesis are to synthesise V,0s, V¢O13 and VO, nanostructures and

apply the materials as sensor electrodes for the detection of gases and humidity.

In achieving these aims, the following objectives will be followed:

e To synthesize nanostructures of Vanadium oxides from NH4VO3 using temperature
programmed CVD and apply them for humidity sensing.

e To study the effect of the structural properties of VOx on their gas sensing
performance.

e To investigate the sensitivity, selectivity and room temperature gas sensing properties
of VO, nanomaterials prepared by microwave irradiation technique.

e To investigate the effects of gate voltage of hano-VO,-MOSFET to humidity.

e To study the in-situ Raman spectroscopy of V,0s surface to NH3; molecules using
group theoretical and traditional conductometric approaches. This helps to determine

how vibrational modes of V,0s are influenced by NHj3 gas.

6|Page



References

[1] T. Seiyama, A. Kato, A new detectors for Gaseous Components Using Semiconductive

Thin Films, Anal Chem. 34, 1502-1503 (1962)

[2] G. Neri, Fifty Years of Chemoresistive Gas Sensors, Chemosensors 3, 1-20 (2015)

[3] A. Schutze, T. Baur, M. Leidinger, W. Reimringer, R. Jung, T. Conrad, T. Sauerwald,
Highly sensitive and selective VOC sensor system based on semiconductor gas sensors:

How to? Environments 4, 20, 1-13 (2017)

[4] S. S. Varghese, S. H. Varghese, S. Swaminathan, K. K. Singh, V. Mittal, Two
Dimensional Materials for Sensing: Graphene and Beyond, Electronics 4, 651-687
(2015).

[5] V. Palmisano, E. Weidner, L. Boon-Brett, C. Bonato, F. Harskamp, P. Moretto, M.B.
Post, R. Burgess, C. Rivkin, W.J. Buttner, Selectivity and resistance to poisons of
commercial hydrogen sensors. Int. J. Hyd. Ener. 40, 11740-11747 (2015)

[6] Global Burden of Disease project, BBC Science and Environment

http://www.bbc.com/news/science-environment-35568249. (13-02-2016)

[7] Eco Watch https://www.ecowatch.com (06-03-2017)

[8] World Health Organization

http://www.who.int/mediacentre/news/releases/2014/air-pollution/en/ (24-03-2014)

[9] G. Peng, U. Tisch, O. Adams, M. Hakim, N. Shehadal, Y. Y. Broza, S. Billan, R. Abdah-
Bortnyak, A. Kuten, H. Haick, Diagnosing lung cancer in exhaled breath using gold

nanoparticles, Nat. Nano. Lett. 4, 669-673, (2009).

7|Page


http://www.bbc.com/news/science-environment-35568249
https://www.ecowatch.com/
http://www.who.int/mediacentre/news/releases/2014/air-pollution/en/

[10] K. Watchakun, T. Samerjai, N. Tamaekong, C. Liewhiran, C. Siriwong, V. Kruefu, A.
Wisitsoraat, A. Tuantranont, and S. Phanichphant, Semiconducting metal oxides as sensor

for environmentally hazardous gases, Sen. Act. B. 160, 580-591 (2011).

[11] A.R. Raju, C.N.R. Rao, Gas —sensing characteristics of ZnO and copper-impregnated

Zn0O, Sen. Act. B 3, 4, 305-310 (1991)

[12] R. Artzi-Gerlitz , K.D..Benkstein, D.L. Lahr, J.L.Hertz, C.B. Montgomery, J.E.
Bonevich, S. Semancik, M.J. Tarlov, Fabrication and gas sensing performance of parallel
assemblies of metal oxide nanotubes supported by porous aluminum oxide membranes, Sen.

Act. B. 136, 1, 257-264 (2009)

[13] C. Lu, Z, Chen, High-temperature resistive hydrogen sensor based on thin nanoporous

rutile TiO;, film on anodic aluminum oxide, Sen. Act. B. 140, 1, 109-116 (2009)

[14] S.T. Jun, G.M. Choi, CO gas-sensing properties of ZnO/CuQO contact ceramics, Sen.

Act. B. 17, 3, 175 -178 (1994)

[15] T. Jun, M. Tomoki, M. Norio, Y. Noboru, Copper oxide-promoted tin oxide element for
highly sensitive and selective detection of H,S, International Conference on Solid-State Sen.
Act. San Francisco, CA, USA, 150-154 (1991)

[16] S. Surnev, M. G. Ramsey, F. P. Netzer, Vanadium oxides surface studies, Prog. Surf. Sc.

73, 4, 117-165, (2003).

[17] S. Laubach, P. C. Schmidt, A. Thiben, F. J. Fenandez-Madrigal, Q. Wu, W. Jaegemann,
M. Klemm, S. Horn, Theoretical and Experimental determination of the electronic structure
of V,0s, reduced V,0s.« and sodium intacalated NaV,0s, Phys. Chem. Chem. Phys 9, 20,

2564-2576 (2007).

8|Page


https://www.scopus.com/authid/detail.uri?authorId=35512092800&amp;eid=2-s2.0-0026143992
https://www.scopus.com/authid/detail.uri?authorId=22968535800&amp;eid=2-s2.0-0026143992
https://www.scopus.com/authid/detail.uri?authorId=25925648500&amp;eid=2-s2.0-58249144720
https://www.scopus.com/authid/detail.uri?authorId=6603159639&amp;eid=2-s2.0-58249144720
https://www.scopus.com/authid/detail.uri?authorId=12645893000&amp;eid=2-s2.0-58249144720
https://www.scopus.com/authid/detail.uri?authorId=8569518100&amp;eid=2-s2.0-58249144720
https://www.scopus.com/authid/detail.uri?authorId=7102408319&amp;eid=2-s2.0-58249144720
https://www.scopus.com/authid/detail.uri?authorId=7003395126&amp;eid=2-s2.0-58249144720
https://www.scopus.com/authid/detail.uri?authorId=7004012864&amp;eid=2-s2.0-58249144720
https://www.scopus.com/authid/detail.uri?authorId=7004311471&amp;eid=2-s2.0-58249144720
https://www.scopus.com/authid/detail.uri?authorId=16039584500&amp;eid=2-s2.0-66949170005
https://www.scopus.com/authid/detail.uri?authorId=7409483172&amp;eid=2-s2.0-66949170005
https://www.scopus.com/authid/detail.uri?authorId=7103305475&amp;eid=2-s2.0-0028374325
https://www.scopus.com/authid/detail.uri?authorId=7202652490&amp;eid=2-s2.0-0028374325
https://www.scopus.com/authid/detail.uri?authorId=7006100540&amp;eid=2-s2.0-0026369863
https://www.scopus.com/authid/detail.uri?authorId=7203089432&amp;eid=2-s2.0-0026369863
https://www.scopus.com/authid/detail.uri?authorId=7401868774&amp;eid=2-s2.0-0026369863
https://www.scopus.com/authid/detail.uri?authorId=56224981700&amp;eid=2-s2.0-0026369863

[18] O. Sipr, A. Simunek, S. Bocharov, Th. Kirchner, G. Drager, Geometric and electronic
structure effects in polarized V K-edge absorption near-edge structure space of V,0s, Phy.
Rev. 60, 20, 14115-14127

[19] A. A Akande “Vanadium dioxide Nanostructure and Applications in Sensors” MSc

Thesis (2014) University of Limpopo Tefloop

[20] B. Rohrmann, The thermal decomposition of Ammonium Metavanadate (V) in Open and

Closed System, J. S. Afr. Inst. Min. Metal, 85 141 -150, (1985)

[21] http://www.mbendi.co.za/indy/ming/vand/af/sa/p0005.html (10-10-2016)

[22] B W Mwakikunga, Nano-size Effects on Opto-Electronic, Structural and Vibrational
Properties of Vanadium and Tungsten Oxides Produced by Laser and Ultrasonic Spray

Pyrolysis Techniques, PhD Thesis (2009), University of the Witwatersrand Johannesburg

9|Page


http://www.mbendi.co.za/indy/ming/vand/af/sa/p0005.html

CHAPTER 2

LITERATURE REVEIW

This chapter provides a theoretical background pertaining to the subject investigated during
the study. A general review of nanostructures and nanomaterial is presented and a brief
background of group theory and its application to solid materials is included. A review of the
three phases of vanadium oxides studied in this work; VO,, V,0s and VgO13 in terms of their
crystallographic, electronic, phonon structures, metal-insulator mechanisms, and their general
applications is included. Surface structures of VO,, V205 and VgO13 oxides and their role in

gas sensing application are also covered.

2.1 Properties of nanostructured materials

Nanostructure is the term commonly used to describe the geometrical structure of
nanomaterials; given that nanomaterials are a type of material whose dimensions are
characterized by the nanometre scale (typically range between 1 — 100 nm) in the field of
nanoscience and nanotechnology [1-4]. These are materials with exceptional properties
compared to the properties of the bulk, molecule, or single atom [5]. The distinction in the
properties of nanostructured materials is a consequence of the proportion of the surface atoms
to the atoms in their bulk counterpart [5], an effect which is often referred to as the surface to
volume ratio of the material. The whole summary of the expression of surface to volume

ratio of typical nanostructured materials which has been observed in nature and grown
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experimentally [6-7] were demonstrated by Mwakikunga (2009) [8]. In this expression, an
isolated and delocalized surface atom of spherical particles is found to be (3/r), rods or wire-
likes particles are (2/a+2/r) and cubic particles are (6/a) related to the bulk where r and a are
radius and length of the structures respectively [8]. The surface to volume ratio can be very
high as the radius and the length of the structure decreases or tends to nanometre regime. This
nanostructure and surface property is translated into the physical properties; an example is the
case of band gaps and the density of state (DOS) of materials [3]. It is well known that the
number of atoms in a material is proportional to the bandwidth of their electronic band, such
that each atom in the material contributes with its atomic states to the electronic band. The
bandwidth of the electronic band and band gap usually increases as the size of atoms in the
material is decreased. Density of states is the number of atoms per energy in a material. The
DOS around Fermi level of the material which is very large for bulk matter decreases as its
dimensions are confined [2-3]. These are shown below in Figure 2.1, where band gaps,
density of states and the numbers of atoms are represented. The Figure demonstrates the
evolution of band gap and density of states as a function of the number of atoms as the
materials is reduced from the bulk to nano regime. The concept of Kubo’s gaps is also added
in Figure 2.1 (b), where the highest occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO) states equals thermal energy. The figure shows that

the Kubo gap is small for metallic bulk matter and high for insulating nanoclusters - this is an
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indication of size induced metal-to-insulator transition usually observed in some metals and

transition metals compounds [3, 9].

(a)

n atom Bulk
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& particles & particles molecules

>

-
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{ nuclearity }

Figure 2.1: Evolution of band gap and density of states as a function of the number of atoms

as the materials is reduced from the bulk to nano regime, (a) Band gap scheme from single
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atom to bulk, and (b) Kubo’s gaps scheme showing effects of the size on metal-to insulator

transition. [3]

2.2 Group theory aspect of this work

This work also includes group theory principles to explain the Raman scattering process and
other physical properties of VO,, V013 and V,0s nanostructures. It is well known that the
states of quasiparticles such as electrons, holes, phonons, magnons, plasmons etc. in the
crystals, molecules or single atoms are classified according to the irreducible representations
of space group (crystal) or point group (molecule or single atom) [10-12]. The difference
between the space group and point group arises because of the periodicity of the lattice
structure exhibited by crystalline solids compared to the structure of molecules [13-15].
While the symmetry and property of crystals or ionic compounds are being generated
according to their Bravais unit cell and space groups, point group symmetry and property are
derived from the constituent atoms and bonds of the molecules [13]. Because of this, point

group of a particular compound is usually contained by its space group [10, 15].

However, due to the periodicity of atoms in the crystal, translation wave vectors k which
relate the direct lattice of a crystal to its reciprocal lattices in the Brillouin zone (BZ) [10, 15],
and the Bloch function phase effect on the point group symmetry operation. The physical
properties of crystals are described by the wave vector selection rule rather than the quantum

mechanical rules which are only suitable for single atoms and molecules.
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The nanostructure effect discussed in section 2.1 also applies to the phonon property of
materials, when the crystal dimension is reduced to the nano-regime, the phonons experience
quantum confinement by exhibiting strange vibrational properties compared to the ones
observed in a bulk structure [16-20]. This phonon confinement phenomenon has been
explained as the consequence of the Heisenberg’s uncertainty principle where the change in
the nanocrystal diameter (Ad — 0), and change in the (Aq — o0) resulting in q # 0, unlike in
the case of bulk crystal where (Ad — o) and (Aq — 0) resulting in g = 0 (allowing the
selection rule at I' = 0 of the BZ) [16-20]. Physical evidence of phonon confinement is the
asymmetric broadening of the Lorentzian-Gaussian peak usually observed in Raman
experiments. More details about phonon confinement are presented in chapter three where the

sensing mechanism of the in-situ Raman spectroscopy sensing is discussed.

2.3 Correlated Vanadium Oxides Systems

Vanadium oxides are a class of transition metals with several vanadium oxidation states
ranging between +2 to +5 in general. These oxidation states usually lead to the formation of a
variety of binary oxides of different ionic and valence states which include; VO (V%), V503
(V*), VO, (V*), and V,0s (V°*) [21-22]. They also lead to phases which are other members
of the Magneli phase family [6-11] (VnO2n.1) namely; V407, Vs0q etc., and phases with the
general formula (V,O2n+1) such as V307, V4Og and V013 [21-26] have played significant
impact on current research in the optical and electronic fields. These oxides are low mobility

semiconductors with predominantly n-type conductivity and are classified among the groups
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of metal-to-insulator transition (MIT) materials by Adler and Mott (1968) [27], drawing their

conclusion from the theoretical distinctions between metal, semimetals, semiconductor and
insulator proposed by Bethe (1928), Sommerfeld (1928), Bloch (1929), de Boer (1937) and
Peierls (1937) [27]. Figure 2.2 presents the whole series of the vanadium-oxygen system’s

phase diagram showing different levels of oxygen defects and respective melting

temperatures.
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Figure 2.2: Phase diagram of VVanadium oxygen systems [22]
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These oxides are fascinating among the class of transition metal oxide materials because of

outstanding properties such as atomically well-defined geometry, surface chemical reactivity,

oxygen defects, multiple valence state, adsorption properties, magnetic behaviour, optical

switching and metal-to-insulator transition properties [21-27]. Numerous novel applications

have benefited from the unique properties of vanadium oxides systems, among these, thermo-

chromic smart/intelligent windows, electro-chromic windows, gas/chemical sensors, high

temperature superconductivity, temperature or bolometer sensors, ultrafast switching devices,

electrochemical devices and lithium ion battery applications [28]. This thesis focuses on VO,

V6013 and V,0s which happen to be exceptional materials because of their band gap

properties, MIT conductivity and significant impact they are playing on current research and

the development of optical and electronic devices.

A summary of band gaps, transition temperatures and Fermi energies versus oxygen to

vanadium ratio of semiconductors among the phases of vanadium oxides in Figure 2.2 is

presented in Figure 2.3. These oxides are considered for sensing applications in this work

because of their low electron mobility, low electron density and band gap compared with the

traditional semiconductor materials like carbon and silicon. Among other interesting

properties that influence our choice is the surface defect and various valence states that made

possible chemical reactivity on their surface

16| Page



(a)

350 VO;,,
b Vnon' Vn Ozn‘ Vn Ozn-1 Vn ozn—‘ data :I II'
. | |—— Gaussian fit [\
< 300 f ‘.‘
v [
Ei [
i ‘ |
5 250 | \
(=% | 'I
= f .
. | \
{ 1
& 200+ f \
= V.0 f
@ 273 /
§ ‘ vo ¢ v,0, ,.""‘ \ VO
150 _/ \.
®
®
100 T T T T T T T T T T T T
1.0 1.2 1.4 1.6 1.8 2.0 2.2
Oxygen to Vanadium ratio
... (b)
VZOS
254 e Vnon’ Vno2n’ Vno2n-l' Vn02n-l data
— Gaussian fit
3
@
°
o™
a
]
C
[+
o
«©
o
=
c
©
m

10 12 1 14 1?6 1 {8 2i0 22 24 26
Oxygen to Vanadium ratio
Figure 2.3: (a) Transition temperatures of a selected number of vanadium oxide phases as a
function of the oxygen to vanadium ratio. A Gaussian fit shows the exclusivity of VO, in
comparison with the other phases [29], (b) Band gap energy profiles of VO,, V,05 V013 and

others shows exponential growth relationship with the oxygen to vanadium ratio.
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2.4 Vanadium dioxide

Vanadium dioxide (VO,) is a unique metal oxide inorganic material that exhibits first-order
or reversible metal-to-insulator transition (MIT) as a function of temperature (i.e. its
properties depend on temperature actuating function). The transition from metal-to-insulator
in VO, happens around T, = ~ 340 K as a critical temperature, and was first observed by
Morin in 1959 [30]. VO is metallic with a tetragonal phase at T, > 340 K and an insulator
with monoclinic semiconducting phase below the transition temperature T, (i.e < 340 K) with

thermal hysteresis property of AT ~ 1 K for bulk stoichiometric crystal of VO, [31-34].

This material has attracted considerable interest because of its unusual change or jumps in
electrical conductivity and resistivity, optical transmission and reflections, morphology
surface roughness, optical light scattering, Raman phonon intensity and surface plasmon
resonance wavelength critically reviewed by Akande at el 2015 [23] and presented in Figure
2.4. Other interesting properties of VO, which were reported are the magnetic transition of
magnetic moments and susceptibility using electron spin resonance (ESR) by Akande at el

2015 [23] and Nkosi et al 2016 [35].

Many ultrafast concepts like Thermal switch, Thermal sensor, Mott physics, Ultrafast
switches for logic, Meta-materials, Chemical sensors, Quantum actuation, Tuneable
materials, Spintronics, Solid-oxide fuel cell electrodes and neuromorphic computing have

heavily relied on VO, properties for many years [28]. Energy technologies have also used
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VO, properties especially in the smart or switchable window (thermo-chromic and photo-
chromic technology) for environmental conditionings and energy savings [36] wherein VO,
film reflects or blocks near infrared radiation (which is part of solar) in the metallic
(tetragonal) phase and transmits or allows it in the semiconducting or insulating phase [36].
Sensor applications in the area of gases/chemicals (gaso-chromic property) [37] and cosmic
microwave radiation (bolometer) [38] are also applicable. Electrochemistry technologies such
as rechargeable lithium ion batteries and electro-chromic windows where VO,/V,05 is a
hybrid with tungsten oxide to acts as a passive electrode [39]. Thermo-mechanical analysis
applications such as thermal actuators and thermo-pneumatic actuators [40], all have

benefited immensely from this material.
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Figure 2.4: Resistance and Conductance, (b) Transmittance and Reflectance, (c) Roughness
(d) Scattering, (e) Raman relative intensity of 618 cm™ phonon frequency and (f) Surface

Plasmon resonance wavelength [23].

Despite these strong and astonishing properties, motivations and devices obtained from VO,
physicist’s understanding is still far from complete [41]. Many questions and controversies
have risen among physicists as to whether the above hysteretic properties are due to Mott -
Hubbard’s theory of metal-to-insulator transition (MIT) (electron-to-electron correlations) or
Peirerls’s explanation of structural phase transition (SPT) (electron-to-phonon interaction)

[41-42].
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2.5 Transition Mechanism of Vanadium dioxide

2.5.1 Crystal Structure of VO,

Rutile crystals of VO, (especially bulk structure) are isomorphic to TiO; crystals above the
transition temperature T, with a body centred tetragonal lattice as shown in Figure 2.5 and
space group P4x/mnm (D1, No. 136) [42 - 49]. The vanadium atoms (metal or cation V**)
are embedded in an octahedral of six oxygen atoms (non-metal or anions O%). The
octahedrals form edge-shared chains along cg-axis, and with the shortest V-V distance along
this direction. The metal atoms V are located at the atomic positions Wyckoff (2a): (0, 0, 0),
(%2, Y2, ¥2) and the non-metal atoms O occupy Wyckoff positions (4f): + (u, u, 0), £ (2 + u, %
- U, %) with u value of 0.3001 for pure (un-doped) structures [40]. Translational symmetry
influences the transformation of a body centred tetragonal lattice of VO, into a simple

tetragonal lattice with parameters ar = br = 4.5546 A and cr = 2.8514 [41-49].

Below the transition temperature (at T, < 340 K), the tetragonal rutile structure Figure 2.5
distorts/tilts (with shear stress and small dilation of 0.044% [50]) and become monoclinic
Figure 2.6 which is isomorphic to MoO, structure with space group P2;/c (C5, No. 14) [41,
42 - 49]. This distortion causes V-V pairs to emerge along the cg-axis and the vanadium atom
to the neighbouring vanadium atom separation of 2.872 A (which is cg) to disproportionate
into 2.62 A within V-V pair and 3.16 A between pairs. The axis of each pair is also shifted
away from cg to make a slight separation of V-O bonds. Lattice parameters for the
monoclinic structure are ayy = 5.7434 A, by = 4.517 A, o1 = 2.8514 and Sy = 122.61° [41].
The metal atoms V and the two different types of oxygens mentioned above all occupy the
same Wyckoff atomic positions as (4e): £ (x, Y, and z), £ (x, %2 - y, ¥z + z) with different X, v,

and z parameters [41]. Linking the unit cell of T and M; phases together we can have ay; < 2
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Cr, bM1 « ar and cw1 < ar - Cr [33, 41 - 47] which implies that the monoclinic
crystallographic cell doubles that of tetragonal. There also exist an intermediate phase
monoclinic M, between T and M; phases when VO, is doped with chromium, aluminium,

titanium or tungsten.
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Figure 2.5: VO, Tetragonal (T) P4,/mnm (metallic) above or at 340 K [41]
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Figure 2.6: VO, monoclinic (M) P2:/c (insulator) below 340 K [41]

2.5.2 Electronic Structure of VO,

Detailed explanation of electronic structure of VO, from the molecular picture proposed by
Goodenough has been provided in Akande at el 2015 [23]. Vanadium dioxide’s Fermi energy
(Eg) usually falls above the top of the oxygen O? 2p band and below the vanadium 4s band
[27, 33-34,] as illustrated in Figure 2.4. The vanadium atom with 3d orbital and V** valence
state in the metallic (tetragonal) phase splits into two levels d;; and ©* orbital comprising the
electronic states near Femi level. The d;; is nonbonding (anti-bonding), while the =n* orbitals
are strongly hybridized with oxygen O 2pr and consequently lie in a higher level than d,.
The insulating (monoclinic) phase is different in that the pairing of the VV** atom along the cg-
axis pushes the 3d-2p hybridization and up-shifts the =* band away from the Fermi, causing
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the bonding and anti-bonding splitting of the d;; which is classified as the opening of band of
~ 0.7 eV band gap [27]. Goodenough and Hong (1971) also made some useful suggestions
which are relevant to the explanation of the two phases of VO,. These suggestions are based
on its molecular orbitals and the band gap diagram. They considered anti-ferroelectric
transition as a potential driving force for MIT in VO,. It was proposed that V** - V** pairing
in the tetragonal rutile (metallic) phase is energetically stable above the transition temperature
upon heating, followed by the rearrangement of the band structure to give the monoclinic
(insulating) phase at a lower temperature upon cooling [34, 51]. Their studies revealed that
the anti-ferroelectric nature of monoclinic (insulating phase) of VO, is the driving force of
the crystal distortion, and concluded that the transition temperature T. is not controlled by
thermal excitation of electrons into the anti-bonding bands, but by the entropy of the lattice

vibration modes [51].
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Figure 2.7: VO, Tetragonal (T) P4,/mnm (metallic) above or at 340 K [23, 32]
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2.5.3 Phonon band structure of VO,

The change in the crystallographic structure of VO, around the MIT regime makes it exhibit
two different Brillouin zone (BZ) and symmetry paths. Figure 2.8 illustrates the first BZ of
both stable tetragonal and distorted monoclinic phases. The VO, structure contains 3 atoms in
3 degrees of freedom (X, y, and z) occupying 2 atoms per unit cell (Z = 2).Group theory
predicts 18 total modes, 15 optical zone-centre modes and 3 ground state acoustics modes at
wave vector ¢ = 0 (I' = 0) in the Brillouin zone according to the lattice mode representation
and by acting 4 symmetry elements. These 15 optical zone-centre modes are determined by
factor group analysis and selection rule for C,;, point group for low temperature phase
monoclinic, P2;/ (C3,, No. 14). The symmetry elements are E, C, (z), I and o (xy)), where E is
the identity, C; (z) is 180° rotation in the z axis, I is the inversion and o (Xy) is mirror in the
horizontal plane. These 15 modes have been reported to compose Ay, Big, Bog and Bgg
Raman modes which were distributed in different configurations [52-58]. High temperature
phase tetragonal, P42/mnm (D7, No. 136) has 4 modes distributed in Ayg, Big, Bag and Egq
symmetries [52-55]. Phonon band structures or dispersion curves of the two phases have been
calculated showing their phonons energies and assignments of different modes. These phonon
energy distributions and temperature dependent Raman spectroscopy experiments have been

used to study the MIT mechanism [52-59].
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Figure 2.8: First Brillouin zone of (a) tetragonal, and (b) monoclinic structures [41]

2.6 Vanadium pentoxide (V,0s)

2.6.1 V,05 Crystallographic, Electronic and Phonon structures

Other oxides of vanadium presented in the Figure 2.2 are also relevant; being members of
Magneli (V,O2n.1) and Wadsley (VnO2n+1) functional groups. Vanadium sesquioxide or
trioxide (V,03), vanadium oxide (VsOi3) and vanadium pentoxide (V2Os) are the most
relevant phases because of their semiconductor properties (Figure 2.2). The vanadium
sesquioxide (V20s, in V** ionic state) is close to VO, stoichiometry but with some oxygen
defects (Figure 2.2), the crystal of V,03 also exhibits first order MIT as the temperature is
lower to T, ~150 K. The crystallographic transition from a-corundum to monoclinic is usually

followed by a change in electrical resistivity and transition from paramagnetic to
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antiferromagnetic material [21-28, 60-61]. Electrochemical application of V,03 has also been
reported [62].

V,0s macroscopic bulk crystal structure, nanostructure and the one whose radius is
comparable with Debye length is thermodynamically favoured as the orthorhombic unit cell
at ambient conditions. V,0s has highest oxygen concentration among all other vanadium
oxide members; its crystallographic atomic arrangement gives room for corner-sharing and
edge-sharing VOs octahedral geometry layered structure forming VOs pyramids edges
sharing networks with opposite orientations to maximize distances between V-V cations as
represented in Figure 2.9 [26]. It has space group Pmmn (D53 No. 59) and lattice parameters a
=11.510 A, b = 3.563 A and ¢ = 4.369 A where b and c are frequently interchanged in the
orthorhombic system [62-63]. V,0s is also a member of Mott Hubbard’s metal-to-insulator
transition materials with MIT temperature of ~ 375 °C [24], but with no structural change
during MIT behaviour. This oxide has been extensively studied for technological application

because of its thermodynamic stability and the fact that it is easy to produce.

One of the major highlights of this thesis which has also been reported to the gases and
chemicals sensing communities is the unusual performances of V,0s surfaces to gases,
chemicals, VOCs and water vapour [64]. This work explored the sensing properties V,0s

VO, and their mixtures VgO1s.
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Figure 2.9: Local coordination of vanadium and oxygen atoms in the Pmnm (D;3 No. 59)
lattice indicating the crystal axes and nearest-neighbour distances. The solid circles in the
centre represent a vanadium atom which is surrounded by three different types of oxygen; Oy

— vanadyl oxygen, Og — bridge oxygen and O¢ — chain oxygen respectively [65]
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Figure 2.10: (a) Unit cell of Orthorhombic Pmnm (D53 No. 59) lattice. The atoms with the
grey colours are the vanadium atoms and the ones with red colours are oxygen atoms. (b)

Brillouin Zone of the structure.
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Figure 2.11: Band structure and partial density of states (PDOS) profiles of Figure 2.10. The

brown arrow (T — I') in the band structure profile indicates where the indirect band gap lies.

According to the international crystallographic tables, coordination of atoms (Figure 2.8) and
density functional approximation records [62-63, 65], the stoichiometric orthorhombic V,0s
structure should have four types of atoms in terms of their geometry coordination i.e. by their
nature of bonding and bond length. One vanadium atom V and three different oxygen atom O
(1) O (2) and O (3) are located at different Wyckoff positions. VV atom together with O (1)
and O (3) occupy 4f Wyckoff position with cite symmetry Cs whereas O (2) atom can occupy
2a Wyckoff position with cite symmetry of C,v [62-63, 65]. High symmetry orthorhombic
lattice of V,0s crystal structure with two formula per unit cell (Z = 2) contains a total of 42
optical and acoustic modes. using factor group analysis, selection rules for D, point group
and the following symmetry elements; E, C, (z), C (y), Cz (X), i, 6 (Xy), o (xz) and 6 (yz)
where E is the identity, C, (z), C; (y), C. (X) are 180° rotation in the X, y and z axes
respectively, | is the inversion, ¢ (xy) is horizontal mirror and ¢ (xz), o (yz) are vertical
mirrors. The 42 modes are reduced to 39 optical-zone centre modes after taking the 3 ground

state modes which are acoustic at I' = 0 symmetry point of the BZ.
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The electronic band structure (EBS) and PDOS of V,0s is presented in Figure 3.11 showing
an indirect transition of electrons between HOMO (valence band) and LUMO (conduction
band) from T — I' symmetries within the BZ. This is clear evidence of the role of phonons in
the electronic and optical transitions of V,0Os structure. The calculated indirect band gap (Eg)
~ 2.2 eV, is consistent with the experimental values [66]. These EBS and PDOS results are
generated from the simple orthorhombic lattice shown in Figure 2.10 (a) and the

corresponding BZ in Figure 2.10 (b).

2.7 Vanadium oxide (V¢O13)

2.7.1 Crystallographic, Electronic and Phonon structures of VO3

Vanadium oxide (VgOi13) exists as mixed valence/ionic state of VO, and V,0s. Its
stoichiometry falls between the stable V,0s and VO, as shown in Figure 2.3, hence often
referred to as metastable phase of vanadium oxide. This oxide maintains monoclinic
crystallographic structure at both high temperature (space group - C2/m C3,) and low
temperature P2,/ (C3,) with MIT property at T, ~ 130 K [67-70]. The two monoclinic
structures slightly differ in lattice parameters with a = 11.921 A, b = 3.6811 A and ¢ = 10.147
A, B =100.88° for the high temperature phase (room temperature) and a = 11.963 A, b =
3.707 A and ¢ = 10.064 A, B = 100.96° for the low temperature phase [67-70].

Figure 2.12 (a) presents the monoclinic C2/m €3, structure of the room temperature phase of
VeO013. This structure shows that VgOi3 crystalizes in zig-zag string chain layers as
orthorhombic V,0s structure shown in Figure 2.10 (a) but with displacement as a
consequence of transformation from orthorhombic to monoclinic system [67-68]. This

displacement formed double zig-zag ribbon structures shown in Figure 2.12 (b) as opposed to
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the single zig-zag string of the orthorhombic V,Os structure [68]. There are three vanadium
and seven oxygen atoms in V¢Os3 structure each occupying different sites in the unit cell
Figure 2.12 (b). According to the group theoretical analysis, V¢O13 monoclinic C2/m C;,
crystal contain 114 atoms which includes 3 atoms in the 3 degree of freedom (x, y, and z)
occupying 2 atoms per unit cell (Z = 2). The optical modes in the centre of the Brillouin zone
can be classified as I' = 18A14 + 9By + 9A, + 18 By, 27 Raman active modes (18A14 + 9B),
27 IR active modes (9A, + 18B,) and 3 ground state acoustic modes [67]. This oxide is well
known for electrochemistry applications (lithium ion and sodium ion battery) and catalysis
application [39, 67-71]. In this thesis, room temperature phase of VO3 structure is reported

for the first time for sensing applications.
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Figure 2.12: (a) Unit cell of monoclinic lattice C2/m C3,. The atoms with the grey colours
are the vanadium atoms and the one with red colours are oxygen atoms. (b) 2D structure in a-

¢ plane showing the local coordination of vanadium and oxygen atoms [68].
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2.8 Surface structures of VO,, V.05 AND VO13

Surface properties of vanadium oxides are important when applied as sensing electrodes for
detection of chemicals and water vapour. These properties are the layer structures (vanady
group configuration), valence states, index cleavage or facet, surface termination, surface
relaxation, density of state, surface oxygen emission and hydrogen induced defects [72].
Adsorption studies of the (001) surface of V,0s by high resolution electron energy loss
spectroscopy (HREELS) and angle-resolved photoemission spectroscopy (UPS) show
hydrogen induced defects and terminations of certain bonds (vibrations) in the surface [73].
This has been reported in catalysis research for hydrocarbon reaction and can also influence
the sensing properties of the surface [72-74]. Techniques like low energy electron diffraction,
X-ray photoelectron spectroscopy and soft X-ray emission spectroscopy have also been
applied to study these properties [72]. This work also applies density functional theory to

study the surface adsorption of V013 and V,0sto H,S, NH3 and NO, molecule.
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CHAPTER 3

METHODOLOGY AND SENSING MECHANISMS

3.1 Preparation Methods

Vanadium oxides nanostructures used as sensing electrodes in this work were prepared
through thermal calcinations of a vanadium solid precursor, via microwave irradiation of a

diluted vanadium source and by pulse laser deposition of a vanadium oxides target.
3.1.1 Chemical Vapour Deposition

Chemical vapour deposition (CVD) is widely used in the semiconductor industry for
production, deposition of polycrystalline and amorphous nanoparticles and thin films. Its
mechanism is based on the decomposition of the precursor in the presence of inert gas or
reacting (oxidative or reducing) gases for nanoparticle production or exposure of one or more
volatile precursors which react and decompose in the gas phase on the substrates [1].

Figure 3.1 is the typical thermal CVD system used in this work consisting of a horizontal
quartz tube situated in the three zones hot wall furnace. The furnace’s temperature could be
ramped to about 1100 °C and N, H,, CH4, O, or Argon gas can be allowed to flow through a

flow meter into the tube.
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Figure 3.1: Schematic diagram of thermal chemical vapour deposition system

3.1.2 Microwave Assisted Techniques

Microwave chemistry is fast becoming an attractive method to industries for large scale
production of nanotechnology applications within a short period of time and at low
temperature [2-4]. Microwave synthesis of materials especially in the regime of nanoparticles
is more effective than the conventional or traditional way of driving heat into the reacting
system. For instance, in the conventional method, the activation of the reactants is slow; the
heat flowing into the substance would first pass through the walls of the vessels/tube in order
to reach the reacting system and consequently make reaction energy intensive and less
efficient. The microwave synthesis process is not limited by the thermal conductivity of the
vessel, microwave energy couples directly to the entire molecules of the reacting system,
leading to a rapid rise in temperature and efficient use of energy. Many reports containing a
higher degree of crystallinity, narrower size distributions and greater control over shape and
morphology of nanostructures by microwave synthesis methods have been presented [4].
Figure 3.2 (a) presents the solution form of the precursors for microwave synthesis and (b)

illustrates the microwave reactor.
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Figure 3.2: (a) Precursors for microwave synthesis (b) Schematic diagram of the microwave
reactor [5].

3.1.3 Pulse Laser Deposition

Pulse laser deposition (PLD) which is another form of physical vapour deposition technique
was employed in chapter eight of this work. The schematic illustration of this PLD system is
presented in Figure 3.3. This system consists of a high power Nd: YAG laser beam (266 nm)
which is focused onto a rotating vanadium target in the chamber. The target material
vaporizes and deposits as a thin film onto the substrate facing the target. An ultra-vacuum
environment and background of oxygen gas is required for deposition of an oxides thin film.
Parameters like distance between the target and substrate, deposition time and oxygen

concentrations are important for the desirable phase of the thin film [6-7].
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Figure 3.3: Schematic diagram of the pulse laser deposition system

3.2 Sensing Mechanism
3.2.1 Chemoresistors Sensing Mechanism

The sensing mechanism of metal oxide semiconductors (MOS) is generally based on two
processes namely; oxygen ionosorption and reduction-reoxidation or oxygen vacancy [8].
For oxygen ionosorption, as we know, when a heated substrate of metal oxides surface is
exposed to air, an oxygen adsorption process which would initiate formation of oxygen ionic
species will occur. Typical ionic oxygen species during this reaction are; 0", O,, 0%, and
0,%. Oxygen ions O", O,, and O* are stable even below 100 — 300 °C while others only
achieve stability at high temperatures [8-14]. This adsorption process usually demands an
electron from the conduction band (CB) of the metal oxide semiconductors which
consequently decreases the electron density of the material. The reaction paths or adsorption

kinematics of oxygen adsorption in metal oxides semiconductor can be described as,

0, (gas) <> O, (adsorbed) (Physisorption)  (3.1)
O, (adsorbed) + e~ (CB) <> O, (adsorbed) (lonosorption/ chemisorption) (3.2)
O, (adsorbed) + e~ (CB) <> 20~ (adsorbed) (lonosorption/ chemisorption) (3.3)
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O~ (adsorbed) + e~ (CB) <> O* (adsorbed) (Diffusion)  (3.4)

The process has been reported to be responsible for the creation of a depletion layer between
the interfaces of MOS and the adsorbed oxygen and influences transport properties like;
electrical conductivity, electron density and work function of the material [8-17]. Depletion
layers (or barrier height) are created in this manner, when electron flow from the CB into the
chemisorbed layer of the MOS, a space charge between the MOS interior and the surface as
illustrated in Figure 3.4. This barrier height is (q4V5) where q is the space charge and AVs is
the band bending. The space charge induction and the barrier height creation would also lead

to a shift in Fermi energy level of the material [8-9, 15-17].

!

VB

Figure 3.4: Band bending schematic diagram of n-type MOS after ionosorption of oxygen

(VB is the valence band and Ep is the Fermi energy level) [8, 16]
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Figure 3.5: 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 [17]

Now, when the surface of MOS that has undergone the processes in (3.1 — 3.4) is subjected to
a reducing gas (e.g NHs, CHy4, H2S, CO, acetone, ethanol etc.) and provided that the MOS
possess n-type property of the semiconductor (that is, electron being the majority charge
carriers), the Fermi energy level of such MOS would shift towards the conduction band edge;
hence would result in an increase of electron concentration which will lead to a decrease in
the resistance (increase in conduction) of the material. When the gas is released and the MOS
is disengaged from the exposure, the desorption process, which is the reverse reaction of the

above processes (3.1 — 3.4), would occur and consequently lead to decrease in electron

49 |Page



concentration and increase in the resistance (decrease in conduction) of the material as

illustrated in the Figure 3.5.

The opposite case is when the MOS surface possesses p-type conductivity (that is, hole being
the majority charge carriers) and is exposed to a reducing gas. The holes which were initially
created as a result of the formation of ionic oxygen would be occupied by the electrons
released from reducing gas, thereby causing a decrease in the holes concentration and
consequently result in an increase in the resistance (decrease in conduction) of the material.
When this p-type MOS surface is disengaged for the exposure, the desorption process would
make MOS gains holes concentration and cause a decrease in resistance (increase in

conduction) as illustrated in the Figure 3.5.

The reverse scenario occurs when an oxidizing gas like (e.g. NO,, CO,, NO, etc.) is supplied
wherein adsorption yield increase in resistance (decrease in conduction) for n-type, decrease
in resistance (increase in conduction) for p-type and desorption yield decrease in resistance
(increase in conduction) for n-type and increase in resistance (decrease in conduction) for p-

type MOS material [8 — 17].

2V +0,(gas) +2e (CB) <> 20, (3.5)
CO(gas) + O} <> CO,(gas) +V.* (3.6)
VS <V, +e (CB) (3.7)
VS <>V, +e (CB) (3.8)

On the other hands, reduction or reoxidation is another mechanism that guides the electrical
conductivity of a metal oxide semiconductor. This model suggests that oxygen vacancies at

the surface of MOS as the agent responsible for the chemoresistive (chemiresistive)
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behaviour of the material. When reducing gases such as CO are introduced to the surface of
MOS, the molecules may react with the MOS surface by removing oxygen from its lattice to
form CO;and to produce oxygen vacancies in the substrate. If this MOS is n-type, the oxygen
vacancies may be ionized and induce electrons into the conduction band of the material and
consequently increase the conductivity of the material as shown in (3.5 — 3.8). Note that the
vacancies sites created as result of the synthesis procedures of the materials may also cause
reaction between the material’s surface and the molecules and thereby reduce, re-oxidise or

influence the formation a new molecule as the derivative of the product [8 — 17].

3.2.2 Mechanism of Gas Sensing using Optical Spectroscopy

Gas sensing using optical techniques especially for selective detection of gases have been
demonstrated in the literature [18 - 20]. For instance, Fourier transform infrared (FT-IR)
spectroscopy has been applied to trace the variation of free carrier density and to study
photoionization of ionized oxygen vacancy at the surface of metal oxides when exposed to
different species of gases [18 - 20]. UV-Vis spectroscopy was also previously applied to the
surface of metal oxides for the detection of formation of oxygen vacancies and their
ionisation in the presence of gases [18]. Raman spectroscopy has also been used to monitor
gas adsorption on the surface of metal oxides and to study their selective ability toward

certain species of gas [21-23].

Chapter eight of this thesis focuses on an in-situ Raman spectroscopy sensing of gases on the
surface of metal oxides nanostructured crystals. Raman spectroscopy is known to be a
sensitive and reliable technique for vibrational, rotational and crystal structure study in
condensed matter physics and engineering. The Raman set-up used in this work is shown in

Figure 3.6 which is a slight modification of the typical commercial Bruker spectrometer to
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include a transparent gas chamber and a gas production compartment where gas molecule can

flow from.

Ammonium
acetate

—— Ag paste contacts

30 nm V,0;| VO, film

100 nm SiO, layer

— Silicate glass

Sensor
Heater

Figure 3.6: Schematic diagram of the in-situ Raman spectroscopy

The rationale for this is similar to that of the surface-enhanced Raman scattering scenario
where electromagnetic radiation is suggested to initiate the excitation of the localized surface
plasmon, thereby enhancing the Raman scattered signals of the surface through the
physisorption process. Surface enhancement of Raman signals also occurs when the
molecules are adsorbed on the surface by the chemisorption process to form charge-transfers
complex [24 - 26]. In both cases, the scaling factor is used to distinguish the enhanced signals
from the original signals. Another Raman principle explored here is the phonon confinement
effect where asymmetric broadening of the Lorentzian-Gaussian peak is observed as a

consequence of nano effects [27 - 31].
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Our in-situ Raman sensing mechanism is based on how the Raman scattered photon
population from a typical nanostructured surface is affected by the presence of reducing or
oxidising gases. In this regard, one can use a number of basic theories providing the intensity,
I, of the Raman scattered photons as a function of surface characteristics. One of the most

appropriate theories is the phonon confinement model generally given by [27 - 31]

o0

l(wa)=A] [w_;?;’)(]l fq(r) ks (39)

where ¢ is the wave vector in the Brillouin zone, «(q) is the phonon dispersion relation for
the material, o is the scaling factor, Iy is the full-width-at-half-maximum broadening of the
Raman peak, and A is the proportionality constant. The integral is performed over all ranges
of the wave-vector, g ~ 0 which is further proportional to wa/A, where A is the laser
wavelength and a is the lattice parameter of the material. Any change in I(®,q) should be due
to less or more Raman scattered photons which means less or more phonons in the surface.
This is a further signalling indicator of the chemical interactions or reactions that happen in
the presence of reducing or oxidising gases. The change in intensity of Raman scattered
photons or phonons can be found by differentiating Equation 1 with respect to both variables

as follows

o0

op 27 evlad)
A @ for—ola)] + (T, /27 qu

do  (3.10)

w

20§ fo—ola)F +(5, /2

The first term in Equation (3.10) gives the number of phonons of varying wavenumbers
confined in the nano-particle but can only be evaluated numerically. The first part of
Equation (3.10) reduces to zero as a differential with respect to o for the case when ® does
not change as will be seen in the experimental section, yields to null. The second term

however can be simplified and Equation (3.10) can then be re-written as
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(3.11)

In terms of the response defined from the changes in Raman peak heights and their changes,
it is appropriate to rather evaluate the fractional change of intensity than merely change in
intensity. The latter suffers from variations from spot to spot. Therefore in this work we
define Raman intensity response as a fractional change in intensity referenced to the Raman

peak height before the analyte gas is introduced as follows:

d [w_w(q)]zof(ro/g)z 20l (- a0 )fo-w(@)f +(r, /2) +[ex(- Z)ZZ[w—w(q)](;:)
T:m ¢ (_ 2) — a)
[l olol (527 fo-olal +(ror2)]
(3.12)

When Equation (3.12) is further analysed in terms of the actual sensing, one can reduce it to

the following shorthand version:

di

T = f (q, a)(q), o, a) (3.13)

Since A is a laser wavelength which is a constant during the Raman spectra acquisition and g
= 2mn/A, then q is a constant and w(q) is constant. We shall show in the chapter seven that w is

also a constant. Therefore we can re-write it to

ar_ f(a) (3.14)
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The scaling factor o varies from one materials surface to another and also depends on the
polarization effects apart from the number of phonons interacting with the laser photons. The

number of phonons is further affected by the presence of gaseous molecules.

It is also very important to discuss the theory of phonon frequency (wavenumber) changes
owing to gas interaction with the material surface. There will be blue or red shifts in the
vibrational frequencies due to these changes. If one imagines a linear chain model of
fundamental frequency o’ = x/u, where x-and x are spring constants and reduced mass of the
masses on the spring respectively, then the change in vibrational frequency, dw, should be
one that depends on both the change in x# and x. The change in x takes place when the
number of electrons per bond changes whereas the change in x happens when active gas
elements such as oxygen desorbs or adsorbs. These changes can be, mathematically,

represented as follows:

a_a) = ! (3.15)
ox  2Jxlu
and

ow K 1 K \ow
e = - |Z= 3.16
ou ( ﬂz]Z\/K/u ( ﬂzla’f (319

The total change in frequency can be written as

0w ow 1 K
do=—du+—dx = de——-d 3.17
© ou A 2 K'//,l( " s /lj (3.47)

So if di> du/s7 one expects a blue shift whereas when dx < dz/.7 then one should expect a

redshift in the Raman spectra. Both change in intensity of the phonon (Equations 3.9 to 3.11)
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and their frequencies (Equation 3.12 to 3.14) will be used to explain the in-situ Raman

spectra with gas sensing.
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CHAPTER 4

PHASE EVOLUTION OF VO,, V,0s and VeO13
NANOSTRUCTURES FROM NH,VVO; AND THEIR

HUMIDITY SENSING PROPERTIES

A.A. Akande E. C Linganiso, B. P. Dhonge, K. E. Rammutla, A. Machatine, L. Prinsloo, H.

Kunert, B. W. Mwakikunga, J. Mat. Chem. Phys. 151, (2015)206-214

In this chapter, the evolution of VO,, V013 and V,0s from the NH4VVO3 precursor by thermal
annealing using temperature programmed CVD are studied. Thermal characterization (TGA
& DSC) of the precursor and the resulting powder across 100 — 350 °C are critically
discussed. This is followed by XRD, TEM, Raman Spectroscopy, FTIR, XPS, EDX, VSM,
BET and Gas sensing tester characterizations. All these techniques complementarily show the
order of appearance of vanadium oxide phases to be VO, + V,05 — V013 - V205 as

summarized by the phase diagram provided.

4.1. Introduction

Vanadium oxides among transition metal oxides usually present synthesis difficulties
due to their existence in several oxidation states and formation of a variety of binary oxides
with the following general formulas for n = 1, 2, 3... (1) VOzn41 €.9. V205, V307, V40,
V6013, (2) ViOon1 €.9. VO, V03, and (3) V5,0, also with VO, and V,0, [1-31]. Among
these oxides, V,03, VO,, V013 and V,0s5 possess many interesting characteristics which are
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employed in various novel applications [1-31]. These characteristics and their mechanisms
have been thoroughly reviewed in Chapter Two of this thesis. Here, we study phase evolution
of VO,, V,05 and VO3 from the precursor of NH;VO3; using various material science

characterization techniques and a chemical/humidity sensing tester.

Ammonium meta-vanadate (AMV, NH;VO3) has been widely used as a source material for
the syntheses of vanadium oxides by various deposition/synthesis techniques, such as
chemical precipitation [32, 33], thermal annealing [34], spray pyrolysis [35, 36], and
autoclave hydrothermal treatment [37]. In all these synthesis techniques, the phase diagram of
V-0 system was not followed. As a result, many of such reports indicate either single phase
VO, or V,05 without validation. In this work, we started by performing thermogravimetry
analysis of NH4VOj3 in a nitrogen environment. Instead of mass loss alone, we also observed
mass increase. This prompted further systematic study of phases at various temperatures in a
reducing hydrogen atmosphere. This chapter reports the quantitative study of phases of VO

at various temperatures. This study sheds more light on the existing phase diagrams of VO.
4.2. Experimental techniques
4.2.1 Powder Synthesis

Ammonium metavanadate powder (NH;VOs3, purity 99.99%, molecular weight of
116.98 a.m.u, density of 2.3 g cm™ and melting (or decomposition) temperature of 200 "C)
was purchased from Sigma-Aldrich Chemical Co. Differential scanning calorimetry (DSC)
analysis was performed on the powder using a DSC Q2000 V24.4 Build 116 to measure the
amount of heat flow into and out of the sample relative to the reference pan with a linear
temperature ramp under nitrogen gas. A series of heat treatments were performed for better
understanding of the decomposition and phase change in the material. Firstly, heat treatment

of the NH4VVO3 powder was carried out for 400 and 500 C in a chemical vapour deposition
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(CVD) reactor under nitrogen flow (information about the CVD method is already presented
in the chapter three). This experiment was followed by the TGA measurement of the resulting
powder (5.096 mg) and that of standard NH,VO; (4.726 mg) to study the thermal
decomposition process in the materials under a nitrogen atmosphere. The instrument used is a
TGA Q500 V20.10 Build 36 by Anton Paar Inc. Furthermore, a comprehensive CVD
calcination of NH,;VO3 powder under 20 mL min™ hydrogen flow was performed in two
different sections, firstly at 100, 150, 200 °C and secondly at 250, 300, and 350 'C for 2

hours.

4.2.2 Powder Characterization

The powder was characterized using an X-Ray diffraction instrument (Panalytical X’
pert Pro PW 3040/60 XRD equipped with Cu Ka (A=0.154nm) monochromatic radiation
source). XRD patterns were recorded in the scanning range of 5° - 90°. DSC of these calcined
powders was also studied. Raman spectroscopic studies were conducted using a Jobin—Yvon
T64000 Raman spectrograph with a 514.5 nm excitation wavelength from an argon ion laser.
The power of the laser at the sample was low enough (0.384 mW) in order to minimise
localised heating of the sample. The T64000 was operated in a single spectrograph mode,
with the 1800 lines/mm grating and a 100x objective on the microscope, and further optical
measurements were performed with a standard spectrum 100 PerkinElmer FT-IR
spectrometer. The microscopic studies and quantitative elemental composition studies were
carried out using a JEOL 2100 Transmission Electron Microscopy (TEM) (from Tokyo
Japan) equipped with a LaB6 filament and a Gartan U1000 camera of 2028 X 2028 pixels,

and high quality inbuilt Energy dispersive X-ray spectroscopy (EDS).
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X-ray photo-electron spectroscopy (XPS) was also performed on a reference sample
containing V,0s, VO,, V013 as well as the domains of WO3. EDS taken from VOx domains
(excluding the WO3 domains) in HRTEM was also performed on the same reference sample.
The XPS determinations of the proportion of V**, V** and VV°* were used to calibrate the EDS
spectra and this information was then employed in the determination of the proportions of
V3, V* and V°* for the current set of samples. X-ray photoelectron spectroscopy analyses
were carried using a PHI 5000 Versaprobe- Scanning ESCA Microprobe. The survey scans
were recorded with a 100 um, 25 W, 15 kV beam using monochromatic Al K, radiation (hv =
1486.6 eV) and for the higher resolution spectra the hemispherical analyzer pass energy was
maintained at 514 eV to 520 eV (C 1s, O 1s, V 2p) for 50 cycles. Measurements were
performed using either a 1 eV/step and 45 min acquisition time (binding energies ranging
from 0 to 1000 eV) for survey scans or a 0.1 eV/step and 20—30 min acquisition times for the
high-resolution scans. The pressure during acquisition was typically under 1 x 10—8 Torr.
The surfaces were also sputtered clean for 30 s using an Ar ion gun (2 kV energy ions) and
measurements were repeated.

The field dependent magnetic characterization was performed using a Lakeshore 735
vibrating sample magnetometer (VSM) at room temperature. It is vital to point out that
because this type of sample exhibits small magnetization signals, special care was taken
during measurements so as to avoid any trace magnetic contamination. Magnetic
measurements performed on the different batches of VO, powders showed consistent and
reproducible results demonstrating paramagnetic behaviour.

BET analyses were carried out using a Micromeritics TriStar Il series Surface Area
and Porosity instrument and a Micromeritics sample degassing system from the USA.

Gas sensing properties were obtained by placing the VO paste dispersed in ethanol

onto inter-digitated electrodes and obtaining controlled transient readings of the current in
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varying levels of analyte. The measurements were accomplished by employing a
KINOSISTEC (Italy) gas sensor test instrument comprising KEITHLEY voltage and current

sources as well as source meters.

4.3. Results and Discussions
4. 3.1 Thermal Analysis (DSC/TGA)

Figure (4.1 (a)) shows the DSC profile of NH;VO3; recorded in the temperature range
of — 47 °C to 350 'C and an exothermic enthalpy change reaction of about — 38.3 mW was
observed around 234 "C which may be due to the decomposition of the material. The other
enthalpy change at the 340 "C is small and may be due to the formation of V,Os phase as it
occurred at a temperature close to its phase transition temperature (375 'C) [38-39]. Figure
4.1 (b) shows TGA/DTA profile of NH,VOg3 recorded in the temperature range of 26 — 900
"C. This thermogravimetry curve reveals mass loss in three regions during the scan as shown
in the figure. The overall mass loss of 22.2% in the material was observed between 155.5 'C
to 309 'C. This value is in agreement with the one previously reported in the literature [40-

41].
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Figure 4.1: (a) DSC thermogram of the starting pre cursor (NH4VO3), (b) TGA/DTA

thermogram of the starting precursor (NH;VO3) and (c) TGA/DTA thermogram of the

sample prepared at 400 °C

However in this work we have thoroughly analysed and accounted for each weight loss.
Region one lies in the temperature range of 155.4 — 199 "C, which is accompanied by a mass
loss of 11.27%. The mass loss in region two is found to be 6.41% within the temperature
range of 199 — 231 'C and in the third region which falls in the temperature range of 231 —
309 'C, the loss was found to be 4.52%. The details of the overall processes, chemical

equations followed and reactions occurred during the decomposition of NH,V O3 are provided

in the attached manuscript.
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Figure (4.1(c)) is a TGA/DTA profile of the sample prepared at 400 'C in a synthetic nitrogen
environment. The structure at this temperature confirmed with XRD, HRTEM and Raman
Spectroscopy is VO13, The initial reaction below 100 'C shows some loss in mass of the
powder which may be due to the release of moisture absorbed by the powder. Further
increase in temperature up to 335 "C reveals a very small change in mass from 5.096 to 4.972
mg, which is 2.53 %. This mass loss is due to the reduction of VO3 to VO,. The possible
reduction processes and chemical equations followed are in the attached manuscript.

Above 340 'C, significant mass gain was observed which was followed by the second
stability around 440 "C. The increase in mass is due to the oxygenation of VO,. The oxygen
is contributed from the synthetic nitrogen flow during the TGA experiment. The
transformation is ascribed to V,0s since it is known as a very stable oxide among vanadium
oxides and usually formed above 340 "C.

Figure (4.2) shows the DSC profiles of the samples prepared by calcination of
NH4VO; from 100 - 350 'C in step of 50 C. The peaks at 185 and 220 'C for the sample
calcined at 100 "C show exothermic reactions which may be due to the release of ammonia.
Peaks at 78 and 80 "C for the samples calcined at 150 and 200 'C may be due to the formation
of VO,, since it is close to MIT temperature and the one at 85 'C for samples calcined at 250
and 300 'C may be due to the mixture of VO, and metastable phase V¢O13. The formation of
various phases with temperature was confirmed with the XRD pattern, discussed in section
4.3.2 and 4.3.4. The development of V,05 phase was observed for the samples calcined at
100, 150, and 200 "C in the temperature region 310 to 340 "C. The actual formation of V,Os
occurs at 375 'C. Due to the limitation of the DSC in terms of temperature range, we could
not proceed for further higher temperature measurement. Although this peak is absent in the

case of the sample calcined at 250 and 300 °C, this may be due to peak shifting to the higher
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temperature 375 'C. The sample calcined at 350 'C shows optimum population of phase of

V20s.
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Figure 4.2: DSC thermograms of the samples prepared by thermal annealing of NH;VO3;

from 100 - 350 °C

4.3.2 X-Ray diffraction Spectra

Figure (4.3 (a)) shows XRD spectra of the standard precursor NH,VVO3 and samples
calcined at temperatures 100 — 350 "C. The XRD patterns were compared with PCDPDFWIN
CAS No: 44-0252, 72-1278 and 89-0611 for VO,, VsO13 and V,0s respectively. The
monoclinic peak of VO, at 20 (diffraction angle) = 27.8  corresponding to the plane (011)
(PCDPDFWIN CAS No: 44-0252) is found to be dominant among the samples calcined at
100, 150 and 200 ‘C. Various phases of vanadium oxide were also observed except for those
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samples calcined at 250 to 350 °C. The sample prepared at 250 to 350 C shows the
development of single phase of V,0s. Predominantly monoclinic metastable VO13 was
observed for the sample calcined at 250 and 300 'C. The orthorhombic V,Os phase was

observed at 350 C.
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Figure 4.3 (a): XRD spectra of the standard NH;VVO3 and of the samples prepared by thermal
annealing of NH;VO3 from 100 - 350 °C.

4.3.3 Transmission Electron Microscope

TEM imaging for the calcined samples at 150 °C, 250 "C and 350 "C were carried out.
Figure (4.3 (b)) shows a high resolution TEM image of a sample calcined at 350 ‘C showing
the single plane corresponding to that of (101) of V,0s. The upper corner inset shows the
SAED pattern and the lower corner shows the corresponding EDS spectrum. The sample

calcined at 150 "C reveals sheet and rod like structures with a SAED pattern of non-uniform
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diffraction. A single (110) plane of uniform diffraction corresponding to that of VO3 was
observed for the sample at 250 °C. The radius is measured from ImageJ software and the
lattice spacing was calculated to be 3.7 A which is indexed to the monoclinic VO3
parameters (b=3.671 A). The calculated value of the lattice spacing for the sample calcined at
350 °C is 3.483 A is corresponding to orthorhombic V,0s phase (b=3.517 A). These TEM

images are attached in the Appendix.
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Figure 4.3 (b): High resolution TEM image of sample annealed at 350 °C showing single

plane corresponding to that of (101) of V,0s, insert upper corner showing SAED pattern of

101 lattice and insert lower corner showing the corresponding EDS spectrum.
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4.3.4 Phase Diagram

Figure 4.4 is the phase evolution diagram showing the distribution of oxides (VO,, VO3 and
V,05) with temperature. The XRD pattern of samples calcined at various temperatures has
been used to developed a phase diagram. The phase analysis was carried out by calculating
the area of Gaussian fitted XRD peaks. The percentage of phase was calculated using

Equation. 4.1,

%(\VO,) = = A (4.1)

where Ay, Ay ....are the peak areas corresponding to the phases X, y ....respectively [42]. It
was observed that the formation of VO, phase dominates in the temperature range 150 - 200
°C, whereas VO3 phase is the dominant around 250 — 300 ‘C. V,0s is found to be present

for all temperatures and optimum population at 350 “C.
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Figure 4.4: Vanadium Oxides (VO,, V013 and V,0s) Phase Evolution diagram.
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4, 3.5 Raman Spectroscopy

Figure 4.5 (a) shows Raman spectra of the standard and calcined NH4VVO3 precursor
in the temperature range of 100 - 350 ‘C. The presence of 194, 223, 265, 385, 600 and 628
cm™ vibration modes in the samples calcined at 100 — 200 'C shows the predominant
population of VO in this region [43]. The sample calcined at 250 — 350 "C shows a peak at
137 cm™, belonging to the V013 phase. The peak at 142 and 992 cm™ belong to the V,Os
phase [44, 45]. The extra peaks at 265 and 385 cm™ reveals the presence of VO, phase at
higher temperatures. The peak, due to ammonia vibrations, is observed around 142 cm™ for

the precursor NH,VVO3 [46].
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Figure 4.5 (a): Raman spectra of the standard NH;VVO3; and of the samples prepared by

annealing of NH;VVO3 from 100 - 350 °C.
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4.3.6 Fourier Transform Infrared Spectroscopy (FT-IR)

Figure 4.5 (b) shows the FTIR spectra of the standard and calcined NH,V O3 precursor
in the temperature range of 100 - 350 'C.

The observed absorption shoulder at 715 cm™ and strong peak at 972 cm™ correspond
to the VO, [47], The shoulder at 715cm™ was not observed for higher temperatures (250 —
350 °C) and the shift in 972 cm™ peak was observed at 350 'C. The peak shifted to a higher
frequency 1009 cm™ at 350 'C corresponding to a single polycrystalline V,Os phase [47]. The
presence of both shoulder and strong peaks at lower temperatures (100 — 200 "C) reveals the
higher population of VO,. The higher population of V,0s at higher temperatures and VO, at

lower temperatures is also supported by our XRD phase calculation and Raman study.
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Figure 4.5 (b): FT-IR of the standard NH4VVO3 and of the samples prepared by annealing of

NH;VO; from 100 - 350 °C.
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4.3.7 X-ray Photoelectron Spectroscopy and Energy Dispersive Spectroscopy (XPS and
EDX)

XPS and EDS on a reference sample containing known mixed V**, V** and V°* phases of
VO, were performed, and their full spectra ware reported in our paper [48]. This analysis has
been used to calibrate all EDS results for our current samples containing V¢O13, VO, and
V,0s. The analysis results are summarized in Table 1 - first the heights and the widths of the
peaks were determined for each peak in XPS and in EDS and areas under such peaks were
calculated. The proportions were determined from the ratio of the area under each peak to the

total of all peaks considered.

From Table 1 (a) the reference sample has 69% proportion of V,0s or a contribution from
mixed (metastable) V013 and the rest 31% of the photo-electrons come from VO, with a
small contribution from VO3 again. EDS results of the same sample indicate 70% X-ray
emission from V| electronic shell (2p — 3d transition). This could be attributed to V,0s and
a small contribution from the mixed phase VO3 as suggested by XPS in Table 1 (a). This
shows that the XPS and EDS results are in good agreement and one can use local EDS results

with this XPS calibration to determine the local composition of the current VO, materials.
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Table 4.1 (a): XPS analysis for reference or standard sample containing VO;, V,0s, V¢Oi13

and WOs3.
Orbitals Ee(ii’.ﬁt)’ (Hac.)u.) W?JC’) A w e
wéi‘f)m’ 2100 150 3 5850  51.5
wéﬁmf”z' 1600 250 3 4050 356
xﬁgp)”’ 3500 3200 15 450 3.9 30.8
xgp)w’ 3975 3300 15 10125 8.9 69.2

Table 4.1 (b): EDS analysis for reference or standard sample containing VO,, V,0s, and

V6013
Electronic Height, Width, % of
shell H@u W Ay
(V)
Vm 500 0.2 100 15.6
\/8 1500 0.3 450 70.3
Vk 300 0.3 90 14.1

One can conclude that the V_ shell peak in EDS can be used to mark V,0s whereas the Vy
and Vi shells are mostly for VO, although in both cases V¢O13 has a strong indeterminate
influence. One can understand the V013 poses a challenge in ascertaining its exact

contribution owing to its meta-stable nature.
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Table 4.2: EDS analysis based on the calibrations in Tables 1 (a) and (b) and local

composition for the VO, samples annealed at 150, 200, 250, 300 and 350 °C

Electronic Height, Width, % of

Sample shell H (a.u) W A Vi+

(V)

EDX

150 °C Vm 900 0.15 135 10.5
Vi 5000 0.2 1000 77.8
Vk 750 0.2 150 11.7

EDX

200 °C Vm 800 0.1 80 10
" 5500 0.1 550 68.8
Vk 850 0.2 170 21.2

EDX

950 C° Vm 530 0.15 795 275
VL 1700 0.1 170 58.7
Vi 200 0.2 40 13.8

EDX

300 °C Vm 250 0.15 375 227
Vi 720 0.15 108 65.2
Vi 100 0.2 20 12.1

EDX

350 °C Vm 990 0.15 1485 15.7
" 3500 0.2 700 73.8
Vi 500 0.2 100 10.5

We have summarized the EDS analysis results from the VOx samples annealed at 150, 200,
250, 300 and 350 °C based on the calibration undertaken in Tables 1 (a) and 1(b). These
results are summarized in Table 2. It can be observed that the proportions of the phases
change with annealing temperatures. The changes are plotted in Figure 4.6. The V| —
temperature profile shows a decrease from 100 °C to 250 °C and then increases again up to
the annealing temperature of 350 °C. This profile agrees very well with the phase diagram

shown in Figure 4.4 in the previous section. Similarly, the proportions determined from the
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Vm peak at 150 °C is exactly the VO, profile in the phase diagram in Figure 4.4, whereas the
proportions calculated from Vx shell increase to a maximum value at an annealing
temperature of 200 °C which agrees with the VsO13 profile in Figure 4.4. This assures us that

the present XPS calibration of the EDS results is correct.
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Figure 4.6: Proportions of V,0s, VO,, and V¢O;3 determined by EDS calibrated with XPS as

they vary with annealing temperatures.
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4. 3.8 Vibrating Sample Magnetometry (VSM)

The traditional definitions of remnant magnetization (Mr" and Mg), saturation magnetization
(Ms" and Ms) and squareness (SQ) in bulk and nano-scale magnetic materials are
schematically illustrated in Figure 4.7 (a and b). It should be noted that nano-materials
display a shift of the hysteresis loop due to what is called exchange bias [48-50]. In Figure 4.
7 (c) we show the hysteresis loops for all VO samples annealed at 100, 150, 200, 250, 300
and 350 °C including the precursor materials of ammonium metavanadate, NH;VOs3. One can
note that all samples show a degree of shift in the hysteresis loops which reveals that all the
powders are nano-scale materials. As to whether these materials are ferro- or ferri- or para-
magnetic, the loops show a very small amount of squareness, of the order of 10, and a very
small opening in the loops [typical values of H.'-H ™ of the order of 10°]. This points to the
fact that these materials are largely para-magnetic. However, there is a finite coercivity
(Figure 4.7 d and €) in samples (from 17 to 300 G) showing there is a degree of ferro-

magnetic order in this paramagnetic matrix.
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Figure 4.7: Vibrating sample magnetometry (VSM) for VO, samples annealed at 100, 150,
200, 250, 300 and 350 °C (a) Parameters definition for a hysteresis loop for bulk and nano
materials (b) Hysteresis loops for VO, samples annealed at 100, 150, 200, 250, 300 and 350

°C and (c) A plot of the hysteresis loop parameters against annealing temperatures.

In Table 3 we give a summary of the parameters of remanent magnetization (Mg" and Mg),
saturation magnetization (Ms" and Ms") and squareness (SQ) as well hysteresis width and
exchange bias width obtained from the hysteresis loops given in Figure 4.7 (b). The
hysteresis width has been estimated to be proportional to the loop opening in the vertical axis

which is the difference between Mg" and Mg

HW oc (M}, =M, )=k(M (high) — M (low) ) (4.2)
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The exchange bias width has been estimated to be half of this opening as previously done
[50].

M:%(MR(high)—MR(low)) (4.3)

He oc

A plot of these parameters for all annealed samples is given in Figure 4.7 (d,e) and it is
interesting to note that coercivity generally decreases with annealing temperature although it
shows a high point at 300 °C, whereas remanent magnetization (Mg" and Mg), saturation
magnetization (Ms" and Ms) all show the lowest values at 200 °C. At the former
temperature, it is interesting to note that this is a transition temperature from V¢O13 to V205
and the latter is a transition temperature from VO, to VsO13. VSM confirms the following

order of appearance: VO, —-VO013— V05 as temperatures of annealing are elevated.
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Table 4.3: A summary of the hysteresis loop parameters of remanent magnetization (Mr" and Mg), saturation magnetization (Ms" and Ms’) and

squareness (SQ) as well as hysteresis width and exchange bias width

Loop Exchange

Annealing Coercivity MR MR MS MS Squareness . ;
opening bias

Negative, Positive, Negative, Positive,

Temp °C  (Hci), G emu/g  emu/g

emu/g emu/g emu/g emu/g
100 231.12 -0.17 -0.11 -1.1 0.9 0.03 0.06 0.03
150 94.32 -0.19 -0.2 -1.26 0.89 0 -0.01 0
200 143.64 -0.31 -0.25 -2.13 1.54 0.02 0.06 0.03
250 36.42 -0.12 -0.09 -1.58 1.15 0.01 0.04 0.02
300 320.09 -0.2 -0.13 -1.21 0.86 0.04 0.08 0.04
350 17.9 -0.19 -0.17 -2.06 2.05 0 0.02 0.01
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4.3.9 Brunauer-Emmett-Teller (BET)

Brunauer-Emmiter-Teller theory relies on the physical adsorption (physisorption) of
gas molecules on the surface of solid-state materials. This technique gives information about
the specific surface area of a nano-material. This theory is an extension of Langmuir theory
which described the amount of adsorbs molecules (adsorbate) on the surface of material
(adsorbent) as a function of pressures or concentration [51]. The BET equation is expressed

below in Equation. (4.2),

- G PR (4.4)

1
Po v.C p V_C
V(f—l) m 0 m
p

where p and pg are the equilibrium and saturation pressure of the adsorbate at the temperature
of adsorption, v is the adsorbed gas quantity, vy, is the monolayer adsorbed gas quantity and ¢
is the BET constant.

The BET measurements were carried out for standard and calcined NHsVO; at
various temperatures 100 to 350°C. The change in N adsorption with partial pressure for the
sample calcined at 250 °C is shown in Figure 4.8(a). The monolayer adsorbed gas vy, and
BET constant ¢ were measured as the intercept of linear plot of 1/v(po/p — 1) and p/po, shown
in inset image in Figure 4.8(a). The BET surface area (Sger = Vm.Ns/Va, where Ns is
Avogadros number, V is molar volume of adsorbate gas and a is the mass of the adsorbent) of
calcined samples were calculated and are shown in Figure 4.8 (b). The surface area is found
to increase with the calcination temperatures. It follows the Langmuir isotherms pattern with

temperatures.
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Figure 4.8: (a) N2 adsorption and desorption isotherms profile of the powder annealed at 250

°C, insert is the BET plot.
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Figure 4.8: (b) BET surface area versus temperature for all the annealed powders

and including NH4VO:s.

4.3.10 Applications: Humidity Sensing.

The VO, phase of VOx semiconductors has been employed in sensing of hydrogen [52, 53].
In this present work, we have also subjected the VO samples annealed at 150 °C (VO), 250
°C (V6013) and 350 °C (V20s) to the sensing of humidity. The transient profiles of the current
through the sample placed on inter-digitated electrodes in the presence or absence of varying
humidity levels are shown in Figure 4.9 (a). Each time the humidity level is allowed in the
chamber, the current through the samples decreases. This means that all VO, samples gain
resistance upon interaction with water vapour. Since all these VO, phases are known to show
n-type conductivity, we could explain the increase in resistance as an indication of water
molecules taking away electrons or O species from VO, surfaces during adsorption but
releasing these electrons back on desorption as discussed in the section (3.2.1) in chapter
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three. In Figure 4.9 (b) we plot response [defined as S = (lou-1in)/lin] @s a function of humidity

level. This plot reveals the Langmuir type of adsorption-desorption isotherms.
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Figure 4.9: (a) Transient profiles of current through the VO, samples in varying levels of
humidity (b) Responses weighted against BET surface area for VO, samples as a function of

humidity level.

4.4 Conclusion

A few milligrams of ammonium metavanadate powders were calcined in pure hydrogen
atmosphere at temperatures of 100, 150, 200, 250, 300 and 350 °C. The samples were
characterized by TGA/DSC, XRD, TEM, Raman spectroscopy, FTIR, BET, VSM and
XPS/EDS. All these characterization methods lead us to conclude that the progression from
NH4VOs; to V05 is as follows: NH;VO3—V0,+V,05 (150-200°C)— V0313 (300°C) - V-,05
(above 325°C). At no temperature does one find a single phase; each temperature of
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calcinations will have a major and a minor phase or a number minor phases. The total surface
area appears to increase with a decreasing rate as the temperature of calcinations is increased.
A phase diagram based on XRD and Raman has been constructed for VO,, V¢O13 and V;0s.
XPS/EDS analysis agrees with this phase diagram. It is also found that VSM confirms the

order of VO, —»V013—> V05 transitions as temperatures of annealing are elevated.
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CHAPTER 5

SELECTIVE ADSORPTION OF H,S GAS TO
VANADIUM MIXED VALENCE STATE

V013 NANORODS PARTICLE

Following our conclusions from the annealing of NH;VO3 in the reducing atmosphere, the
stable characteristics of V,0s and it sensing properties in chapter 4 of this thesis, we decided
to obtain V,0s nanostructures in an inert atmosphere at different annealing times. V¢O,3 and
V,0s5 nanorods were obtained. Preferential adsorption of the VO3 particles to H,S among
CHj, NO,, H2, NH3 and CO gases is discussed. A theoretical investigation of this selective

adsorption is studied by ab initio molecular dynamics.
5.1 Introduction

Hydrogen Sulphide (H.S) is among the most toxic, poisonous, flammable and odorant gases
which are usually a by-product of crude petroleum, natural and volcanic gases. This gas has
been reported to be life-threatening to human health and can cause death in very high
concentration and within short time of exposure [1-5]. The American Conference of
Government Industrial Hygienists (ACGIH) has established a threshold limit of 10 ppm as a
safety standard for H,S gas [4]. Many other agencies have reported that concentrations higher
than 250 ppm cause death of humans and animals within a short time of exposure [5].
Research based on sensor quality assurance has also shown that H,S molecules are not only
harmful to humans but can also pose treat of poisoning or contamination to chemical sensors
[5-7]. Metal oxides nanostructures and carbon based materials such as Cu nanowires, SnO,,

WOj3;, TiO,, MoO3; Nanowires and NiO porous nanoballs [8-14] have been applied to detect
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H,S gas in the past. However, selectivity and stability of these materials to H,S gas have
posed many challenges towards applying the technologies in the commercial world. In this
chapter, we report novel characteristics of VO3 nanorods in the sensitivity and selectivity of
H,S gas. This novelty points to the high response of the VO3 to H,S compared with other
gases and its remarkable short response and recovery times. Theoretical investigation of the
adsorption process and energy between the interface of H,S and the sensor material also

support our observations.

5.2. Experimental and Computational techniques

5.2.1 Powder Synthesis

Decomposition of Ammonium meta-vanadate (NH;VO3) and Vanadium oxides phases
progression of this precursor was studied in detail in chapter four [15] using differential DSC,
TGA, XRD, TEM, EDX, XPS, FTIR and Raman spectroscopy. Based on these analyses, the
calcination/annealing temperature of the nanostructures produced in this study has been
selected. An amount of NH,VVO3 was heat-treated during solid-state reaction in a furnace at
500 °C for 2, 12 and 24 hours in nitrogen atmospheric conditions. Nano-powders whose
colours progressed from deep tangerine orange to pure orange as a function of the reaction

time were obtained.

5.2.2 Powder Characterization

These nano-powders were characterized to extract their crystal structural information using
Panalytical XPERT PRO PW3050/50 diffractometer with CuKa radiation (45 kV, 400 mA, A
=0.1540598 nm and 5° < 20 < 90°). Microstructure studies were carried out using JEOL 2100
Transmission Electron Microscopy (TEM) (from Tokyo Japan) equipped with a LaB6

filament and a Gartan U1000 camera of 2028 x 2028 pixels, and a high quality in-built
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Energy dispersive X-ray spectroscopy (EDS) set-up. Surface morphology studies of these
nano-powders were achieved through LEO 1525 field emission scanning electron microscope

(FE-SEM).

Raman Spectrograph (RS) Jobin—Yvon T64000 with a 514.5 nm excitation wavelength from
an argon ion laser was used for vibrational and rotational aspects of the structural
information. These samples were excited by 10 kV electron beam for cathode-luminescence
(CL) measurements on a FE-SEM Jeol (6330) at room temperature. Magnetic
characterization was performed using Lakeshore 735 vibrating sample magnetometer (VSM)

at room temperature.

5. 2.3 Gas sensing measurement/test

The gas sensing tests were carried out using KSGA565 KENOSISTEC instrument from lItaly.
The sensing electrodes were prepared by ultrasonically dispersing the nanoparticles in the
organic solvent for 30 minutes and later drop casting the solution onto an Al,O3-Pt
interdigitated electrode (IDE) with heating terminal at the reverse side. The whole schematic

arrangement of the measurement process is illustrated in Figure 5.1.

95| Page



Electrode

Synthetic air —— |
CH, ———] ¢ : ® y ———> Gas Outlet
—>
Gas2 —=— .o KEITHELY 6485
Gas 3 ——— ° Picoammeter
- system
Read
Chamber [

Sample stage

Figure 5.1: Schematic diagram of KSGA565 KENOSISTEC sensing station illustrating how

the gas sensing measurement was performed.

5.2.4 Computational procedures

The computational part of this work is carried out by density functional theory of BIOVIA
material studio package hosted and controlled at the Centre for High Performance Computing
(CHPC) Cape Town, South Africa. The unit cell files were obtained from the Material Project
database [16]. These unit cells were optimized for geometric relaxation, electronic self-
consistency and convergence by generalized gradient approximation (GGA) using the
Perdew-Burke-Ernzerhof (PBE) functional [17-19]. The exchange-correlation convergence
tests were performed by setting the k-point set to 1x1x1 and basis set to 3.5. These
approximations were achieved using Dmol3 code. The surface (110) of VO3 and V205
primitive unit cells was cleaved and extended by 2x2 along the a- and b- directions. The
molecule H,S, built using sketch atom function, is also optimized by GGA-PBE

approximations. For the gas adsorption calculations, adsorption locator code which is part of
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the BIOVIA package was employed. A uniform vacuum spacing of 20 nm was maintained in

all calculations.

4.3. Results and Discussions

X-ray diffraction spectra of the sample annealed at 500 °C for 2, 12 and 24 hours are shown
in Figure 5.2. The spectra showed two close phases of VOy; V013 (2 hrs) and V,05 (12 and
24 hrs). Both phases are polycrystalline and were indexed using PDF #43-1050 and PDF #41-
1426 to identify the planes present in the crystals. The three spectrums in Jade 6 environment
showed strong Braggs positions. The VgO:3 sample is monoclinic with rod-like
microstructures as shown by the TEM results in Figure 5.3 (a) and (b), while V,05 samples
are orthorhombic structures of short rods growing from bundles of layered sheets as shown
by the Figure 5.3 (c) and (d). Figure 5.3 (c) is the corresponding EDS spectrum of (a)
showing the quality of V and O atoms and depicting the purity of the sample. Samples’
morphologies by the FE-SEM in Figure 5.4 shows clusters of rod particles. These images
show the growth pattern of the particles with Figure 5.4 (a) (sample prepared at 2 hrs)
showing longer rods with less agglomeration compared with the Figure 5.4 (b) (sample
prepared at 12 hrs) and (c) (sample prepared at 24 hrs) whose rod particles were short. It is
also observed that the long-time heating effect on the particles in Figure 5.4 (c) and (d)
causes the particles to expand and melt gradually. This is consistent with the TEM
observations in Figure 5.3 and the V,0s stability reported in chapter four. Raman spectra in
Figure 5.5 show vibrations corresponding to the V,0s modes. Figure 5.5 (a) shows that the
spectrum of the sample annealed at 2 hours is similar to the rest; this is common in VOy3
structures since they share a similar layered structure with the V,0s structure. However, the
appearance of the peak at 102 cm™ confirms the structure to be VO3 [15]. The spectrum of
the sample annealed at 12 hours is observed to be red shifted to a lower frequency and lower

diffraction angle (by XRD analysis), implying larger lattice parameters than the V,0Os
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structure annealed at 24 hrs. The shows that the particles which initially expanded at 12 hours

are now relaxing from their thermal strain at 24 hours.

Intensity (a.u)
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Figure 5.2: XRD spectra of the samples prepared by thermal annealing of NH;VO3 500 °C at

for 2, 12, and 24 hours.
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Figure 5.3 (a): Low and HRTEM images of VO13, (b) SAED of VO13 (110) plane of the
structure, (c) Low and HRTEM images of V,0s (prepared for 12 hrs), (c) SAED of V;,05

(prepared for 12 hrs), and (e) corresponding EDX spectrum of (a).
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Figure 5.4: FE-SEM images of (a) VO3, (b) V205 (prepared for 12 hrs), (c) V205 (prepared

for 24 hrs),
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Table 5.1: Summary of crystallite size, strain and magnetic properties of the samples

prepared by thermal annealing of NH,VVO3 at 500 °C for 2, 12, and 24 hours.

Particle Magnetic  Remanence Coercivity,
Samples . Strain ) .
Size Saturation Magnetization .
Hci, Oe
(nm) (emul/g) (emul/g)
2 hrs 83 4.60E- 0.524 0.078 174.01
04
12 hrs 115 84965 0.407 0.027 83.464
24hrs 91 225 0604 0.179 295.84
0.8
||—m— 2 hrs
—e—12 hrs
0.6 4 __A—A A
R |l—a—24 hrs R ,: .::___. = -
g). 0.4—- .'.‘.___.___._..__-o °
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- ]
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Figure 5.6: VSM profile of the samples prepared by thermal annealing of NH4VVO3 at 500 °C

for 2, 12, and 24 hours.
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Figure 5.7: VSM profile of the samples prepared by thermal annealing of NH,VO3 at 500 °C

for 2, 12, and 24 hours.

Table 5.1, the summary of the characteristics of the three samples shows that the samples
prepared at 2 hours is smaller in size with less strain compared with the one at 12 and 24
hours. These size and strain analyses were achieved using the Debye Scherrer and

Williamson-Hall methods [20], and are related to the VSM magnetic features in Figure 5.6.
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This features shows that the samples prepared at 2 and 24 hours have better magnetic
properties (coercivity, remanence and saturation) compared with the one at 12 hours. This
large strain may be the consequence of the particle expansion observed in the FE-SEM
images of samples prepared at 12 and 24 hours Figure 5.4 (b) and (c)). Surprisingly, the
sample prepared at 12 hours shows better CL emission in the Figure 5.7 than the ones at 2
and 24 hours. This emission band falls between 1.6 — 2.5 eV which happened to be the band
gap of standard V,0Os structure (calculated and shown in chapter two). This further confirms
XRD and Raman analysis in the above sections. The sample prepared at 2 and 24 hours also
shows some CL emission in the same energy range but with less intensity, one can conclude
that the larger strain or particle expansion promotes the CL emission of the sample prepared

at 12 hours.

The transient profiles of the currents through the sample prepared at 2 hours to the synthetic
air and to different concentrations of H,S and NH3 for 25 °C, 250 °C, 300 °C, 350 °C, and
400 °C are shown in Figure (5.8). These profiles show that the sensor is generally poor at
room temperature (25 °C) during H,S sensing Figure 5.8 (a)) and NH3 sensing Figure 5.8 (b)
which is not strange for a metal oxide material. Figure 5.9 (a) is the plot of the sensor
response (sensitivity %) to H,S gas at different concentrations. This profile shows continuous
increase or adsorption of H,S in all operating temperatures with highest and distinctive
adsorption at 350 °C. A similar pattern is observed for NH3 gas in Figure 5.9 (b) but with far
less response compared to the H,S gas. The sensor response (sensitivity) in this work is

defined as;

|~
S(%) :%xloo (5.1)

air
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where lgss and Iy are the currents flowing through the nanoparticles in the presence of the

analyte gas and air respectively [21].

Each time the reducing gas H,S is introduced into the chamber, the currents through the
nanoparticles (sensing electrode) increases with respect to the H,S concentrations as shown
by the 350 °C conductometric measurement in Figure 5.10 (a). This is an indication that the
sample prepared at 2 hours possesses n-type conductivity as discussed in section 3.2.1 of
chapter 3. The response and recovery time of Figure 5.10 (a) calculated at 60 ppm of the H,S
gas is shown in Figure 5.10 (b). Response time in this work is defined as the time it takes the
nanoparticles current to reach 90% of its maximum after exposed to the gas, why recovery
time is the time taken for it to return by 90% to the original value (current value in the
air/base-line). The response time is 32 seconds while the recovery time is 129 seconds

showing that this sensor is remarkably strong and fast among H,S sensors.

The same sensor was also tested for NH3 Figure 5.8 (b) and 5.9 (b) and CH4, NO,, H, and CO
gases, but in all gases concentrations and the sensor’s operating temperatures, H,S sensitivity
is found to be about 647.2 % higher than the second ranked sensitive NH3 which showed
only 17.6 % response. This shows that VsO13 nanoparticles are more selective to H,S gas
compared with the other gases. This is shown by the plot these gases responses at 60 ppm and

350 °C in Figure 5.11 (a).
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Figure 5.8: Conductometric sensing signal from 25 - 350 °C (a) of H,S (b) of NH3.
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Figure 5.10 (a) Conductometric sensing signal of H,S at 350 °C (b) Response and recovery
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Figure 5.11 Gas response of 60 ppm at 350 °C, (a) Gas responses for the samples prepared at

2 hours (b) H,S responses for the samples prepared at 2, 12 and 24 hours
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Further tests were carried out by applying the two other samples which are V,0s structures
(i.e the samples annealed at 500 °C for 12 and 24 hours) for H,S sensing, still, the results in
Figure 5.11 (b) show outstanding adsorption for the sample annealed at 2 hours. This shows
that the high sensitivity and selectivity property of these nanoparticles to H,S may be due to
their structural property and surface adsorption energy. Hence, DFT calculations were
performed on (110) surfaces of VO13 and V205 to obtain the adsorption energy between their
interfaces and H,S gas. Figure 5.12 is the modelled structures of (110) surfaces of V¢Oi3
Figure 5.12 (a) and V,0s Figure 5.12 (b) and 4 H,S molecules. In this Figure one can observe
that the V013 (110) surface shows strong affinity to the H,S molecules and that certain cites
are preferred during the adsorption process. A total of 15 calculations and 15 maximum

numbers of H,S molecules were considered.

Figure 5.12 (a) V013 (110) surface and H,S molecules, (b) V.05 (110) surface and H,S

molecules.
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The plot of the corresponding adsorption energies of each number of molecules in Figure
5.13 (a) shows a linear relationship between them. Adsorption energy in this case is defined

as follows,

E,=E

a system

—E

surface Eadsorbate (5-2)

Here, Egystem refers to the total energy of the optimized VOXx system, Egurface IS the total energy
of the clean VOXx surface and Eagsorbate 1S the energy of the H,S gas. By this definition, E, <0
which corresponds to an exothermic reaction which is also indicative of an attractive
interaction, whereas, if E; > 0, it means that the system is thermodynamically unstable
relative to the standalone H,S gas [17-18]. In our case, E; < 0 is negative in all calculations,
which shows that these systems are stable. According to these definitions, negative values of
adsorption energies in our results (Figure 5.13 (a)) show that the VsO13 (110) surface
adsorbed H,S molecules are better than V,0s5 (110) surface. This observation is consistent
with our experimental results. Figure 5.13 (a) is the plot of absolute adsorption energy per
H,S molecules, this profile mimics the Langmuir pattern of response as a function of H,S gas
concentrations in Figure 5.9 (a). Figure 5.13 (a) also shows clear distinction of adsorption

between (110) surface V013 and V0s.
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5.4 Conclusion

This chapter reports preferential adsorption of V013 nano rods structure which happen to be
mixed valence state of Vanadium Oxides to H,S gas. The structure alongside two others
(which are V,05) was obtained by a solid-state decomposition reaction of NH;VVO3 at 500 °C
for 2, 12 and 24 hours in an inert environment. The samples with the least exposure to heat
(annealed at 2 hours) crystalized as VO13 and the ones with longer exposure (annealed at 12
and 24 hours) are V,0Os structures. This is based on the XRD, TEM, Raman Spectroscopy and
CL studies. Gas sensing tests of the V0.3 sample showed preferential and selective
adsorption to H,S among CH4, NO,, H,, NH3 and CO gases. The sensitivity of this structure
to H,S surpassed other gases by 647.2 % and the response and recovery time are remarkable.
When the other two samples (annealed at 12 and 24 hours) which are V,0s were tested for the
same H,S gas and ranked with the V¢Oq3 structure, V¢Oq3 still stands tall in its performance.
This prompted our attentions to a theoretical understanding by DFT calculation of adsorption
energy between the interface of the two structures and the H,S gas. The results for the (110)
plane/surfaces showed that the VO13 poses higher energy than the V,Os structure. Hence,
when the adsorption energies data was transformed into adsorption energy per individual
molecule of H,S and related to the number of molecule, the profile followed a typical
Langmuir pattern which is a replica of the experimental H,S response profiles as a function
of concentrations. This is the first report of selective adsorption of V013 structures to H,S

gas and may be commercialized as a nano-super-sensitive H,S sensor.
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CHAPTER 6

ROOM TEMPERATURE SENSING OF CH,; AND
SELECTIVITY OF NO, COMPARED TO NH; OF

NANOSPERICAL VOx PARTICLES

A. A. Akande, P. Dhonge, K. E. Rammutla, A. G. J. Machatine, B. W. Mwakikunga,

Advanced Sci. Lett. 22, 4, (2016)

A. A. Akande, B. W. Mwakikunga, K. E. Rammutla, A. G. J. Machatine, Sensors &

Transducers 192, 9, (2015)

The properties of Microwave assisted VOx nanoparticles are discussed in this chapter. Room
temperature sensitivity of VO, samples to low concentration of CH, gas and larger selectivity
of V05 sensitivity to NO, compared to NHj3 is discussed as well. Discussions on sensing

mechanisms are also presented.
6.1 Introduction

Elevated atmospheric pollution has attracted the attention of scientists in recent years, and
has geared their interest towards building effective and inexpensive systems for detection and
quantification of environmentally hazardous gases [1]. Methane among others is a highly
explosive and flammable gas with higher potential to cause and escalate fire in industries and
household kitchens since it is being widely used as a cooking gas. Nitrogen dioxide (NO,)
and its by-products NO, N,O are very dangerous inorganic gases forming a reddish-brown
gas with pungent and irritating odour. Nitrogen oxides usually irritate lungs and eyes and

often cause problems in the human respiratory system. These gases have been reported to be
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responsible for asthma, lung diseases, kidney impairment and as carcinogenic agents [1-2].
Ammonia (NHs;) gas on the other hand is non-toxic, pungent, colourless gas but also affects
the environment through irritation of human eyes and malfunctions or failure of the human
liver. NH3 gas also emanates from the decomposition of animal manures and often cause

fishes and livestock’s death in the farm land [1-3].

Metal oxide nanoscale materials are suitable for the detection of these gases even at the
molecular level due to their inherent small size, high conductance, large surface to volume
ratio and band gap properties discussed in chapter two [4]. Nanostructured metal oxides
semiconductors such as ZnO, SnO,, WOg3, TiO,, CuO, etc [5 - 10] prepared using various
physical and chemical methods have been investigated for the detection of CH, NH3 and
NOx gases [1]. Nevertheless, detection of low concentration at room temperature and
selective adsorption or sensing of a particular gas species has been a challenge to the metal
oxides gas sensing field [1, 11-12]. Methods such as doping or decoration of metal oxides
with noble metals like Ag, Pt, Sb, etc. have been employed to make them sensitive and
selective at room temperature [10-15]. These methods are rather expensive and not as easy to
synthesise as metal oxides. This chapter reports room temperature CH, sensing of V,0s nano-
spherical particles at very low concentration and their greater selectivity to NO;, than NH;

sensitivity.

6.2 Experimental Details

About 0.5g of NH,VVO3 powder (purity 99.99%) was ultrasonically dissolved (1) in 10 mL
ethanol, and (2) in 10 mL deionized water. A diazene (N;H,) reagent of 5 mL was added
drop-wise to each specimen. These mixtures were transferred into 100 mL Teflon vessels and
placed into the Multiwave 3000 Microwave reactor described in chapter three. The reactor

power was set to 600 W and the temperature was maintained at 180 °C for 20 minutes. The
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vessels in the reactor were allowed to cool for 25 minutes. Afterwards, the resultant mixtures
were collected by filtration and washed repeatedly using isopropanol and acetone in an
ultrasonic bath to remove undesired impurities and to minimise particle agglomeration. The
final products were dried at 100 "C for 11 hours.

The powders produced were characterized using a Panalytical X’ pert Pro PW 3040/60 XRD
equipped with Cu Ka (A=0.154nm) monochromatic radiation source. XRD patterns were
recorded at 45.0 kV and 40.0 mA from 26 = 5 - 90°. Raman spectroscopic studies were
conducted using a Jobin—Yvon T64000 Raman spectrograph with a 514.5 nm excitation
wavelength from an argon ion laser. The power of the laser at the sample was low enough
(0.384 mW) in order to minimise localised heating of the sample. The T64000 was operated
in a single spectrograph mode, with the 1800 lines/mm grating and a 100x objective on the
microscope. Morphology studies were carried out using a LEO 1525 field emission scanning
electron microscope (FESEM) and JEOL 2100 Transmission Electron Microscopy (TEM)
(from Tokyo Japan) for high resolution imaging.

BET analyses were carried out using Micromeritics TriStar 1l series Surface Area and
Porosity instrument and a Micromeritics sample degassing system from USA.

Gas testing measurements were achieved using KSGA565 KENOSISTEC from lItaly. The
illustration in chapter five Figure 5.1 shows the schematic of the gas sensing station. The set-
up consists of a test chamber, sensor holder, interdigitated electrode (for contacting the nano-
powder) and source meters. To carry out the measurments, VO powder was dispersed in

ethanol and formed a thick paste on the interdigitated electrode.

6.3 Results and Discussion
The XRD pattern of VO nanoparticles (NPs) produced when the precursor NH;VOs is

dissolved with ethanol in Figure 6.1 (a) shows the diffraction peaks belonging to the
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monoclinic phase of VO, and orthorombic V,Os. Diffractions at 26 = 27.8° (011), 42.3" (211)
and 65.2° (031) are characteristics of monoclinic VO, which was identified using
PCDPDFWIN CAS No: 44-0252 and the broad diffraction at 26 = 17.4° (200) is associated
with V,0s orthorombic using PCDPDFWIN CAS No: 89-0611. This XRD profile showed
broad diffraction peaks denoting that the nanostructures are composed of an amorphous
network and crystalline region. The crystallites size of about 6 nm was calculated using
Debye Scherer’s model. This sample will be referred to as VO throughout the discussions in
this chapter. SEM micrograph of VOx NPS in Figure 6.1 (b) shows formation of “sphere-
like” particles (spheres consist of tiny particles) with an average diameter of < 100 nm.
Analysis of this SEM image reveals that the material particles’ are predominantly in the range
of nanometres. Figure 6.1 (c) is the HRTEM of VO NPs showing diffraction planes
corresponding to (200) of V,0s, and Fig 6.1 (d) is the selected area electron diffraction
(SAED) pattern showing that the particles composed mixed crystalline and amorphous grains.
The plane with high crystallinity (first ring) among the four rings in the SAED is attributed to
the plane (200) of V,0s as suggested by the XRD profile. The lattices spacings were

determined from Image J and matched and corresponded to the V,0s orthorombic phase.
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Figure 6.1 (a) XRD pattern of VO, nanoparticles, (b) SEM micrograph of VO, nanoparticles,

(c) HRTEM of VO NPs, (d) SAED pattern of VO NPs.

Raman specrum of VO nanoparticles in Figure 6.2 (a) shows Raman active modes of
V,0s and VO,. A strong peak at lower frequency band 141 cm™ corresponding to the By
symmetry while the high frequency vibration at 992 cm™ corresponds to stretching of O-V-O
atoms. Vibration modes at 282, 402 and 525 cm™ are resulting from the bending mode of V-
O band while the stretching mode at 692 cm™ corresponds to the motion parallel and
perpendicular to ab-plane [16 - 17]. These vibrations are characteristics of V,0s. The

development of the VO, vibration mode is observed at 194 cm™ and the frequency band of
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142 cm™ was assigned to VO, by Petrov et.al [18]. This profile showed that V,0s dominates
the surface of VOs.

The specific surface area Sger and pore size/diameter (dyor) of 67 m?g™* and dpor OF 16 NM,
respectively, were determined by physisorption of nitrogen according to BET theory as
shown in Figure 6.2 (b). This surface area and nano porous properties revealed the potential
of the material in gas and chemical sensor applications. BET surface area of 67 m°g™ and
average pore diameter of 16 nm obtained are large compared to that of VO, (B) nanoneedles

prevously reported by Sediri et al. [19].
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Figure 6.2. (a) Raman spectrum of VO, nanoparticles, (b) N, adsorption/dsorption isotherms.

profile of VO nanoparticles, insert is the BET plot.

Electrical and gas sensing properties of VO, NPs were measured as described in Figure
5.1. The sensor test was performed by measuring the resistance of the sensor when exposed
to CH4 gas. Figure 6.3 (a) shows variations of the current flowing through VO, NPs for
different concentrations of CH,; gas (at room temperature). The underlying sensing

mechanism between VOx and CH, gas is as follows, when VO, which is an n-type
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semiconductor is exposed to air at either at changed or ambient conditions, the chemosorbed
oxygen at the surface of the material will acquire an electron from its conduction band to
form ionic species [1, 20]. An acquisition of an electron from the conduction band of an n-
type semiconduction would lead to a decrease in electron concentration and increase in the
resistance (decrease in conduction) of the material. Introducing VOy to a reducing species
such as CH4 gas [1, 20] could decrease the resistance (increase the conduction) of the sensor.

The full details of the coductometric sensing mechanism is provided in section 3.2 of chapter
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Figure 6.3 (a) Variation of the current flowing through VO nanoparticles recorded for

different concentrations of CH, gas, (b) Sensor response as a function of different CH,4 gas
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concentrations (c) Profile of Dose response curve with variable Hill slope of the VOx
responses vs CH, gas concentrations.

Figure 6.3 (b) represents the VO, sensor response as a function of different CH,; gas
concentrations.

The sensor response is defined as

S(%) = S ~Car 100 (6.1)
Gy

where Ggas and Gir are the conductance of VOy in the presence of CH,4 (analyte gas) and air
respectively. The sensor response follows the Langmuir isotherm profile in that the response
increases with gas concentrations before the saturation effect at 40 ppm of CH,4 concentration.
The chemical reaction between CH,4 and the oxygen atom in the VOy is assumed to be
responsible for the saturation effect at a high concentration of CH4. The product of this
reaction could be CO and H,0O, the sensor response shows a damping trend at a higher
concentration which implies that the VO, could not detect the product of CH, degradation.
The narrow band gap property and low MIT temperature of VO, compared to other transition
metal-oxides may be the reason why VOx NPs were able to detect CH, with high
responsiveness and at room temperature.

Also using non-linear regression which is symptomatic of S- shaped curves, one can
speculate that the other part of the S- shaped curve exists at much lower concentration of
Figure 6.3 (c) which is our dose-response characteristic curve with a variable Hill slope. The
dose response curve is defined in (6.2), where where A; and A, are the bottom and top sensor
responses, 10g(CHy - pottom) 1S the logarithm of the CH, concentration at 50% response,

whereas EC50 is the antilogarithm of log (CHs. pottom ) dose at which 50% response is

achieved by the sensor and p is the Hill factor.
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This equation fits perfectly with the response vs concentration data as shown in Figure 6.3
(c). From the fitting, EC50 value is 1.262 X 10'° p = 0.099 whereas 10g(CHa- pottom) is 10.101,
A; and A, are respectively -1.156 and 3.947with a correlation coefficient, R?, of 0.955. This
stastistic shows that the VO, sensor response mimics nature, and that the EC50 value is huge

which is an indication that the sensor is strong and sensitive.
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Figure 6.4 shows the XRD pattern of V,0s NPs produced when the precursor NH;VOs is
dissolved with deionized water. The spectrum shows diffractions belonging to the
orthorhombic phase of V,0s. The broad diffractions at 20 = 17° are the characteristics of the
orthorhombic V,0s (200) reflection [PCDPDFWIN CAS No. 890611].

However, the development of the VO, monoclinic phase was also observed at 20 = 27.6°
[PCDPDFWIN CAS No. 710042] corresponding to the spectrum in Figure 6.1 (a). It is
important to note that the amorphous background is wide and that the VO, peak is shallow
when deionized water is used as a solvent. This show that the enhanced crystallization and
reduction from V,05 — VO, of the VO, sample may be due to the addition of ethanol. The
crystallite size of V,0s NPs was also calculated and found to be 5 nm. The SEM micrograph
of V205 NPs in Fig. 6.4 (b) shows the formation of amorphous sphere-like colloidal particles

which agrees with the XRD spectrum in Figure 6.4 (a).
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Figure 6.4 (a) XRD spectrum of V,0s nanoparticles, (b) SEM micrograph of V,0s
nanoparticles.
Raman analysis of V,0s NPs (not included) revealed similar vibrations with the one in Figure
6.2 (a), which also showed the development of 194 cm™ belonging to the VO, monoclinic
mode.

The specific surface area Sger and pore size/diameter (dyor) of 92.7 m?g™ and dpor OF 12 NM
shown in Figure 6.5 is larger than the one obtained in the case of the VO, sample. This may

be due to the smaller crystallite size and better nano-porous properties of these particles.
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Figure 6.5 N, adsorption/dsorption isotherms profile of VV,Os NPs, insert is the BET plot.

The measured electrical response for different NH3 concentrations is presented in Figure
6.6 (a), with the operating or substrate temperature kept at 28 °C. The material showed good
response to NH3. Figure 6.6 (b) shows a linear profile for the NH3 sensitivity plot, where Rgas
and R,r are the resistance of V,0s NPs in the presence of the analyte gas and air respectively
[1, 20]. The measured electrical response for different NO, concentrations is presented in
Figure 6.7 (a) with the operating temperature kept at 28°C. The material showed a good
response for all conncentrations. An increase in the electrical resistance of the V,0s NPs
sensor upon injection of the oxidising gas NO, shows p-type semiconductor behavour. Figure

6.7 (b) is the NO; sensitivity profile.
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Figure 6.6 (a) The electrical response of V,0s NPs for different concentrations of NH3 (b)

Sensor response as a function of different NH3 gas concentrations.
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Figure 6.7 (a) The electrical response of VV,Os NPs for different concentrations of NO, (b)

Sensor response as a function of different NO, gas concentrations.

The proposed mechanism is based on the fact that V,0s is known to exhibit both p-type
and n-type conductivities [21-22]. The results show that NH3 prefers to interact with the n-
type phases of V,0s. In this case the NH3 molecule captures the adsorbed O, ions from the
V,0s surface and oxidize to NO, and H, as depicted in Figure 6.8. This process robs the n-

type phase of V,0s of its electrons leading to less electron population in the conduction band
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(CB) and hence an increase in resistance as shown in Fig. 6.6 (a).

As for the proposed sensing scheme for NO;, the results show an increase in resistance
regardless of the fact that NO, is an oxidising gas [1]. This is clear evidence that NO, prefers
to interact with the p-type phase of V,0s. In this case NO, interacts with holes or vacancies in
the adsorbed O,. When such a hole interacts with NO,, the NO; is broken into N, and
adsorbed O;". Only N; is released in the process leaving behind the O, as adsorbed at the
V,0s surface as O;". In the process the p-type phase will have gained an electron in the CB or
lost a hole in the VB. The loss of holes in the VB of a p-type V,0s leads to an increase in

resistance as shown in Fig.6. 7 (a).

XNH; — yNO, + zH,

\ //, e  -released from CB
O,

Resistance increases

n-type V,0s surface

XNO, — yN,

\ 7< 7 holes decreased in the VB
£ O J

®e

p-type V,05surface —>

Resistance increases

Figure 6.8 Sensing mechanism of V,0s NPs (Chemisorption effect is also observed rather

than only lono-sorption — refer to the Section 3.2 of chapter 3)
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It is worth noting that the magnitude of responses of V,0s sensor to both NH3 and NO,, are
many magnitude different. The sensitivity of the n-type phase to NH; is calculated as the
slope of the response vs concentration curve in Figure 6. 6 (b). This works out to be 3.47 x
10 ppm™. When the same sensitivity calculation is done for the p-type phase to NO, form
Figure 6.7 (b) one finds the value of 0.11. The response of the p-type phase to NO, is
therefore 32 times greater than the sensitivity of the n-type phase to NHs. Therefore, this
V,0s5 sensor is 32 times more selective to NO, than to NHs. This further suggests that the
V,0s5 nanoparticles are predominantly p-type. Tables 6.1 summarized the surface properties
of eyhanol and water microwave synthesized VOy in terms of the gas sensing responses
sensitivity at 10 ppm. One can infar that the water synthesized sample is more reponsive with

~ 6.4 response magnitud to NO..
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Table 6.1: Summary of surface properties versus gas sensing responses (%) of ethanol and

water synthesized VO

Specific . Response Response Response
S Surface P_artlcle P_ore at 10 at 10 at 10
ample size size
area ppm CH; ppm ppm
iy "M M (g5 T NO, (%) NH: (%)
Ethanol
synthesized
VOx (m- 67 6 16 1.5
VO,+0-
V205)
Water
synthesized
VO (m- 92.7 5 12 6.4 <0.2
VO,+0-
V,05)

6.4 Conclusions

Room temperature sensing of CH4; gas was performed by VO, (V205 + VO,) NPs and
selectivity of NO, compared to NH3 of V,0s NPs synthesized using the microwave assisted
hydrothermal method have been demonstrated. Both VO and V,Os particles composed of
sphere-like mixed crystalline and amorphous grains with high surface area and porosity. VO
showed higher crystallinity and high diffraction for VO, than V,0s NPs sample. In room
temperature (25 °C) sensing, a low concentration detection and high sensitivity of CH,4 gas
was achieved in the case of VO, NPs. Underlying sensing mechanism between VO, and CH,4
gas followed the iono-sorption process and showed that the VO, semiconductor is of n-type
conductivity. The VOXx sensor response showed a Langmuir isotherm profile and non-liner

regression. Dose response statistics showed that the sensor is relatively strong and sensitive.
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A V,05 NP sensor on the other hand is predominantly a p-type semiconductor with a ratio of
p-type- to- n-type of 32:1 of NO; to NHgs. This suggests that for every one electron in V05
NPs there are 32 holes. This show a chemisorption reaction between the V,0s NPs surface
and the two gases. Hence, we conclude from the results that V,0s NPs is 32 times more

selective to NO, than to NH3,
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CHAPTER 7

GATE VOLTAGE CONTROLLED HUMIDITY

SENSING USING MOSFET OF VO, NANOFLOWERS

A. A. Akande, B. P Dhonge, B. W. Mwakikunga, A. J. G. Machatine, Int. J. Chem.

Molecular Nuclear Materials and Metallurgical Engineering Vol 11, No. 1, (2017)

This chapter reports gate controlled humidity sensing of VO, (B) nanoflower particles. An
optimum sensitivity of 5 V was observed which could be used for selective humidity
detection. Faster response and recovery times were obtained compared with the non-gate

humidity sensor reported in this work.

7.1 Introduction

Owing to VO;’s strong electron to electron correlation and metal to insulator transition
characteristics; it has been used for developments and designs in various novel ultrafast
devices [1]. These devices are the optical modulators or gating, quantum actuators, ultrafast
switches for logic, spintronics, thermal switches which use external perturbation in the form of
thermal, electrical, optical, or magnetic fields to trigger phase transition from a high-resistance
OFF state to a low resistance ON state [1-4]. Rutile (T) and monoclinic (M,) structures of VO,
have been critically reviewed in chapter two, but apart from these phases, meta-stable phases;
VO, (B), VO, (A), VO, (An) [4-5] and M, the intermediate phase between the M; and R
phase have been reported. These phases have also been useful in the above technologies [1,

5]. Table 7.1 summarizes these VO, phases alongside their properties. Recently humidity
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sensing of vanadium oxides particles seated on Al,Os-Pt an interdigitated electrode
configuration has been demonstrated [6]. This chapter investigates the effect of gate voltage to
the humidity response of mixed amorphous-crystalline VO, (B) in MOSFET configuration
with the aim that the gating of sensor electrodes could help in controlling their sensitivity and

selectivity.

Table 7.1: List of known VO, polymorphs alongside their major properties

Band Formation

Density Transition
Phases 3 gap energy o Ref
VO, (R) 4.67 Metal -6.93 - [7]
VO, (M) 4.67 0.84 -7.18 70 [8]
VO, (B) 4.031 0.65 -6.66 150 [4], [5]
VO, (A) 4035 021  -7.14 120 ﬁ%’] (9],
VO, (An) 4.035 Metal -6.97 - [5],

7.2 Experimental details

7.2.1 Material preparation and characterization

The synthesis of VO, powders was achieved through microwave irradiation. The precursor
NHsVO; (purity 99.99%) and oxalic reagent were thoroughly dissolved in deionized water.
The solution was transferred into 100 mL Teflon vessel and placed into the Multiwave 3000
microwave reactor. The reactor power, temperature and the reaction time were maintained at
600 W, 180°C and 20 minutes, respectively. The synthesised sample was allowed to cool for
30 minutes and washed repeatedly with organic solvents in an ultrasonic bath to remove

impurities and to minimize agglomeration. Finally, the sample was dried at 100°C for 12 h.
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The characterization techniques used to analyse this material were: Panalytical X’ pert Pro
PW 3040/60 (XRD) with Cu K, (A=0.154nm) monochromatic radiation and Jobin-Yvon
T64000 Raman spectrograph (RS) with argon ion laser (power 0.384 mW) operated in 514.5
nm excitation wavelength for structural analyses and JEOL 2100 transmission electron
microscopy (TEM) for the morphological studies. Adsorption and desorption isotherm to N,
molecule was carried out using Brunauer-Emmett-Teller (BET) Micromeritics TriStar 11

series Surface Area, Porosity instrument and degassing system from the USA.

7.2.2 VO, MOSFET fabrication and humidity sensing measurements

The VO, MOSFET was fabricated by ultrasonically dispersing the VO, particles in an
organic solvent for 30 minutes and drop-casted onto drain-gate-source electrodes. The
MOSFET used in this work is that of lateral-gate MOSFET configuration designed and
patented by B. W. Mwakikunga [11]. The pictorial and micrograph images of this MOSFET

are shown in Figure 7.1.
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Figure 7.1 (a) Pictorial image of the lateral-gate MOSFET (b) SEM micrograph of the

lateral-gate MOSFET.

Humidity sensing measurements were conducted using a KSGA565 KENOSISTEC
instrument from Italy. VO, MOSFET was situated in the chamber and connected to the
KEITHLEY source-metre incorporated in the system. The instrument set-up and sample
preparation details are reported elsewhere [12]. Humidity measurements were performed for

relative humidity ranging from 15 to 85 % at different gate voltages.
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7.3 Results and discussions

The crystal structure of the VO, particles is shown by the XRD spectrum in Figure 7.2 (a).
The spectrum clearly shows that the phase produced herein is VO, (B) with a trace presence of
V,05 and the amorphous phase of both V,05 and VO, (B). The low angle peak at 15° (260) is

the characteristic peak of V,05 (PCDPDFWIN CAS No: 89-0611).

This evidence shows that the precursor NH;VO3 has undergone a reduction process in the
following order: NH4;VO3; — V,05— VO,. This order of formation is validated by the fact
that NH4VO; has the vanadium ion in the V°* state similar to that of V,0s. Reduction from
V°* of V,05 to V** in VO, requires extra energy which is provided from calcination. This
observation is consistent with the XPS spectrum in Figure 7.2 (c) which showed a huge peak
at 516.7 eV binding energy for VO, with a shoulder at 518.1 eV corresponding to the V,0s
binding energy. Moreover, the phase VO, (B) has been widely reported in the literature as the
preferred phase in microwave synthesis and other hydrothermal techniques [4-5]. Many
phases VO, (B) were identified and indexed, the broad and intense peak at angle 27.8 (20)
with (002) reflection, the peak at 43.5 (20) with (003) reflection and others according to the
JCPDS 81 - 2392. The insert TEM diffraction pattern in Figure 7.2 (a) shows that the
particles are composed of mixed crystalline grains in the amorphous phase. The first ring of
the selected area electron diffraction (SAED) pattern, after the central undiffracted diffuse
electron beam can be indexed to (002) Miller plane of the VO, (B) crystal structure. The
second ring could be attributed to the second intense peak in XRD which also belongs to VO,
(B). This TEM analysis agrees with XRD that VO, (B) is the dominant phase. Figure 7.2 (b),

the SEM of the nanoparticles showed that these particles formed flower-like structures.
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Figure 7.2 (a) XRD partern (b) SEM image, and (c) core level XPS spectrum of VO,

nanoflower particles

The Raman spectrum shown in Figure 7. 3 (a), reveals the peaks corresponding to VO, and
V05 vibrational modes. The peaks belonging to V,0s phase seem to dominate in the
spectrum because it is very stable compared to the VO, phase of vanadium oxides. This
means that the V,0s might be formed at the surface of the core crystalline VO,, hence Raman
spectroscopy which is surface analysis technique, captured more surface phonons than the

core [13-14].
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Figure 7.3 (a) Raman spectrum (b) BET - N, molecule adsorption and disorption isotherms

of VO, nanoflower particles.

The BET surface area and physisorption adsorption/desorption isotherm shown in Figure 7.3
(b) shows the high detection capability of the VO, particles to N, molecules. The quantities in
the figure showed improved physisorption effects compared with the one observed in the
CVD synthesis of VO, [6]. The present surface area is found to be 67.67 m%/g compared to

the maximum surface area value of about 16 m?/g in the previous finding [6].
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Figure 7.4 Current-time curves for the sensor response to varying levels of relative
humidity concentrations (a) 0 V gate bias (b) 5 V gate bias (c) 10 V gate bias (d) 15 V gate

bias.

The humidity sensing measurement was carried out at —\V of the drain to source voltage.
The gate voltages (V) were varied from 0 to 15V. The change in the source to drain current
versus time with various percentages of humidity for Vg =0, 5, 10 and 15 V are shown in

Figure 7.4.

The sensing device response profiles to various humidity levels for different gate voltages
is shown in Figure 7.5 with (a) being the response curve against different levels of relative
humidity for all gate voltages and (b), the response curve versus gate voltages. The optimum
gate voltage was found to be 5 V with a response time of typically 60s and a recovery time of

about 70s. This is a very quick response and recovery when compared to the non-gated
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VO,(B) sensor reported in chapter four which showed response and recovery times of the
order of 5 minutes [6]. The reason for the 5 V optimum response can be attributed to an effect
similar to response-temperature curves in traditional thermally-activated sensors. In such
thermally activated sensors, there exists an optimum temperature at which one gets the
maximum response. At lower than this critical temperature, it is known that one gets
adsorption increasing with temperature. At higher than this critical temperature, the
semiconductor properties, where resistance decreases with rising temperature, dominate the
adsorption effect. The analogy here is that the heater under the traditional sensor is replaced
with a gate or bias voltage. At lower than the critical gate voltage, the adsorption of water
vapor molecule effect dominates any other mechanisms available. At higher than this voltage
the transistor is driven by its pinch-off state where reduced current leads to a drastic reduction
in response of the adsorbing water vapor molecules. The pinch-off state is synonymous to
either the Gunn effect or the Josephson’s junction effect where negative resistance has been

reported for this configuration of transitors in the patent [11].
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Figure 7.6 Non-linear profile of the response to humidity as a function of the level of the

relative humidity for 5V gate bias

When one considers the response to humidity as a function of the level of the relative humidity
(at Vg =5V) as shown in Figure 7.6, one observes a non-linear profile which is symptomatic
of S- shaped curves in dose-response characteristic equations such as that of Hill or Boltzman
S —curve equation or the dose-response equation. When the three equations were tried for

fitting, the does-response equation is given by

A-A
G, + 1+ 1,0(09RHs —RA)p (7. 1)

where A; and A; are the lowest and highest sensor responses, log(RHo) is the logarithm of the
relative humidity at 50% response whereas EC50 is the antilogarithm of log (RHp) dose at
which 50% response is achieved by the sensor and p is the Hill factor. From the fitting, EC50
value is 272%, p = 1.26 x 10272 whereas log(RHo) is 272.1, A; and A; are respectively 0.118

and 12096 with a correlation coefficient, R? of 0.925. These results suggest that the VO,
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sensor is very resilient to humidity such that it does not saturate even when humidity

approaches 100%. This sensor can then withstand rainy conditions.
7.4 Conclusions

VO, (B) nanoflower particles were successfully synthesised and used for the humidity sensing
measurements in the MOSFET configuration. The gate voltage was optimized to Vg = 5V.
The high intensity peak of V,0s vibration modes observed in the Raman spectra reveals the
formation of core-shell structures. The presence of V,0s phase with amorphous background
was also observed in XRD and TEM measurements. The BET surface area was found to be
67.67 m?/g. The response and recovery times of the gated sensor are remarkably greater (of
the order of 60-70 s) than the non-gated VO, sensor (which showed time of more than 300 s).
The response-humidity data are non-linear and follow the typical S-curve profile. The
response-dose equation fits the response-humidity data better than the Hill or Boltzmann S-
curve equations and it found that the sensor is very resilient to humidity by showing a
humidity level of more than 100% where the response of the sensor could be reduced to 50%.
The humidity response versus respective gate voltages profile showed the optimum response

for 5 V. This gate voltage (5 V) could be used to calibrate the sensor for humidity detection.
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CHAPTER 8

BLUE- AND RED- SHIFTS OF V,05 PHONONS IN NH3
ENVIRONMENT BY IN SITU RAMAN

SPECTROSCOPY

A. A Akande, A. G. J. Machatine, B. Masina, G. Chimowa, B. Matsoso, K. Roro, M-M Duvenhage,
H. Swart, S.S. Ray, B.W. Mwakikunga, J. Physics D: Applied Physics (2017)

https://doi.org/10.1088/1361-6463/aa98fe.

In this chapter, in-situ Raman spectroscopy sensing of NH3 gas at the surface of V,0s thin
film is demonstrated. Reversible blue and red shift of phonons in the presence and absence of
NH;3 is observed for the first time in the in-situ Raman spectroscopy sensing field. The
electron transfer mechanism between the NHj; and V,0s film interface is discussed.
Comparisons between the in-situ Raman spectroscopy sensing and chemoresistive technique

data are reported.

8.1 Introduction

Raman spectroscopy is a reliable, sensitive and non-destructive method used in
characterizing metal oxides and other nanomaterials [1-2]. The Raman technique has been
applied to study adsorption of molecules on the surface of metal oxides and to monitor their
selective ability toward certain species of gas [3-5]. Among these studies, Aiqg mode of SnO,
was observed to show a huge enhancement when H,S gas reacted with Cu doped SnO,
nanomaterial [3]. This enhancement is observed to be absent when the material is exposed to
air. The effect is reported to be reversible and the band is attributed to Cu,S vibration, thus

showing reactivity of Cu doped SnO; with H,S. Nanocrystalline WO3; powder has also been
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found to react with the reducing gases CH4 and CO resulting in the growth of two broad band
peaks at 1300 cm™ and 1600 cm™ which were observed to be absent in the Raman spectrum
of pure WO3 [4-5]. Whereas, these peaks disappeared in the presence of an oxidizing gas
NO; and thereby are attributed to the graphitic carbon peak usually present in many carbon
materials [1]. This also showed reactivity of CH4 and CO with the WO3 surface. Vanadium
oxide materials are very sensitive to Raman spectroscopy [2, 6-7] and are often characterized
by it to explore their structural, metal-insulator and nanostructured properties [2]. The reason
for this sensitivity is nothing less than the vanadium oxides’ variation in its oxidation state
and crystallographic structures which usually cause atomic or lattice displacement (distortion)
causing active vibration [2, 6-12]. Crystallographic, electronic and phonon structures of VO,

V,05 and V013 systems have been reviewed in detail in chapter two of this thesis.

The first order Raman active modes of V,0s structures can be obtained from the
symmetrized square of the vector representation (x,y,z) as the second rank polarizability
tensor in the space group D37 with 8 symmetry elements namely; E, C, (2), C» (y), C2 (X), i, o
(xy), 6 (xz) and o (yz) and by factor group analysis and selection rule for Dj, point group.
The infrared modes transform as (X,y,z) representation, since they are related to the electric
dipole moment. Zhon et al [13] reported that 21 Raman active modes composed of Ag, Byg,
By and Bsg modes may be presented in the V,Os crystal while the remaining 18 modes may
be due to infrared absorption (i.e infrared active). On the other hand, the low temperature
phase of VO structures has space group P24/ (€3, No. 14) and two atoms per unit cell in the
monoclinic crystal system. Group theory predicts 18 total modes and 15 optical zone-centre
modes at wave vector =0 in the Brilliouin zone (at I'" — point) from lattice mode
representation by acting 4 symmetry elements E, C, (2), i and o (xy). These modes composed
of Aig, B1g, B2g and Bsg which were distributed in different configurations with respect to the

crystal structure of the precursor compound. In this Chapter, we identify these vibrational
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modes in in-situ Raman spectra of the V,0s surface as it interacts with the NH; molecule as
predicted from group theory. The study combined Raman spectroscopy methods, group
theoretical approaches and electrophysical techniques to show the reactivity of vanadium
oxide surface to NH3 molecules at ambient temperatures and at 100 °C by oxygen iono-
sorption and lattice vibration mode assignment. The set-up could be miniaturized to find its
usefulness in portable sensitive and selective chemical sensors or applied as a stationary

industrial gas detector.
8.2 Experimental

A pulse laser deposition (PLD) technique was employed in this study to grow VOy thin
film on Corning glass substrates. The glass substrates were rigorously cleaned and rinsed
several times in (ethanol and deionized water) with an ultrasonic bath in order to remove
impurities and ensure quality. Vanadium oxide (VO nanoparticles (NPs) powder with 99.9
% purity) from Sigma Aldrich was converted to pellets using ENERPAC P142 hydraulic cold
press system made in the USA. About 5 grams of VO, (NPs) powder was slightly dampened
with methanol and transferred into a 20 mm hollow die after which a load of 100 tons was
mounted on the specimen, and the resulting pellet was annealed at 500° C for~24 hrs. The
set-up and plasma plume dynamics of the PLD system used for this work is similar to the one
reported in [14]. Nd:YAG laser beam (A = 266 nm, T = 8 ns ) was directed to the chamber by
the aid of several mirrors and later focused onto the VO, pellet target at an incident angle of
45° using two cylindrical lenses. The minimum pulse energy was applied at 45 mJ with laser
fluence of 2 J cm™ and the substrate to target distance of 5 cm was maintained during
deposition. Oxygen partial pressure was set to 0.05 mbar (37 mTorr) after evacuating the
chamber to the base pressure of 3.1 x 10™ mbar, and the film was deposited for 30 minutes.
The x-ray diffraction patterns of the film were measured at room temperature using the

Panalytical XPERT PRO PW3050/50 diffractometer with CuKa radiation (45 kV, 400 mA, A
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=0.1540598 nm and 5° <20 <90°). The Auriga ZEISS Scanning electron microscope (SEM)
was employed to study the morphology of the film and to estimate the thickness of oxide
layers that are present. High resolution x-ray photoelectron spectroscopy (XPS) was obtained
with a PHI 5000 Versaprobe system. A low energy Ar* ion gun and low energy neutralizer
electron gun were used to minimize charging on the surface. A 100 pm diameter
monochromatic Al Ko x-ray beam (hv = 1486.6 eV) generated by a 25 W, 15 kV electron
beam was used to analyze the different binding energy peaks. The pass energy was set to 11
eV giving an analyzer resolution <0.5 eV. Multipack version 8.2 software was utilized to
analyze the spectra to identify the chemical compounds and their electronic states using

Gaussian—Lorentz fits.

Time of flight secondary ion mass spectroscopy (TOF-SIMS) analyses were performed
using an IONTOF TOF SIMS® instrument with bismuth 1+ as the primary ion source (30 kV,
1 pA pulsed at 10 kHz). These analyses were carried out in negative secondary ion mode and
under ultra-high vacuum (base pressure) of~10" mbar. A Cesium (1 kV, 75 nA) sputter gun
was used. The analysis area was 100 x 100 umz and the sputter area was 300 x 300 umz ata

resolution of 512 x 512 pixels with a binning of 4 pixels.

Raman structural properties of the film and in-situ-sensing measurements of NH3 effluent
produced from ammonium acetate at 100 °C was carried out using a Bruker spectrometer. A
Bruker Raman Senterra spectrometer equipped with 50x optical objective and a 532 nm
excitation laser, at a laser power of 0,2 mV, was used for accumulating the films’ spectra.
The typical experimental set-up of the in-situ Raman sensing measurement is presented in
Figure 3.6 wherein a 532 nm Neon lamp laser was directed to the film glued onto an Al,O3-Pt
interdigitated electrode set. The heating terminals of the interdigitated electrode are
connected to a DC power supply and the whole specimen is enclosed in a transparent

chamber where NHj; effluent from the thermal decomposition of ammonium acetate was
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allowed flow through. Conductometric sensing measurements were conducted using
KSGA565 KENOSISTEC sensing station set-up in Figure 5.1. The film surface was wire
bonded by silver paste in two terminals configurations to allow connection with the
KSGA565-KEITHLEY source meter, after which the currents across the film were measured

for different concentrations of NH; gas.
8.3 Results and discussion

Figure 8.1 (a) shows the XRD pattern of the film, the pattern shows that the film is
largely composed of V,0s according to the Institute for Crystallographic and Diffraction
Database (ICDD) with a powder diffraction number of (PDF 41-1426) but with trace phases
of VO, and V0s3 according to (PDF 76-0676) and (PDF 27-1318) respectively. This X-ray
spectrum has been matched with the Rietveld structure refinement method with the Bragg
positions showing strong correlation with the V,0s structure. The average crystallite size L
and lattice micro/nano strain ¢ of the film were calculated using the well-known Scherrer’s
and Williamson-Hall formula [15-16-] and were found to be~70 nm and 0.000651+1.32x10™
respectively. Figure 8.1 (b) is the plot of the Williamson-Hall assumption for lattice strain
determination. The film morphology are presented in Figure 8.2 with (a) showing the in-
plane formation of clusters of particles with pores at the surface and (b) the cross section at

the edge of the film showing that the film is ~30 nm in thickness.
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Figure 8.1. (a) XRD pattern of V,0s film, (b) Williamson-Hull plot for

determination.
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Figure 8.2. SEM images of V,0s film, (a) in-plane surface image (b) cross-section image at

the edge of the film showing three distinct layers.

XPS spectrum of the surface of the V,0s film is represented in Figure 8.3 with (a)
displaying the overall core level XPS survey spectrum and (b) showing Lorentzian- Gaussian
deconvoluted core level spectrum of V-2p and O-1s for the V,0s film. The % spin-orbit
doublet component of the V-2p photoelectron was found to be 524.1 eV while the 3/2 spin-
orbit component after further Lorentzian- Gaussian dividing peak analysis gives 517.25 and

516.2 eV for V°* and V** respectively [17-18]. The TOF SIMS measurement has been used

157 |Page



to unveil the chemical elements that are present in V,0s film as a function of sputter-depth,
the results are presented in Figure 8.4 where (a) shows depth profile of the negative ions of
V, VO, Si and SiO species, (b) is the magnified spectrum of SiO-, V- and VO3H- species and
(c) and (d) are the overlay images of all the compounds present in the film. The spectra of
ions with depth in Figure 8.4 (a) and their image overlays in Figure 8.4 (c¢) shows that
vanadium oxides species dominate the film surface to~ 500 seconds sputter time. This
analysis is in good agreement with the above XPS results in that VO, (V**) and V205 (V**)
were seen to be more at the surface. This is also true for XRD analysis that shows diffraction
peaks for VO, (V*") V,0s (V°*) and V013 which happend to be V** and V** mixed oxide.
The TOF-SIMS spectrum in Figure 8.4 (a) and overlay images in Figure 8.4 (c¢) also made it
possible to understand the V,0s film layers in the SEM cross-section image in Figure 8.2 (b)
and estimate the film thickness. It was found that in ~ 500 seconds sputter time ~ 30 nm
vanadium oxides layer was sputtered completely and thereafter the gun penetrated into the
interface region in ~ 700 seconds sputter time which is found to be rich in SiO, . This SiO,

layer has been estimated to be ~100 nm from the cross-section SEM image.
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Figure 8.3. XPS spectra of the V,0s film, (a) Broad survey scan spectrum (b) Higher

resolution deconvoluted core level spectrum of V-2p and O-1s for the V,0s film.
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Figure 8.4. (a) TOF-SIMS depth profile of the negative ions of V, VO, Si and SiO species
avaliable in the film (b) is the TOF-SIMS depth profile spectrum showing the low counts
SiO-, V- and VO3H- species in (a) , (c) 3D overlay image of the ions of the film consisting of
Si-, SiO2- and VO- (d) 3D overlay image of the entire film displaying VO-, VO2- and VO3-

as the surface ions.
8.3.1 In-situ Raman spectroscopy with gas sensing at 25 <

Figure 8.5 shows the effect of atmosphere changes in the surface of V,0s film when
subjected to the effluent of NH3 from the compound of ammonium acetate. Figure 8.5 (a)
illustrates the change in Raman spectra of the film when exposed to the molecule at different
times (with intervals of 6 minutes) and to air (as a control spectrum) at 25 °C while Figure
8.5 (b) represents the change in the Raman spectrum of the film when recovering from NHs.

In these profiles, the authors observed that the modes at a low-frequency
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Raman line region of VV,0s, earlier classified as rigid-layer modes [7] with bending vibration
characteristics, were mostly unaltered in wavenumber when the film was subjected to the
NHs effluent. Interestingly, the one at 194 cm™ which shows a shift to low-frequency Raman
line was observed to redshift. On the other hand, at the higher-frequency side of the Raman
spectra, the 996 cm™ stretching mode displayed significant shift towards high frequency of
the Raman line (blueshift) in all spectra (shown in Figure 8.6 (2)). The reverse effect was
observed when recovering the film from effluent of NH3 in Figure 8.5 (b) and 8.6 (b), where

both blueshifted 996 cm™ and redshifted 194 cm™ modes showed some recovery potential.
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Figure 8.5. (a) Raman spectra at 25 °C of V,0s film in air, and covered with NH3 molecules
recorded at 6 minutes intervals, (b) Raman spectra at 25 °C of V,0s5 film recovering from

NHs molecules recorded at 6 and 12 minutes intervals.
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Figure 8.6. (a) Magnified images of 996 cm™ Raman lines when the film is exposed to NH3
at 25° C (b) Magnified images of 996 cm™ Raman lines when the film is recovering from
NHs at 25° C (c) Gaussian fitted data of the heights of low-frequencies 143 cm™ Raman lines
when the film is exposed to and recovering from NHj3 at 25°, (d) Gaussian fitted data of peak-
positions of high-frequencies 996 cm™ Raman lines when the film is exposed to and

recovering from NHs at 25 °C.

In accordance with Equation 3.15 where the change in Raman line position dw, as a
function of both elastic constant of the bonds, «, and reduced mass of the atoms around these
bonds, , is given by de oc dx-(x/z7)d . In the present system case: 1/u = (1/mo)+(1/my) or u
= momy/(Mmo+my). The increase in x could be ascribed to acceptance of an electron by the

V,0s surface from the NHj; effluent and vice versa, whereas an increase in x could be
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ascribed to the acceptance of atoms from the gas by the V,0Os surface. Changes in « should be
prevalent at 25°C where adsorption is more likely to happen, while an increase in w is likely

to happen at high temperatures where chemisorption due to breakage of NH; bonds is

preferred.

Since the 996 cm™ phonon is being blue-shifted [i.e. de > 0] when exposed to NHs, one
expects that dx > dz/z7. This means that the change in elastic « is larger than the change in .
This suggests that V=0 bond gains electrons from NHs. On the other hand, the observation
that the 194 cm™ phonon is being red-shifted when NHj is introduced means that di < dgi/ 7 .
This could indicate that the V-O-V or O-V-O bonds prevalent in the VO, system are losing
electrons to the NH3 at 25°C. This surprising result leads to the conclusion that bonds that
have many electrons tend to gain more electrons whereas those bonds that have less electrons
tend to lose even the few electrons that they have. This phenomenon is similar to an
observation made during the halogenation of organic alkanes with HCI or HF or HBr in
1890s by a scientist known as Markovnikov who observed that the H atom preferred to attach

itself to carbons with the highest number of H atoms [19-20].

A decrease in intensities of 145 cm™ low-frequency Raman line of V,0s were also
observed as a function of NH3 effluent exposure (Figure 8.5 (a) ) [21] but a reverse effect is
observed when recovering the surface from NHj exposure in that the intensities increased
slowly and saturate (Figuer 8.5 (b)) with less potential when recovering from the NH;
effluent. The profiles in Figure 8.6 (c) and (d) are representative of the change in intensity
(dI/1) of the 145 cm™ Raman lines and wavelength (w) peak-positions of 996 cm™ Raman
line at 25 °C. These line profiles show that the intensities of 145cm™ phonon decrease and
saturate with time during exposure, and experience difficulty in recovery due to the lack of

vents in the home made gas sensing cell. This decrease in Raman scattered intensities in the
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presence of molecules may also be due to the absorption of laser light of free electrons
created as a result of the interaction between V,0s and NHj [4]. The Raman fingerprint
position of 996 cm™ phonon recorded more significant blueshfit (4 cm™) before saturation
when exposed to the NH3; molecule with relatively high potential of recovery than the redshift

of the 194 cm™ (2 cm™) as shown in Figure 8.6(d).
8.3.2 In-situ Raman spectroscopy with gas sensing at 100

In the same manner, Figure 8.7 (a) displays the Raman spectra of the film when exposed
to the effluent of the NH3; molecule at different times (with interval of 6 minutes) and to air
(as control spectrum) at 100 °C, while Figure 8.7 (b) shows the change in Raman spectra of
the film when recovering from the molecule. The fact that the phonons are thermally
mediated coupled with the possibility of less scattering of light at the less-dense environment
may be responsible for the change observed at 100 °C relative to the effects observed in the
case of room temperature measurements (25 °C). It is true that the way and manner in which
the NH3 molecule sits on the V,0s will greatly influence the charge distribution between
them [21-22]. In addition to the V,0s crystal, geometrical structure and space group
discussed in chapter two, V,0s is a layered structure having distorted square pyramids of VOg
which share edges and corners with the apex of the V-O configuration having a much shorter
bond length compared to other bonds. This short bond length corresponds to a double bond
attachement [11, 22]. One may propose that hydrogen atoms in an NH3 molecule in a trigonal
pyramid structure prefered to attach themselves to the vanadyl oxygen (i.e the one with
double bond and shorter length). If so, that may cause the molecule to give away some of
their charges to the V=0 layer and consequently increase the spring constant which leads to a
blueshift in the Raman spectrum. Thus, the remnant of the NH3 dissociation that are lying in
the chamber may regroup and attach themselves to the bonded hydrogen atom and revert

back to the NH3 molecule when recovering V,0Os film from the coverage.

164 | Page



300

250+

N

(=3

o
1

1504

100 4

Intensity (a.u)

50

——in air
~— 6 min
(a) 12 min
- 18 minH
+— 24 min
~— 30 min|

T T T T T
200 400 600 800 1000 1200
Wavenumber (cm’')

700+

600

500

400+

300

Intensity (a.u)

200

T T T T T
200 400 600 800 1000 1200

Wavenumber (cm™)

Intensity (a.u)

Intensity (a.u)

150

120

90

T T T T T
200 400 600 800 1000
Wavenumber (cm’™)

250+

200

150

' L —— last NH_ level
Magnified spectra 3 mn
—— 48 min
of (b) —— 60 min
—— 66 min

= T - T T - T
200 400 600 800 1000

Wavenumber (cm™)

Figure 8.7. (a) Raman spectra at 100 °C of V,0Os film in air, and covered with NH3 molecule

recorded at 6 minutes intervals, (b) Raman spectra at 100 °C of V,0s film recovering from

NH3; molecule recorded at 6 and 12 minutes intervals.
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Figure 8.8. (a) Magnified images of 996 cm™ Raman lines when the film is exposed to NH;
at 100° C (b) Magnified images of 996 cm™ Raman lines when the film is recovering from
NH; at 100° C (c) Gussian fitted data of the hieghts of low-frequencies 143 cm™ Raman
lines when the film is exposed to and recovering from NHg; at 100° C, (d) Gussian fitted data
of peak-positions of high-frequencies 996 cm™ Raman lines when the film is exposed to and

recovering from NHs at 100° C.

Other Raman frequency modes of V,0s observed were 225, 270, 283, 305, 335, 406, 503,
614 and 700 cm™ at 25 °C and 100 °C, and they all belong to the vibration modes of V,0s
except the modes at 194 cm™ and 614 cm™ which are Raman fingerprint positions for the
VO, structure [7, 13, 15, 23-24]; this shows that VO, crystallites are not participating in the

reactivity of the NH3 effluent molecule.
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8.3.3 Comparison of in-situ Raman spectroscopy-gas-sensor tester and the traditional

chemoresistive gas-sensor testing station

Figure 8.9 shows electrical measurements of the V,Os film in the presence and absence
of NHj3 gas via the set-up described in the experimental section and previously reported [8,
25]. Figure 8.9 (a) is the transient time-conductometric signals of the film when exposed to
NHs gas at room (25 °C) and Figure 8.9 (b) is the signals at 100 °C. The profile shows a
decrease in conduction of the film in the presence of NH3 gas at 25 °C and 100 °C for every
concentration. The sensor response and response time constant calculations for different

concentrations of NH3 gas are given as follows:

i t

— =exp— 0<t<t (8.1)
lo 4

_Lzexplxexpt_tl th<t<t (8.2)
lo 71 72

where iy is the initial current of the sensor in synthetic air (flowing througth the chamber),
t; is the time for ig value, iis either the current when the target gas is turned on or off, t, is the
time at which the sensor recovers to its original value. The quantity z; and 7, are the time
constants for response and recovery steps, these parameters were calculated by fitting the first
order exponential function in Equation (8.1) and (8.2). Figure 8.10 (a) shows a response
profile which was calculated from Equation (8.1). The pattern shows better adsorption for all
concentrations of the NH3 gas at 25 °C compared to the one at 100 °C. A response time
constant plot was extracted from the same Equation (8.1) as shown in Figure 8.10 (b). The
response time constant in this work is defined as the time it takes the sensor to reach 63% i.e
1-e™ of its maximum after exposed to the gas [9, 26-27]. This result also showed that the

responses at 25 °C are faster than that of 100 °C but responses at 100 °C showed stability
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compared with ones at 25 °C. There is a cross-over in the respose time at 20 ppm where the

response time is found to be 50 seconds.
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Figure 8.9. Conductometric sensing signal for NH3 (a) at room temperature (b) at 100 °C.
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Figure 8.10. (a) Response curve as a function of different NH3 gas concentrations, (b) Plot of

the response time constant for different concentration of NHj3 gas.

When one compares both the in-situ Raman spectroscopy gas sensor tester and the

traditional conductometric sensing as summerized in the Table 8.1 below, firstly one can
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infer that at 25 °C the change in the wavenumber of 996 cm™ (with + shift or blue shift of 4
cm™) is bigger than at 100 °C (with — shift or red shif of 3.2 cm™) and that the two
temperatures showed significant and comparable recovery. On the other hand, the response
according to the fractional change in intensity at 25 °C is great (with downward turn or —
0.799) compared with the 0.419 of the chemoresistive test and the one at 100 °C (with
upward turn or + 3.6) is large compared with the 0.222 of the chemoresistive test. This
showed that the in-situ Raman spectroscopy gas-sensor tester is more responsive than the
chemoresistive sensor especially when considering the fact that the NH; effluent
concentration in the chamber may be less or even far less than 40 ppm. Also when one
compares the two response time constants, the chemoresistive sensor showed faster response
compared with the in-situ Raman spectroscopy gas sensor-tester. Again a low concentration
of the effluent NH3 in the in-situ Raman gas sensing chamber may be the cause. This study
shows that apart from using the response due to the fractional change in Raman intensity and
chemoresistive signal, Raman wavenumber (frequency) shift can be employed to selectively
monitor gases leakages in the enviroment or to monitor decomposition of gases in industry

during gas processing.
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Table 8.1: Summary of Raman signatures versus chemoresistive sensing of NH3; molecules at
the V,0s surface.

Sensing properties due to Raman signatures

Temp 'C | Derivative (dI/I) of 143 cm™ Chﬁnge in frequency (Aw) of 996

cm
response  response T (s) response

25 -0.799 300 4

100 3.6 1400 -3.2

Sensing properties due to Chemoresistive
test

Temp 'C  Chemoresistive at 40 ppm

response response t (s)

25 0.419 59
100 0.222 105

8.4 Conclusions

In summary, in-situ Raman spectroscopy has been employed to monitor the reactivity of
NH; effluence produced from ammonion accetate salt decomposed at 100 °C at the surface of
30 nm layers of V,0s film deposited by PLD techniques. The results showed recoverable red
shift in the 194 cm™ phonons and blue shift in the 996 cm™ phonons upon the interaction of
the molecule at ambient temperature (25 °C) and 100 °C. Adsorption effects (increase in
intensity) of 145 cm™ phonons were also observed at these two temperatures. The Raman
scattered adsorption effect has been explained using phonon confinement models by taking
fractional change in intensity into account while the blue or red shift in the wavenumber
(frequency) is related to the change in elastic constant and the reduced mass of the sensing
surface in-situ with NH3 ambience. The adsorption effect is related to more and/or less

Raman scattered photons while frequency shift is explained as a decrease in the elastic
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constant (acceptance of charges from the molecule) when blue shifted and a decrease in the
elastic constant (donation of charges) or increase in reduced mass (chemisorption) when red
shifted. Acceptance of charges by the V,0s surface from the molecule is observed to be
prevalent at the ambient temperature while an increase in the reduced mass is observed at 100
°C. This is considered to be true since the breaking of chemical bonds or decomposition of

NH; could only take place at a temperature higher than that of the ambient temperature.

Comparison and rankings of in-situ Raman spectroscopy gas-sensor tester with the
traditional chemoresistive sensor tester showed that the in-situ Raman spectroscopy sensor
tester is excellent. Additionally, the significant recoverable blue shift and red shift observed
when NHj3 interacts with the surface may be considered an outstanding feature of in-situ
Raman spectroscopy on selective monitoring of gas leakage in the environment or to monitor
decomposition in industry during gas processing. Hopefully the technique will be helpful in
advancing or upgrading the design of chemical sensors for environmental or industrial

pollution monitoring.
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CHAPTER9

CONCLUDING REMARKS AND

RECOMMENDATIONS

9.1 SUMMARY

In this study, the gas sensing properties of nanostructured correlated vanadium oxides; VOq,
V,0s, V6013 have been investigated using chemoresistive and Raman spectroscopy methods.
Primarily, critical studies of the phase evolution of vanadium oxides with temperatures from
the precursor NH,VVO3 were carried out by various analytical techniques. Thermal analysis by
TGA and DSC provided information about the decomposition and phase transitions of these
oxides. TGA and DSC data also validated the theoretical mass loss from the stoichiometry

calculations thus confirming the mechanisms of formation of various VOy phases.

Further investigation by X-ray diffraction method (XRD and TEM), elemental analysis (EDS
and XPS), magnetic analysis (VSM) and optical methods (FTIR and Raman spectroscopy)
showed VO phases orders as follows; NH;VO3 — VO, + V,05 (150 — 200 °C) — V013
(300 °C) — V,05 (above 350 °C). This has been summarized as the VO phase evolution
diagram. Adsorption tests of these VO, phases showed a profile of BET surface areas which
increased with the annealing temperature until 300 °C after which the transition occurred.
This transition is probably due to the enlargement of the particles at that temperature. Their
sensing applications with different levels of relative humidity showed high response to the

V6013 (300 °C) and V,0s5 (above 325 °C) phases. However, the Langmuir isotherm plot in

177 |Page



the form of the response (%) per BET surface area with respect to different levels of relative
humidity showed a high response for the VO, (150 °C) phase. This observation depicted the
Langmuir’s hypothetical relationship between adsorption, desorption, pressure, surface area

and number of sites.

Another study involves selective or preferential adsorption of H,S gas to monoclinic VO3
nano rod structures. This VOs3 structure and other two a-orthorhombic V,0s were obtained
by solid-state decomposition reaction of NH;VO3; at 500 °C for 2, 12, and 24 hours
respectively in nitrogen atmosphere. The crystal structures of these samples were confirmed
with X-ray diffraction, HRTEM from the selected area electron diffraction pattern (SAED),
Raman spectroscopy and cathode-luminescence technique. All these characterization
techniques with SEM and VSM also showed that the crystal structures at 12 and 24 hours
annealing time are a-orthorhombic V,0s with varying degrees of thermal strain which

resulted into expansion of the particles at 12 hours and their relaxation thereof at 24 hours.

Gas sensing applications of these structures revealed that the H,S gas is selective in
adsorption to the VO3 phase with % response 132 at 350 °C and 60 ppm considering that
the internationally accepted threshold limit value of H,S gas is 50 ppm. This % response
value is calculated to be 647.2 % higher than that of NH3, CH4, NO,, H, and CO gases with
the response and recovery time of 32 and 129 seconds respectively. H,S sensing tests on the

V6013 and the two V,0s at 350 °C and 60 ppm also showed that V013 is 238.5 % higher.

In the DFT computational studies of (110) facet of monoclinic VO13 and a-orthorhombic
V,05 by ab initio molecular dynamics, each H,S molecule minimizes its energy on the
surface of V013 greatly compared with the V,0s surface. This is further translated to VO3

gaining higher adsorption energies for different loadings of H,S molecules. The profile of the
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absolute adsorption energies per H,S molecules against number of H,S molecules showed the

same trend with the experimental response (%) per different H,S concentrations.

Microwave assisted synthesis of VO nanostructures from NH;VO3, N;H; and an oxalic
reagent presented very small and homogeneous core crystallites with shells of amorphous
networks suggested by the X-ray diffraction and SAED of the HRTEM analysis. These
nanostructures were observed to demonstrate higher BET surface area and pore diameters
compared to the data from thermal CVD method when subjected to the N, adsorption and

desorption isotherm test. SEM analysis of these structures also revealed their high surface

property.

In one case ethanol was used to dilute the NH;VVO3; and N,H, and in another case deionized
water was applied, both reactions yielded VO, with major VO, and minor V,0s phases and
vice versa by XRD, HRTEM and Raman spectroscopy. Room temperature sensing of CH,4
by ethanol-VVOy particles and of NH3 and NO; by the water-VOy particles were demonstrated.
The surface properties of the structured are assumed to promote room temperature sensing. A
summary of the response (%) of all the three gases at 10 ppm showed that the water-VOy

particle is more sensitive and selective to NO; gas.

VO, (B) nanoflower particles were obtained from NH,VOj3and oxalic acid by the microwave
technique. This structure was applied for humidity sensing in lateral gate MOSEF
configurations. The humidity test was carried out for gate voltages of 0, 5, 8, 10, 12 and 15V
and an optimum response (%) was observed at 5 V. The response and recovery times in this
configuration were in the order of 60 — 70 s which is remarkably shorter than the non-gated
VO, sensor reported in chapter 4, which are more than 300 s. Statistical analysis via the non-

linear S-curve Hill Dose rate showed that the VO, (B) sensor is very resilient to relative
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humidity by showing the humidity level of more than 100% where the response of the sensor

could be reduced to 50%.

In-situ Raman spectroscopy sensing of NH3 gas at the surface of PLD deposited V,0s thin
films was demonstrated. The V,0s thin film structure was confirmed with XRD, Rietveld
refinement, and XPS. Surface compound (VO) species, the substrate compositions and
thickness were analysed by TOF-SIMS and SEM. The results of the in-situ Raman
spectroscopy of the V,Os surface showed a recoverable red shift of 194 cm™ and a blue shift
of 996 cm™phonons upon the interaction with the NH3 gas at 25 and 100 °C. A decrease in
the Raman scattered photons of the 145 cm™ phonon was also observed for different levels of
NH; exposure. The response of 145 cm™ in terms of the fractional change in intensity and the
response of the blue shifted of 996 cm™ phonons were 0.799, 4 cm™ (25 °C) and 3.6, 3.2 cm™
(100 °C). This data compared with the chemoresistive sensing of the film at 40 ppm showed
that the in-situ Raman spectroscopy techniques are only more sensitive but also showed a

possibility for selective gas detection via blue and red shift of phonon frequencies.

9.2 FUTURE RESEARCH WORK AND RECOMMENDATIONS

Despite the outstanding and remarkable sensing characteristics of VOx nanostructures
observed in this thesis, it has been discovered that types of contacts adopted by the sensing
devices will influence its performance. Nanomaterials on the other hand have high surface to
volume ratio, this makes it difficult to isolate individual particles in order to contact single
nanostructures for gas sensing device fabrication. Establishing nano-contacts to individual
nanostructures and characterizing them for gas sensing devices would be exciting research in
this field. Preliminary results on nano-contact to single nanostructure achieved in this work

using the electron beam (e-beam) lithography approach is shown in Figure 9.1.
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Gate voltage controlled sensing as a means of tuning the sensitivity and selectivity of
nanostructures to gases was also demonstrated in this thesis. However, the e-beam contacting
approach (like the one in Figure 9.1) is required rather than the drop cast of dispersed
particles in an isopropanol solution. Testing of many gases for selectivity studies is also

important.

In-situ Raman spectroscopy sensing experiment demonstrated in this thesis can provide more
information regarding the selectivity of V,0s surface to gas. Hence, testing of many gases
and critical surface group theoretical analysis of both the V,0s surface and gas molecule is

required.
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Figure 9.1. (a) Optical microscope of the clean micro-nano transitors array, (b) Magnified
image of (a) with VO, nanofibers deposited before resist deposition (c) Magnified image of
the e-beam developed device after lifting (etching) the resist, and (d) Magnified image of

clean transistor showing the device configurations (drain, source and gate pattern).

182 | Page



APPENDIX A

Figure Al and A2 are the TEM analysis of the sample annealed at 150 °C and 250 °C

discussed in chapter four.
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Figure Al: TEM images of sample annealed at 150 °C, with high resolution image
(background image) showing a single plane 011 of VO, (a) Low resolution image and (b)

SAED pattern (c) EDS spectrum of the examined spot.

183 |Page



|
l

|| cu A
oS LA W

X-rz;y phot:)n iEnesrgy/ keV

Intensity/counts sec! T |

Figure A2: High resolution TEM image of sample annealed at 250 °C, (a) SAED pattern and

(b) corresponding EDS spectrum.
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ABSTRACT

The possibility of obtaining vanadium dioxide (VO;) [wherein the vanadium ionic state is 4"] from a
precursor of ammonium metavanadate (NH4VO3) bearing the ion V>* is investigated. The reduction is
carried out by calcining the NH4VO3; powders in similar concentrations of H, flow at varying tempera-
tures. The resulting powders have been studied by several techniques including XRD, Raman spectros-
copy, FTIR, TEM, BET and DSC. It is found that remnants of bright yellow V°* still exist up to calcination
temperatures of 100 °C after which the sky-blue VO, dominates at calcination temperatures of 150 °C
—250 °C. There is a population surge of metastable dark-blue V013 (where V is in between V4* and V>*
ionic states) between 250 °C and 300 °C. However above 350 °C the material reverts to the stable V>* in
the yellow—orange V,0s. XPS/EDS and VSM confirm the order of appearance to be
V05(150 °C) — Vg013(200 °C) — V205 (350 °C).

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

orbital electron and the nucleus of an atom. In transition metal
elements, the electrons enter an inner-shell electron orbital as

An oxidation state is influenced by ionization energy while opposed to other groups where electrons enter the outer-shell
ionization energy depends on the shielding effect between the electron orbital [1]. The substitution of electrons in the inner-
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shell in case of transition metals consequently increases the
shielding effect, decreases the effective nuclear charge and thereby
weakening the ionization energy. All transition metals (Ti, W, Mn,
V, Cr, Pd, Pt, Co, Zn, Fe, Cd, Cu, etc.) have low ionization energy, and
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this makes it less costly to remove more than one electron from
their orbitals than it is from compounds with completely filled 3s or
3d orbitals such as alkali metals and alkali earth metal elements.
Vanadium is one of these transition metals, it usually presents
synthesis difficulties due to its existence in several oxidation states
by forming a variety of binary oxides with the following general
formulas forn=1,2,3 ... (1) Vn02n+l e.g. V205, V307, V409, V6013,
(2) V02,1 €.2. VO, V5,03, and (3) V03, also with VO, and V,04 [2].
Among these oxides, V03, VO;, V5013 and V205 possess many
interesting characteristics that can be used in various applications
because of their tendency to undergo metal to insulator phase
transition commonly known as MIT transition [3—12].

Vanadium dioxide (VO-) is unique among these oxides because
of the abrupt changes in its crystal structure that usually follow the
phase transition around 68 °C. The transition temperature is
considerably low and close to room temperature. This MIT property
was first observed by FJ. Morin 1959 and later widely studied by
Magneli, Mott Hubbard, Peirels, Goodenough, Adlar, Paquet and
Fujimori [3—12]. VO, has 4" oxidation state oxide of vanadium with
a monoclinic (insulating/semiconducting) before transition tem-
perature and tetragonal (metallic) above the transition tempera-
ture. Changes in crystal structure explained by Peierls as
electron—phonon interaction or coupling, or band structure shift
explained by Mott as electron—electron correlation is usually
accompanied by a number of physical properties [13]. Such prop-
erties are changes in electrical resistance or conductance, optical
transmittance or reflectance, phonon frequencies from Raman
spectroscopy and FTIR, surface plasmon resonance from absorption
spectra and light scattering studies [ 14,17—21]. The optical property
of VO, is also found to be dependent on the surface roughness by
AFM studies [15,16]. All these properties make VO, feasible for
practical application purposes and have been applied in various
technological devices. Such devices include smart or switchable
window glass panes (thermo-chromic and photo-chromic prop-
erty) [22—26] as well as gas chemical sensing (gaso-chromic
property) [22,27]. Uses of VO, in the fabrication of electrochemical
devices (electro-chromic property) have also been recorded [28].

Other oxides such as VgO13 and vanadium pentoxide (V,05) are
also relevant as they are close to VO, in stoichiometry. V5,05 is a \&ks
oxidation state oxide and is the most stable oxide of vanadium. Its
orthorhombic crystal structure usually undergoes metal to insu-
lator phase transition at 375 °C. V205 is used as a passive electrode
with WOs as an active electrode in electro-chromic glass applica-
tion [28,29]. It has been reported for gas chemical sensing capa-
bilities [30] and also found applications in the lithium ion batteries
[31]. V6013 is known as a mixed valence oxide as it exists between
the v** and V°* oxidation states [32]. It is monoclinic in crystal
structure at both high and low temperature with a characteristic
zigzag chain running along the b-axis with mono V4* and mixed
V4 and V°* [32]. Its transition temperature is —143 °C and finds
application in lithium ion batteries.

Ammonium meta-vanadate (AMV, NH4VO3) has been widely
used as a source material for the syntheses of vanadium oxides by
various deposition/synthesis techniques, such as chemical precip-
itation [33,34], thermal annealing [35], spray pyrolysis [36,37], and
autoclave hydrothermal treatment [38].

In all these synthesis techniques, the phase diagram of V-0
system was not followed. As a result, many such reports indicated
either single phase VO, or V,05 without validation. In this work, we
started by thermogravimetry of NH4VOs3 in nitrogen. Instead of
mass loss alone, we also observed mass increase. This prompted
further systematic study of phases at various temperatures in
hydrogen atmosphere. This paper reports the quantitative study of
phases of VOy at various temperatures. This study sheds more light
on the existing phase diagrams of VOx.

2. Experimental techniques

Ammonium metavanadate powder (NH4VOs, purity 99.99%,
molecular weight of 116. 98 a.m.u, density of 2.3 g cm~'and melting
(or decomposition) temperature of 200 °C) was purchased from
Sigma—Aldrich Chemical Co. Differential scanning calorimetry
(DSC) analysis was performed on the powder using DSC Q2000
V24.4 Build 116 to measure the amount of heat flow into and out of
the sample relative to the reference pan with a linear temperature
ramp under nitrogen gas. A series of heat treatments were per-
formed for better understanding of the decomposition and phase
change in the material. Firstly, heat treatment of the NH4VO;
powder was carried out for 400 and 500 °C in chemical vapour
deposition (CVD) reactor under nitrogen flow. This experiment was
followed by the TGA measurement of the resulting powder
(5.096 mg) and that of standard NH4VO3 (4.726 mg) to study the
thermal decomposition process in the materials under nitrogen
atmosphere. The instrument used is TGA Q500 V20.10 Build 36 by
Anton Paar Inc. Further a comprehensive CVD calcinations of
NH,;VO3 powder under 20 mL min~! hydrogen flow was performed
in two different sections, firstly at 100, 150, 200 and secondly at
250, 300, and 350 °C for 2 h.

The powder was characterized using an X-Ray diffraction
(Panalytical X' pert Pro PW 3040/60 XRD equipped with Cu Ko
(A = 0.154 nm) monochromatic radiation source). XRD patterns
were recorded in the scanning range of 5°—90°. DSC of these
calcined powders was also studied. Raman spectroscopic studies
were conducted using a Jobin—Yvon T64000 Raman spectrograph
with a 514.5 nm excitation wavelength from an argon ion laser. The
power of the laser at the sample was low enough (0.384 mW) in
order to minimise localised heating of the sample. The T64000 was
operated in a single spectrograph mode, with the 1800 lines/mm
grating and a 100x objective on the microscope, and further optical
measurements were performed with standard spectrum 100 Per-
kinElmer FT-IR spectrometer. The microscopic studies and quanti-
tative elemental composition studies were carried out using JEOL
2100 Transmission Electron Microscopy (TEM) (from Tokyo Japan)
equipped with LaB6 filament and a Gartan U1000 camera of
2028 x 2028 pixels, and high quality inbuilt Energy dispersive X-
ray spectroscopy (EDS).

X-ray photo-electron spectroscopy (XPS) was also performed on
a reference sample containing V,0s5, VO3, V013 as well domains of
WOs. EDS taken from VO, domains (excluding the WO3 domains)
in HRTEM was also performed on the same reference sample. The
XPS determinations of the proportion of V3*, V4* and V°* were
used to calibrate the EDS spectra and this information was then
employed in the determination of the proportions of V3*, V4* and
V>* for the current set of samples. X-ray photoelectron spectros-
copy analyses were carried using a PHI 5000 Versaprobe- Scanning
ESCA Microprobe. The survey scans were recorded with a 100 um,
25 W, 15 kV beam using monochromatic Al K, radiation
(hv = 1486.6 eV) and for the higher resolution spectra the hemi-
spherical analyzer pass energy was maintained at 514 eV—520 eV
(C 1s, O 1s, V 2p) for 50 cycles. Measurements were performed
using either a 1 eV/step and 45 min acquisition time (binding en-
ergies ranging from 0 to 1000 eV) for survey scans or a 0.1 eV/step
and 20-30 min acquisition times for the high-resolution scans. The
pressure during acquisition was typically under 1 x 10~ Torr. The
surfaces were also sputtered clean for 30 s using an Ar ion gun (2 kV
energy ions) and measurements were repeated.

The field dependent magnetic characterization was performed
using Lakeshore 735 vibrating sample magnetometer (VSM) at
room temperature. It is vital to point out that because this type of
sample exhibits small magnetization signals, special care was taken
during measurements as to avoid any trace magnetic
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contamination. Magnetic measurements performed on the
different batches of VOy powders showed consistent and repro-
ducible results demonstrating paramagnetic behaviour.

Gas sensing properties were obtained by placing the VOy paste
dispersed in ethanol onto inter-digitated electrodes and obtaining
controlled transient readings of current in varying levels of analyte.
The measurements were accomplished by employing a Kinosistec
(Italy) gas sensor test instrument comprising Keithley voltage and
current sources as well as source meters.

3. Results and discussions
3.1. Thermal analysis (DSC/TGA)

Fig. 1a shows the DSC profile of NH4VO3 recorded in the tem-
perature range of — 47 °C—350 °C and exothermic enthalpy change
reaction of about — 38.3 mW was observed around 234 °C which
may be due to the decomposition of the material. The other
enthalpy change at the 340 °C is small and may be due to the for-
mation of V,05 phase as it occurred at a temperature close to its
phase transition temperature (375 °C). Fig. 1b shows TGA/DTA
profile of NH4VOs3 recorded in the temperature range of 26—900 °C.
The thermogravimetry curve reveals mass loss in three regions
during the scan as shown in the figure. The overall mass loss of
22.2% in the material was observed between 155.5 °C and 309 °C;
this value is in agreement with the one previously reported in the
literatures [39,40].

However in this paper we have thoroughly analysed and
accounted for each weight loss. Region one lies in the temperature
range of 155.4—199 °C, which is accompanied by a mass loss of
11.27%. The mass loss in region two is found to be 6.41% within the
temperature range of 199—231 °C and in the third region which
falls in the temperature range of 231—309 °C, the loss was found to
be 4.52%.

The overall reaction occurs during the decomposition of
NH4VOs3 is shown in Eq. (1), the net mass loss of 22.2% was observed
[40]. The major mass loss occurs due to the evaporation of HN3 and
H,O0.

2NH4V03 —>V205+2NH3 -+ Hzo (1)

It is believed that the decomposition involve various reaction
stages as shown in Eqgs. (2)—(5) [40,41]. In general, decomposition
of NH4VOs initiated according to Eq. (2) or 3.

6NH4VO3 — (NH4),VeO16+4NHs + 2H,0 )
4NH,V03 — (NH,),V40;; +2NH;3 + Hy0 3)
3(NHg4);V4011 —2(NHy4),Vs016+2NH3 + H O (4)
(NHa), V6016 — 3V205+2NH; + H,0 (5)

The net mass loss in Egs. (2)—(5) are calculated as 22.2,11.11,4.3
and 8.7% respectively. Representative calculation of mass loss in Eq.
(3) is given in the Supplementary material SM1 and the same was
followed for Egs. (2), (4) and (5). However, the mass loss observed
in region one (11.27%) suggests decomposition of NH4VOj3 initiated
according to Eq. (3). Thus the further decomposition of out product
of Eq. (3) must follow the Egs. (4) and (5). The mass loss in region
two (6.41%) which is higher than the calculated value (Eq. (4)). This
may due to the simultaneous reactions according to Eqs. (4) and (5).
This simultaneous reaction is also suggested by the lower observed
mass loss (4.52%) in region three than the calculated (8.7%) from Eq.
(5).

Fig. 1c is a TGA/DTA profile of the sample prepared at 400 °C in
synthetic nitrogen environment. The scan was performed over the
temperature range of 26—900 °C. The XRD profile (attached in SM3)
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Fig. 1. (a): DSC thermogram of the starting precursor (NH4VOs) (b): TGA/DTA thermogram of the starting precursor (NH4VOs3) (c): TGA/DTA thermogram of the sample prepared at

400 °C.
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of the powder before TAG measurement reveal the presence of
V013, The initial reaction below 100 °C shows some loss in mass of
the powder which may be due to the release of moisture absorbed
by the powder. Further increase in temperature up to 335 °C reveals
very small change in mass from 5.096 to 4.972 mg, which is 2.53%.
This is due to the reduction of VgO13. The possible reduction of
V013 is shown in Eq. (6). Since the calculated mass loss in Eq. (6) is
3.09% (attached in SM2) which is very close to observed value.

2V60]3 - 12V02 + 02 (6)

Above 340 °C, significant mass gain was observed which was
followed by the second stability around 440 °C. The increase in
mass is due to the oxygenation of VO,. The oxygen is contributed
from the synthetic nitrogen flow during TGA experiment. The
transformation is ascribed to V,05 since it is known as a most stable
oxide among vanadium oxides and usually formed above 340 °C.

Fig. 2 shows the DSC profiles of the samples prepared by calci-
nation of NH4VOj3 from 100 to 350 °C in step of 50 °C. The peaks at
185 and 220 °C for the sample calcined at 100 °C show exothermic
reaction which may be due to the release of ammonia. Peaks at 78
and 80 °C for the samples calcined at 150 and 200 °C may be due to
the formation of VO,, since it is close to MIT temperature and the
one at 85 °C for samples calcined at 250 and 300 °C may be due to
the mixture of metastable phases of VO, and VO13. The formation
of various phase with temperature was confirm with XRD pattern,
discussed in Sections 3.2 and 3.4. The development of V,05 phase
was observed for the samples calcined at 100, 150, and 200 °C in
temperature region 310—340 °C. The actual formation of V,05 oc-
curs at 375 °C. Due to the limitation of DSC in terms of temperature
range, we could not proceed for further higher temperature.
Although this peak is absent in the case of sample calcined at 250
and 300, this may due to peak shifting to the higher temperature
375 °C. The sample calcined at 350 °C show optimum population of
phase of V,0s.

3.2. X-ray diffraction spectra
XRD spectrum of the sample prepared at 400 °C depicts the

monoclinic system of VgO13 by PCPDFWIN CAS No: 72-1278 with
(110) plane as the dominant peak. The peaks were rather sharp,
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Fig. 2. DSC thermograms of the samples prepared by calcination of NH4VO5 from 100
to 350 °C.

which indicate relatively high crystallinity of the particles. The
average particle size was determined with Debye-Scherrer's model
and found to be around 24 nm. And X-ray diffraction pattern of the
sample prepared at 500 °C also depicts orthorhombic system of
V;,05 by PCDPDF CAS No: 89-0611 with dominant (101) planes and
with presence of plane like (200), (310), (111), (411), (005). The
average particle size of 26 nm was observed.

Fig. 3a shows XRD spectra of the standard precursor NH4VO3
and samples calcined at temperatures 100—350 "C. The XRD pat-
terns were compared with PCDPDFWIN CAS No: 44-0252, 72-1278
and 89-0611 for VO,, Vg0O13 and V,0s5 respectively. Monoclinic peak
of VO, at 26 (diffraction angle) = 27.8° corresponding to the plane
(011) (PCDPDFWIN CAS No: 44-0252) is found to be dominant
among the samples calcined at 100, 150 and 200 °C. Various phases
of vanadium oxide were also observed except for those samples
calcined at 250—350 °C. The sample prepared at 250—350 °C show
the development of single phase of V,0s5. Predominantly mono-
clinic metastable VgO13 was observed for the sample calcined at
250 and 300 °C. Orthorhombic V,05 was observed at 350 °C.

3.3. Transmission electron microscope

TEM images for the calcined samples at 150 °C, 250 °C and
350 °C were carried out. Fig. 3b shows high resolution TEM image of
sample calcined at 350 °C showing single plane corresponding to
that of (101) of V50s. Inset upper corner showing SAED pattern and
lower corner showing the corresponding EDS spectrum. Sample
calcined at 150 °C reveals sheet and rod like structure with SAED
pattern of non-uniform diffraction. Single (110) plane of uniform
diffraction corresponding to that of V013 was observed for the
sample at 250 °C. The radius is measured from Image] software and
the lattice spacing was calculated to be 3.7 A which is indexed to
the monoclinic VgOq3 parameters (b = 3.671 A). The calculated
value of the lattice spacing for sample calcined at 350 °C is 3.483 A
which is corresponding to orthorhombic V,05 phase (b = 3.517 A).

3.4. Phase diagram

Fig. 4 is the phase evolution diagram showing the distribution of
oxides (VO,, V013 and V,05) with temperature. XRD pattern of
sample calcined at various temperatures has been used to devel-
oped phase diagram. The phase analysis was carried out by calcu-
lating the area of Gaussian fitted XRD peaks. The percentage of
phase was calculated using Eq. (7).

%(VO") TS A +§31:\); + o ™

where Ay, Ay ... .are the peak area corresponding to the phases x, y
... .respectively [47]. It was observed that formation of VO, phase
dominates in temperature range 150—200 °C, whereas V013 phase
is the dominant around 250—300 °C. V,05 is found to be present for
all temperatures and optimum population at 350 °C.

3.5. Raman spectroscopy

Raman spectroscopy is known to be a sensitive and reliable
technique for crystal structure study in material science and engi-
neering. This technique is based on the inelastic scattering of
monochromatic light irradiated on the sample. The frequency of
the scattered light usually collected and compared to that of the
incident light. Raman spectrum of the sample prepared at 400 °C
revels all Raman active modes of V013 [42]. A strong intense peak
at lower frequency band 137 cm™! correspond B symmetry and the
high frequency vibration at 990 cm™~! corresponding to stretching
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Fig. 4. Vanadium oxides (VO,, V013 and V,05) phase evolution diagram.

of O—V—0 atoms was observed. Vibration modes such as 277, 402
and 523 cm~! are resulting from the bending mode of V—0 band
and 686 cm~! stretching mode corresponds to the motion parallel
and perpendicular to ab-plane [43]. Raman vibrations of the sample
prepared at 500 °C show frequencies 993, 693, 527, 407, 284, 192,
140 cm ! vibrations corresponds modes of V505 [42,43].
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Fig. 5a shows Raman spectra of the standard and calcined
NH4VO3 precursor in the temperature range of 100—350 °C. The
presence of 194, 223, 265, 385, 600 and 628 cm~! vibration modes
in the samples calcined at 100—200 °C shows the predominant
population of VO, in this region [42]. The sample calcined at
250—-350 °C shows peak at 137, belong to V013 phase. The peak at
142 and 992 cm ! belong to V05 phase [42,43]. The peaks extra at
265 and 385 cm~! revels the presence of VO, phase at higher
temperatures. The peak due to ammonia vibrations is observed
around 1420 cm™~! for precursor NH4VO3 [44].

3.6. Fourier Transform Infrared spectroscopy (FI-IR)

FT-IR is a rotational vibrational spectroscopic technique that is
based on the absorption of photon by the molecules constituting a
material. Molecule absorbs the incident photon and promote to
higher energy state (excited state). The changes in energy of inci-
dent photon due to the absorption were detected. Fig. 5b shows the
FTIR spectra of the standard and calcined NH4VO3 precursor in the
temperature range of 100—350 °C.

The observed absorption shoulder at 715 cm™~! and strong peak
at 972 cm™! are correspond to the VO, [45], The shoulder at
715 cm~! was not observe for higher temperature (250—350 °C)
and the shift in 972 cm™! peak was observed at 350 °C. The peak
shifted to higher frequency 1009 cm~! at 350 °C corresponding to
single polycrystalline V5,05 phase [45]. The presence of both
shoulder and strong peak at lower temperature (100—200 °C)

15‘00 20‘(!]
Wavelength (cm™)

T
500 1000

Fig. 5. (a): Raman spectra of the standard NH4VOs and of the samples prepared by calcination of NH4VO3 from 100 to 350 °C (b): FT-IR of the standard NH4VO3 and of the samples
prepared by calcination of NH4VO3 from 100 to 350 °C.
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reveals the higher population of VO,. The higher population of V5,05
at higher temperature and VO, at lower temperature is also sup-
ported by our XRD phase calculation and Raman study.

3.7. Brunauer—Emmett—Teller (BET)

Brunauer—Emmiter—Teller theory relies on the physical
adsorption (physisorption) of gas molecules on the surface of solid-
state materials. This technique gives information about the specific
surface area of a nano-material. This theory is an extension of
Langmuir theory which described the amount of adsorbs molecules
(adsorbate) on the surface of material (adsorbent) as a function of
pressures or concentration [46]. BET equation is expressed below in

Eq. (8).
@)
0 vmC

1 _c—1
vmC

v(%o — 1)

where p and pg are the equilibrium and saturation pressure of

adsorbate at the temperature of adsorption, v is the adsorbed gas

quantity, v, is the monolayer adsorbed gas quantity and c is the BET

constant.

The BET measurements were carried out for standard and
calcined NH4VO3 at various temperatures 100—350 °C. The change
in N, adsorption with partial pressure for the sample calcined at
250 °Cis shown in Fig. 6a. The monolayer adsorbed gas v;; and BET
constant ¢ were measure as the intercept of linear plot of 1/v(po/p —
1) and p/po, shown in inset image Fig. 6a. The BET surface area
(SgeT = Vm-Ns/Va, where Ns is Avogadros number, V is molar volume
of adsorbate gas and a is the mass of the adsorbent) of calcined
samples were calculated and are shown in Fig. 6b. The surface area
is found to increase with the calcination temperatures. It follows
the Langmuir isotherms pattern with temperatures.

(8)

3.8. XPS and EDS

We have performed XPS on a reference sample containing
known mixed V3*, V4* and V°* phases of VO as well EDS of the
same reference sample. The full XPS and EDS spectra this reference
sample was reported in our recent paper [48]. This analysis has
been used to calibrate all EDS results for the our current samples
containing V013, VO, and V,0s. The analysis results are summa-
rized in Table 1. First the heights and the widths of the peaks were
determined for each peak in XPS and in EDS and areas under such
peaks were calculated. The proportions were determined from the
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Table 1

(a): XPS analysis for reference or standard sample containing VO,, V,0s, VgOq3 and
WOs. (b): EDS analysis for reference or standard sample containing VO, V5,05, V013
and WOs.

(a)

Orbitals Height, H (a.u) HO (a.u.) Width, W (eV) A %V -+ W % of V'

W(4f)72, WE* 2100 150 3 5850 51.5

W(4f)s2, W+ 1600 250 3 4050 35.6

V(2p)sj2, V4 3500 3200 1.5 450 3.9 30.8

V(2p)s2, VP* 3975 3300 1.5 10125 89 69.2

(b)

Electronic shell Height, H (a.u) Width, W (eV) A % of Vi*

Vm 500 0.2 100 15.6

VL 1500 0.3 450 70.3

Vk 300 03 90 141
Table 2

EDS analysis based on the calibrations in Table 1(a) and (b) and local composition for
the VO samples annealed at 150, 200, 250, 300 and 350 °C.

Sample  Electronic shell Height, H (a.u) Width, W (eV) A % of V"
EDX 150 Vy 900 0.15 135 10.5
3 5000 0.2 1000 77.8
Vk 750 0.2 150 117
EDX 200 Vum 800 0.1 80 10.0
Vi 5500 0.1 550 68.8
Vi 850 0.2 170 212
EDX 250 Vu 530 0.15 79.5 275
5 1700 0.1 170 58.7
Vi 200 0.2 40 138
EDX 300 Vyu 250 0.15 37.5 227
L 720 0.15 108  65.2
Vi 100 0.2 20 121
EDX 350 Vu 990 0.15 1485 15.7
L 3500 0.2 700 738
Vk 500 0.2 100 105

ratio of the area under each peak to the total of all peaks considered
[47].

From Table 1a the reference sample has 69% proportion of V505
or a contribution from mixed (metastable) VgO13 and the rest 31% of
the photo-electrons come from VO, with a small contribution from
V013 again. EDS results of the same sample indicate 70% X-ray
emission from V| electronic shell. This could be attributed to V505
and a small contribution from the mixed phase V013 as suggested
by XPS in Table 1a. EDS This shows that XPS and EDS results are in
good agreement and one can use local EDS results with this XPS

(b)
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Fig. 6. (a): N, adsorption and desorption isotherms profile of the powder calcined at 250 °C, insert is the BET plot, (b): BET surface area versus temperature for all the calcined

powders and including NH4VOs.



A.A. Akande et al. / Materials Chemistry and Physics 151 (2015) 206—214

We have summarized the EDS analysis results from the VOy
samples annealed at 150, 200, 250, 300 and 350 °C based on the
- calibration undertaken in Table 1a and b. These results are sum-
marized in Table 2. It can be observed that the proportions of the
4 phases change with annealing temperature. The changes are
i plotted in Fig. 7. The V. —temperature profile shows a decrease from
_ 100 °C to 250 °C and then increases again up to the annealing
] temperature of 350 °C. This profile agrees very well with the phase
_ diagram shown in Fig. 4 in the previous section. Similarly, the
proportions determined from V) peak at 150 °C which is exactly
the VO, profile in the phase diagram in Fig. 4 whereas the pro-
portions calculated from Vi shell increase to a maximum value at
an annealing temperature of 200 °C which agrees with the VO3
profile in Fig. 4. This assures us that the present XPS calibration of
the EDS results is correct.
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Fig. 7. Proportions of V,0s, VO, and V0,3 determined by EDS calibrated with XPS as
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they vary with annealing temperature.

calibration to determine the local composition of the current VOy

materials.

One can conclude the V| shell peak in EDS can be used to mark

3.9. Vibrating sample magnetometry (VSM)

The traditional definitions of remanent magnetization (Mg and
MR), saturation magnetization (M¢ and Ms) and squareness (SQ) in
bulk and nano-scale magnetic materials are schematically illus-
trated in Fig. 8a and b. It should be noted that nano-materials
display a shift of the hysteresis loop due to what is called ex-
change bias [48,49]. In Fig. 8c we show that hysteresis loops for all
VOx samples annealed at 100, 150, 200, 250, 300 and 350 °C
including the precursor materials of ammonium metavanadate,

V>05 whereas the Vy and Vi shells are mostly for VO, although in
both cases VgO13 has a strong indeterminate influence. One can
understand the VgO13 poses a challenge in ascertaining its exact

NH4VOs3. One can note that all samples show a degree of shift in the
hysteresis loops which reveals that all the powders are nano-scale
materials. As to whether these materials are ferro- or ferri- or para-

contribution owing to its meta-stable nature.

magnetic, the loops show very small amount of squareness, of the
order of 1072, and a very small opening in the loops [typical values
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Fig. 8. Vibrating sample magnetometry (VSM) for the VO, samples annealed at 100, 150, 200, 250, 300 and 350 °C (a) Parameters definition for a hysteresis loop for bulk and nano
materials (b) Hystersis loops for VO samples annealed at 100, 150, 200, 250, 300 and 350 °C and (c) A plot of the hysteresis loop parameters against annealing temperatures.
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Table 3

A summary of the hysteresis loop parameters of remanent magnetization (Mg and My), saturation magnetization (M{ and Ms) and squareness (SQ) as well hysteresis width

and exchange bias width.

Annealing temp Coercivity (Hci), MR negative, emu/ MR Positive, emu/ MS negative, emu/ MS positive, emu/ Squareness Loop opening emu/ Exchange bias emu/

°C G g g g g g g

100 231.12 -0.17 -0.11 -1.10 0.90 0.03 0.06 0.03
150 94.32 -0.19 —0.20 -1.26 0.89 0.00 —0.01 0.00
200 143.64 —0.31 -0.25 -2.13 1.54 0.02 0.06 0.03
250 36.42 -0.12 —0.09 -1.58 1.15 0.01 0.04 0.02
300 320.09 —0.20 -0.13 -1.21 0.86 0.04 0.08 0.04
350 17.90 -0.19 -0.17 —2.06 2.05 0.00 0.02 0.01

of HE-H¢ of the order of 1072]. This points to the fact that these
materials are largely para-magnetic. However, there is a finite
coercivity (Fig. 8d and e) in samples (from 17 to 300 G) showing
there is a degree of ferro-magnetic order in this paramagnetic
matrix.

In Table 3 we give a summary of the parameters of remanent
magnetization (Mg and Mg), saturation magnetization (Md and
Ms) and squareness (SQ) as well hysteresis width and exchange
bias width obtained from the hysteresis loops given in Fig. 8b. The
hysteresis width has been estimated to be proportional to the loop
opening in the vertical axis which is the difference between Mg and
Mg.

HW o (Mf{ - M§> = k(M];(high) — Mg (low)) 9)

The exchange bias width has been estimated to be half of this
opening as previous done [50].

M _ ’25<M,;(high) ~ Mg (low))

A plot of these parameters for all annealed samples is given in
Fig. 8d and e and it is interesting to note that coercivity generally
decreases with annealing temperature although it shows a high
point at 300 °C whereas remanent magnetization (Mg and Mg),
saturation magnetization (Md and Mg) all show the lowest values
at 200 °C. At the former temperature, it is interesting to note that
this is a transition temperature from VgO13 to V505 and the latter is
a transition temperature from VO, to VgOi3. VSM confirms the
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following order of appearance: VO, — Vg013 — V505 as temper-
atures of annealing are elevated.

3.10. Applications: humidity sensing

We have shown before how VO, has been employed in sensing
of hydrogen [51,52]. In this present report, we have also subjected
the VOx samples annealed at 150 °C (VO;), 250 °C (VgO13) and
350 °C to sensing of humidity. The transient profiles of the current
through the sample placed on inter-digitated electrodes in the
presence or absence of varying humidity levels are shown in Fig. 9a.
Each time the humidity level is allowed in the chamber, the current
through the samples decreases. This means that all VOx samples
gain resistance upon interaction with water vapour. Since all these
VOy phases are known to show n-type conductivity, we could
explain the increase in resistance as an indication of water mole-
cules taking away electrons or O,- species from VOy surfaces during
adsorption but releasing these electrons back on desorption. In
Fig. 9b we plot response [defined as S = (Iout — Iin)/lin] as a function
of humidity level. This plot reveals the Langmuir type of adsorp-
tion—desorption isotherms.

4. Conclusion

A few milligrams of ammonium metavanadate powders were
calcined in pure hydrogen atmosphere at temperature of 100, 150,
200, 250, 300 and 350 °C. The samples were characterized by TGA/
DSC, XRD, TEM, Raman spectroscopy, FTIR,BET, VSM and XPS/EDS.
All these characterization methods lead us to conclude that the
progression from NH4VO3 to V205 is as follows:
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Fig. 9. (a) Transient profiles of current through the VO4 samples in varying levels of humidity (b) Responses weighted against BET surface area for VOx samples as function of

humidity level.
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NH4VO3—V03+V,05 (150—200 °C) — V013 (300 °C) — V205
(above 325 °C). At no temperature does one find a single phase;
each temperature of calcinations will have a major and a minor
phase or a number minor phases. The total surface area appears to
increase with a decreasing rate as the temperature of calcinations is
increased. A phase diagram based on XRD and Raman has been
constructed for VO, Vg013 and V,05. XPS/EDS analysis agrees with
this phase diagram. It is also found that VSM confirms the order of
VO, — Vg013 — V05 transitions as temperatures of annealing are
elevated.
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Room Temperature Methane (CH,) Sensing by
Vanadium Oxide (VO, ) Nanoparticles
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Vanadium (VO,) nanoparticles (NPs) prepared by hydrothermal microwave method have been characterized
and tested for methane (CH,) detection. The particles structures composed of sphere-like mixed crystalline and
amorphous grains with an average diameter of <100 nm. High BET surface area of 67 m?g~" and nano porous
property of 16 nm was observed. Room temperature sensing of CH, gas by VO, NPs was achieved with optimal
responsivity as oppose to the performance of other fundamental metal-oxide materials. The sensor response
profile follows the underlying mechanism between VO, and CH,.

Keywords: Methane, Sensing, Nanoparticles, Vanadium Dioxide, Vanadium Pentoxide, Microwave

Synthesis.

1. INTRODUCTION

Elevated atmospheric pollution has attracted the attention of sci-
entist in the recent years, and has geared their interest towards
building effective and inexpensive systems for detection and
quantification environmentally hazardous gases.! Methane among
others is highly explosive and flammable gas with higher poten-
tials in causing and escalating fire in the industries and house-
hold kitchen since it is been widely used as a cooking gas.
Metal oxide materials such as ZnO, SnO,, WO prepared using
Screen printing, RF-sputtering and Chemical Vapour Deposition
(CVD) methods have been tested for the detection of CH, gas,
but none of these materials were able to detect the CH, gas at
low concentration (say 50 ppm and less) and at temperature near
room due to their elevated transition temperature property. The
report have shown that SnO, and ZnO can detect low concen-
tration of CH, with the aid of catalyst such as antimony (Sb),
platinum (Pt) but with high working temperature.>* ¢ This paper
report on the preparation of VO, nanoparticles by microwave
hydrothermal method and their room temperature detection of
CH, gas.

Microwave assisted synthesis is fast becoming an attractive
alternative method in the materials’ synthesis especially in the
regime of nanoparticles synthesis.”® The conventional or tradi-
tional way of driving heat into the reacting system have shown
the following disadvantages; the activation of the reactants is
slow, the heat driving into the substance would first pass through

*Authors to whom correspondence should be addressed.
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the walls of the vessels/tube in order to reach the reacting sys-
tem and consequently make reaction energy intensive and less
efficient.” Microwave synthesis process is not limited by the
thermal conductivity of the vessel, microwave energy couples
directly to the entire molecules of the reacting system, lead-
ing to a rapid rise in temperature and efficient use of energy.
Many reports containing higher degree of crystallinity, narrower
size distributions and greater control over shape and morphol-
ogy of nanostructures by microwave synthesis methods have been
presented.®

Vanadium oxides are class of transition metals with vanadium
oxidation states ranging between +1 to +5 in general. These oxi-
dation states usually leads to the formation of a variety of binary
oxides such as VO, V,0;, VO,, and V,05 and phases which
include other members of Magneli phase (V,0,,_,) namely;
V,40,, V50, etc., and phases with general formula (V,0,,,)
such as V;0,, V,0, and V(0,5. 1% These oxide materials have
most fascinating technological applications and academic inter-
ests because of their ability to show-case different electrical,
optical and magnetic properties at various compositions.'!!?
They are low mobility semiconductor with predominantly n-type
conductivity and are classified among the groups of metal-to-
insulator transition (MIT) materials by David Adler and Neville
Francis Mott 1968,% !> drawing their conclusion from the theo-
retical distinctions between metal and insulator by Bethe 1928,
Sommerfeld 1928, Bloch 1929, de Boer 1937 and Peierls 1937.13
The two oxides of interest in this report are vanadium dioxide
(VO,) with MIT temperature (7.) of 68 °C and vanadium pen-
toxide (V,05) with MIT temperature (7) of 375 °C. Both oxides

doi:10.1166/as1.2016.6922 901
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Fig. 1. Schematic diagram of KSGA565 KENOSISTEC sensing station illustrating how the gas sensing measurement was performed.

have been applied in novel devices such as thermo-chromic
smart/intelligent window, electro-chromic window and electro-
chemical devices. Gas sensors based on MIT/switching of VO,
nanowire have been demonstrated,'* NO sensing capability of
polycrystalline V,05 phase and VO, nanotubes type thin film
has been achieved.'> Hydrogen sensing by VO, has also been
recently demonstrated.'®!” VO, exhibits a monoclinic crystal-
lographic structure at 7. < 68 °C with a band gap of 0.7 eV
and tetragonal structure at T, > 68 °C.° The change in crystal
structure and the shift in energy band between the stable metal-
lic tetragonal phase and distorted/dimerized insulator monoclinic
phase have been reported to be responsible for its MIT induced
property. V,O5 has an orthorhombic crystallographic structure at
T, =375 °C with a band gap of 2.5 eV. V,05 has 45 oxidation
state and forms the most stable composition among vanadium
oxides.!!- 1418

2. EXPERIMENTAL DETAILS

About 0.5 g of NH,VO; powder (purity 99.99%) was ultrasoni-
cally dissolved in 10 mL ethanol, and 5 moles of N,H, reagent
was added drop-wise. The mixture was transferred into 100 mL
Teflon vessel and placed onto the Multiwave 3000 Microwave
reactor. The reactor power was set to 600 W and the temperature
was maintained at 180 °C for 20 minutes. The vessel in the reac-
tor was allowed to cool for 25 minutes. Afterwards, the resultant
mixture was collected by filtration and washed repeatedly using
isopropanol and acetone in an ultrasonic bath to remove unde-
sired impurities and to minimise particle agglomeration. The final
product was dried at 100 °C for 11 hours.

The powder was characterized using a Panalytical X’ pert
Pro PW 3040/60 XRD equipped with Cu Ka (A = 0.154 nm)
monochromatic radiation source. XRD patterns were recorded at
45.0 kV and 40.0 mA from 26 =5 to 90°. Raman spectroscopic
studies were conducted using a Jobin—Yvon T64000 Raman spec-
trograph with a 514.5 nm excitation wavelength from an argon
ion laser. The power of the laser at the sample was low enough
(0.384 mW) in order to minimise localised heating of the sample.
The T64000 was operated in a single spectrograph mode, with the
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1800 lines/mm grating and a 100x objective on the microscope.
Morphology studies were carried out using a LEO 1525 field
emission scanning electron microscope (FESEM) and JEOL 2100
Transmission Electron Microscopy (TEM) (from Tokyo Japan)
for the high resolution image.

BET analyses were carried out using Micromeritics TriStar 11
series Surface Area and Porosity instrument and a Micromeritics
sample degassing system from USA.

Gas testing measurements were achieved using KSGA565
KENOSISTEC from Italy. The illustration below in Figure 1 is
the schematic of the gas sensing station. The set-up consistit of
a test chamber, sensor holder, interdigitated electrode (for con-
tacting the powder) and source meters. To carry out the measure-
ments, VO, powder was dispersed in ethanol and making a thick
paste on the interdigitated electrode.

3. RESULTS AND DISCUSSION

Figure 2(a) shows the XRD pattern of VO, nanoparticles (NPs)
belonging to the monoclinic phase of VO, and orthorhombic
V,0;. Diffractions at 26 = 27.8° (011), 42.3° (211) and 65.2°
(031) are characteristics of monoclinic VO, which was identified
using PCDPDFWIN CAS No: 44-0252 and the broad diffraction
at 20 = 17.4° (200) is associated with V,05 orthorhombic using
PCDPDFWIN CAS No: 89-0611. This XRD profiles showed
broad diffraction peaks denoting that the nanostructures com-
posed of an amorphous network and crystalline region. The crys-
tallites size of about 6 nm was calculated using Debye Scherer’s
model. SEM micrograph of VO, NPS in Figure 2(b) shows for-
mation of “sphere-like” particles (sphares consist of tiny parti-
cles) with an average diameter of <100 nm. Analysis of this SEM
image revealed that the material particles’ are predominantly in
the range of nanometres. Figure 2(c) is the HRTEM of VO, NPs
showing diffraction planes corresponding to (200) of V,0s, and
Figure 2(d) is the selected area electron diffraction (SAED) pat-
tern showing that the particles composed mixed crystalline and
amorphous grains. The more crystalline plane (first ring) among
the four rings in the SAED is attributed to the plane (200) of
V,05 as suggested by the XRD profile.
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Fig. 2. (a) XRD pattern of VO, nanoparticles, (b) SEM micrograph of VO, nanoparticles, (c) HRTEM of VO, NPs, (d) SAED pattern of VO, NPs.

Raman specrum of VO, nanoparticles in Figure 3(a) shows
Raman active modes of V,05 and VO,. A strong peak at lower
frequency band 141 cm™! corresponding to the Bg symmetry
while the high frequency vibration at 992 ¢cm~! corresponds to
stretching of O-V-O atoms. Vibration modes at 282, 402 and
525 cm™! are resulting from the bending mode of V-O band
while the stretching mode at 692 cm™! corresponds to the motion
parallel and perpendicular to ab-plane.'® ! These vibrations are
characteristics of V,0s. The development of VO, vibration mode
observed at 194 cm™! and frequency band of 142 cm~! were
assigned to VO, by Petrov et al.”’ This profile showed that V,0s
dominates the surface of VO,.

The specific surface area Sgpr and pore size/diameter (d,,,)
of 67 m*g™" and d,,, of 16 nm, respectively, were determined
by physisorption of nitrogen according to BET theory as shown
in Figure 3(b) and Eq. (1), where p and p, are the equilibrium
and saturation pressures of the adsorbate at the temperature of
adsorption, v is the adsorbed gas quantity, v,, is the monolayer
adsorbed gas quantity and c.?!

1 _c—l P L
Aoo/p) 1]~ vpe (po>+vmc W

Surface area and nano porous properties revealed the potential of
the material in gas and chemical sensor application. BET surface
area of 67 m’>g~! and average pore diameter of 16 nm obtained
are large compared to that of VO,(B) nanoneedles previously
reported by Sediri et al.?

Electrical and gas sensing properties of the pristine VO, NPs

were measured as described in the set-up in Figure 1. The sensor

test was performed by measuring the resistance of the sensor
when exposed to CH, gas. Figure 4(a) shows variation of the
current flowing through VO, NPs for different concentrations of
CH, gas (at room temperature). The underlying sensing mecha-
nism between VO, and CH, gas is as follows, when VO, which
is an n-type semiconductor is exposed to air at either changed
or ambient condition, the chemosorbed oxygen at the surface
of the material will acquire an electron from its conduction
band to form ionic species.! Acquisition of electron from the
conduction band of an n-type semiconduction would lead to a
decrease in electron concentration and increase in the resistance
(decrease in conduction) of the material. Introducing VO, to a
reducing species such as CH, gas' could decrease the resistance
(increase the conduction) of the sensor. Figure 4(b) represents
sensor response as a function of different CH, gas concentrations.
The sensor response is defined as

S(%) = Gaw ~ Cuir x 100 )
Gair
where G, and G, are the conductance of VO, in the presence
of CH, (analyte gas) and air respectively. Sensor response fol-
lows Langmuir isotherm profile in that; the response increases
with gas concentrations before saturation effect at 40 ppm of CH,
concentration. Chemical reaction between CH, and oxygen atom
in the VO, is also assumed to responsible for the saturation effect
at high concentration of CH,. The product of this reaction could
be CO and H,O, the sensor response shows a damping trend at
higher concentration which implies that the VO, could not detect
the product of CH, degradation. Narrow band gap property and
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low MIT temperature of VO, compared to other transition metal-
oxides may be the reason why VO, NPs were able to detect CH,
with high responsiveness and at room temperature.

4. CONCLUSIONS

Room temperature sensing of CH, gas was performed by VO,
NPs synthesized using microwave assisted hydrothermal method.
The particles composed of sphere-like mixed crystalline and
amorphous grains with high surface area and porosity. Room
temperature sensing, low concentration detection and high sensi-
tivity of CH, in the case of VO, NPs as oppose to the perfor-
mance of other fundamental transition meta-oxide may be due to
the narrow band gap of VO, as well as its low MIT temperature

property.
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Abstract: V,0s nanoparticles (NPs) were prepared using microwave irradiation technique and characterized
using X-ray diffraction (XRD), Raman spectroscopy (RS), Field emission scanning electron microscopy
(FESEM). The physiosorption analysis with the aid of Brunauer-Emmiter-Teller (BET) method shows high
surface area and relatively high pore diameter. The material’s gas sensing capabilities was tested for NH; and
NO, keeping operating temperature at 300 K. An increase in electrical resistance were observed for both NH3
(reducing gas) and NO; (oxidizing gas). This increase in resistance has been explained from the fact that V,Os
possess both n-type and p-type conductivity with NHj3 preferring to interact with the n-type phase and NO,
attaching to p-type adsorption sites. The sensitivity of the p-type V.0s phase to NO; is found to be 32 times
greater than the sensitivity of the n-type V,Os phase to NHsz. The results show that V,Os is 32 times more
sensitive to NO, than NH3. Copyright © 2015 IFSA Publishing, S L.

Keywords: V,0s, Nano-particles, Selectivity, Sensitivity, NHs;, NO,, Oxidizing gas, Reducing gas, n-type,
p-type, Conduction band.

extensively studied as semiconductor materials
because of its ability to exhibit metal-to-insulator

1. Introduction

Nanoscale materials are very suitable for gas
detection at molecular level due to their inherent
small size, high conductance and large surface-to-
volume ratio [1]. Wide band gap semiconductor
metal oxides like SnO,, ZnO, WO;, V,05 and TiO,
are widely investigated materials for gas sensors
application because of their simplicity, easy to
synthesize, cost effective and capability of detecting
large number of toxic and volatile gases under
different conditions [1]. Vanadium has been

http://www.sensorsportal.com/HTML/DIGEST/P_2724.htm

phase transition with respect to temperature and
pressure [2-3]. Vanadium pentoxide (V,0s) forms the
most stable oxide among other binary oxides of
vanadium, it exhibits orthorhombic crystallographic
structure at Tc = 375 °C with a band gap of 2.5 eV
[3-4]. Sensing capability of V,0s nanostructures has
been achieved for nitrogen monoxide [5] and
nitrogen dioxide and ethanol [5], the material has also
been applied in thermo-chromic window, electro-
chromic window and electrochemical devices [6]. In
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this current work, we report the chemiresistive
properties of V,0s NPs to NH; and NOy gases.

2. Experimental

0.5 grams of Ammonia metavanadate NH4VO;
powder (purity 99.99 %) was ultrasonically dissolved
in 10 mL distilled water, and 5 moles of N,H, reagent
was added drop-wise. The mixture was transferred
into 100 mL Teflon vessel and placed onto the
Multiwave 3000 Microwave reactor. The reactor
power was set to 600 W, the temperature was
maintained at 180 °C, and the reaction was allowed
to run for 20 minutes after which the reactor cooled
the vessels for 25 minutes. Afterwards, the resultant
mixture was collected by filtration and washed
repeatedly using isopropanol and acetone in an
ultrasonic bath to remove undesired impurities and to
minimise particle agglomeration. The final product
was dried at 100 °C for 11 hours.

The powder was characterized using a Panalytical
X’ pert Pro PW 3040/60 XRD equipped with Cu Ka
(A=0.154nm) monochromatic radiation source. XRD
patterns were recorded at 45.0 kV and 40.0 mA from
20 = 5 to 90°. Raman spectroscopic studies were
conducted using a Jobin—Yvon T64000 Raman
spectrograph with a 514.5 nm excitation wavelength
from an argon ion laser. The power of the laser at the
sample was low enough (0.384 mW) in order to
minimise localised heating of the sample. The
T64000 was operated in a single spectrograph mode,
with thel800 lines/mm grating and a 100x objective
on the microscope. Morphology studies were carried
out using a LEO 1525 field emission scanning
electron microscope (FESEM). BET analyses were
carried out using Micromeritics TriStar II series
Surface Area and Porosity instrument and a
Micromeritics sample degassing system from USA.

3. Gas Sensor Test

Gas testing measurements were achieved using a
set-up (at the university of Cologne Germany) similar
to the KSGA565 KENOSISTEC sensing
measurement illustrated in Fig. 1. The sensor was
prepared by dispersing V,0s NPs in ethanol and
making a thick paste on the interdigitated electrode
and the test were performed by measuring change in
electrical resistance of different concentration of the
analyte using KEITHLEY picoammeter system.

4. Results and Discussion

Fig. 2 shows the XRD pattern of V,0s
nanoparticles (NPs) belonging to the orthorhombic
phase of V,0s. The broad diffractions at 20 = 17° are
the characteristics of the orthorhombic V,0s 200
reflection [PCDPDFWIN CAS No. 890611].
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Fig. 2. XRD pattern of V20s NPs.

However, the development of VO, monoclinic
phase was also observed at 26=27.6° [PCDPDFWIN
CAS No. 710042]. The crystallite size of the particles
was calculated using Debye Scherer’s model and
found to be 5 nm. The SEM micrograph of V,0s NPs
in the Fig. 3 shows formation of sphere-like
colloidal particles.

Fig. 3. SEM micrograph of V205 NPs.

Raman specrum of V,0s NPs in Fig. 4 shows
Raman active modes of V,0s. A strong peak at lower
frequency band 141 c¢cm’!' corresponding to the Bg
symmetry while the high frequency vibration at
992 cm’! corresponds to stretching of O-V-O atoms.
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Vibration modes at 282, 402 and 525cm’! are
resulting from the bending mode of V-O band while
the stretching mode at 692 cm' corresponds
to the motion parallel and perpendicular to ab-plane
[3, 7-8]. In agreement with XRD analysis, the
development of VO, monoclinic vibration mode was
also observed at 194 cm™ [9].
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Fig. 4. Raman spectrum of V205 NPs.

The specific surface area Ssger and pore
size/diameter (dpor) of 92.7 m2?g™! and dpor of 12 nm,
respectively, were determined by physisorption of
nitrogen according to BET theory as shown in Fig. 5.
The surface area and the nano-porous studies by
SEM and BET revealed the material’s potential in
gas and chemical sensor application.
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NPs, insert is the BET plot.

The measured electrical response for different
NH; concentrations is presented in Fig 6 (a), with
operating or substrate temperature kept at 28 °C. The
material showed good response to NHj;, Fig. 6 (b)
shows linear profile for NH; sensitivity plot, where
Rgas and Ry are the resistance of V,Os NPs in the
presence of the analyte gas and air respectively
[10, 11]. The measured electrical response for
different NO, concentrations is presented in Fig. 7 (a)
with operating temperature kept at 28 °C. The
material showed good response for all
conncentrations. Increase in the electrical resistance
of V,0s NPs sensor upon injection of the oxidising
gas NO, shows p-type semiconductor behavour.
Fig. 7 (b) is the NO; sensitivity profile.
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Fig. 7. (a) The electrical response of V20s NPs for different

concentrations of NOz, (b) Sensor response as a function
of different NO2 gas concentrations.
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The proposed mechanism bases on the fact that
V,0s is known to exhibit both p-type and n-type
conductivities [3-4]. The results show that NHj
prefers to interact with the n-type phases of V,0s. In
this case the NH3 molecule captures the adsorbed Oy
ions from the V,Os surface and oxides to NO, and H,
as depicted in Fig. 8. This process robs the n-type
phase of V,0s of its electrons leading to less electron
population in the conduction band (CB) and hence
increase in resistance as shown in Fig. 6 (a).

XNH; — yNO, + zH,

\ i »€ - released from CB
n-type V,0; surface 5,

0y
Resistance increases

xNO, —> yN,

7 holes decreased in the CB
p-type V0, surface —>

Resistance increases

Fig. 8. Sensing mechanism of V20s NPs.

As for the proposed sensing scheme for NO,, the
results show increase in resistance regardless of the
fact that NO, is an oxidising gas. This is clear
evidence that NO, prefers to interact with the p-type
phase of V,0s. In this case NO; interacts with holes
or vacancies in the adsorbed O,. When such a hole
interacts with NO;, the NO; is broken into N, and
adsorbed O,. Only N» is released in the process
leaving behind the O, as adsorbed at the V,Os surface
as Oy. In the process the p-type phase will have
gained and electron or lost a hole in the conduction.
The loss of holes in the CB of a p-type V,0s leads to
an increase in resistance as shown in Fig. 7 (a).

It is worth noting that the magnitude of responses
of V,0s sensor to both NH; and NO, are many
magnitude different. The sensitivity of the n-type
phase to NHs is calculated as the slope of the
response vs concentration curve in Fig. 6 (b). This
works out to be 3.47 x 10 ppm’. When the same
sensitivity calculation is done for the p-type phase to
NO; form Fig. 7 (b) one finds the value of 0.11. The
response of the p-type phase to NO, is therefore
32 time greater than the sensitivity of the n-type
phase to NHs. Therefore, this V,Os sensor is 32 times
more selective to NO, than to NHj;. This further
suggests that the V,0s nanomaterials is
predominantly p-type.

7. Conclusions

We report gas sensing capability of vanadium
pentoxide nanoparticles synthesized using microwave

64

assisted techniques. The SEM image and BET
nano-porous analysis revealed the large surface
property of the material. Electrical response for
different concentrations of these gases showed good
response, and the reaction mechanism between the
gases and sensor showed that V,Os NPs is
predominantly a p-type semiconductor with a ratio of
p-type- to- n-type of 32:1. This suggests that for
every one electron in V»0s there are 32 holes. We
conclude from the results that V,Os is 32 times more
selective to NO; than to NH3.
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Gate Voltage Controlled

Humidity Sensing Using

MOSFET of VO, Particles

A. A. Akande, B. P. Dhonge, B. W. Mwakikunga, A. G. J. Machatine

Abstract—This article presents gate-voltage controlled humidity
sensing performance of vanadium dioxide nanoparticles prepared
from NH,VO; precursor using microwave irradiation technique. The
X-ray diffraction, transmission electron diffraction, and Raman
analyses reveal the formation of VO, (B) with V,0s and an
amorphous phase. The BET surface area is found to be 67.67 m%/g.
The humidity sensing measurements using the patented lateral-gate
MOSFET configuration was carried out. The results show the
optimum response at 5 V up to 8 V of gate voltages for 10 to 80% of
relative humidity. The dose-response equation reveals the enhanced
resilience of the gated VO, sensor which may saturate above 272%
humidity. The response and recovery times are remarkably much
faster (about 60 s) than in non-gated VO, sensors which normally
show response and recovery times of the order of 5 minutes (300 s).

Keywords—voz, VO, (B), V,0s, MOSFET, gate voltage,
humidity sensor.

I. INTRODUCTION

HE well-known phases of Vanadium oxides VO,, V,0;

and V,0s with V¥, V**, V** jonic state (valence state)
respectively, among other homologues series or members of
the groups V,021,ViOnn1, ViOansi, etc. have a significant
impact on current research in the optical and electronic field
[1]-[3].- The most interesting one among them is VO, because
of its semiconductor-to-insulator transition around 340 K
which is usually accompanied by a change in properties such as
resistivity, conductivity, optical transmittance and reflectance
[2]. All these properties have been reported to be preceded by
phonon and electron interactions with crystal structure as it
changes from low-temperature monoclinic M; phase (with
space group P2,/c) to high-temperature rutile phase R (with
space group P4,/mnm) and electronic band dimerization [2],
[3]. However, VO, phase has been discovered to have many
other polymorphs apart from the distorted M, and most stable
R phases mentioned above. These other members are the meta-
stable VO, (B), VO, (A), VO, (Ayp) [4], [5] and M, the
intermediate phase between M; and R phase. These phases
have been generally useful in technologies such as thermal
switch (thermochromic window), thermal/infrared sensors,
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ultrafast switches, optical modulators (optical gating), solid
oxide fuel cell electrodes, chemical and humidity sensors [6],
[7]. For example, humidity sensing of vanadium particles
seated on AlO;-Pt interdigitated electrode configuration has
been demonstrated in the previous study [1].

In this report, the effect of gate voltage to the humidity
response of mixed amorphous-crystalline VO, (B) in MOSFET
configuration will be presented.

II. METHODOLOGY

A. Material Preparation

Synthesis of VO, powders was achieved through microwave
irradiation. The precursor NH,VOs (purity 99.99%) and oxalic
reagent are thoroughly dissolved in deionized water. The
solution was transferred into 100 mL Teflon vessel and placed
onto Multiwave 3000 microwave reactor. The reactor power,
temperature and the reaction time were maintained at 600 W,
180 °C and 20 minutes, respectively. The synthesised sample
was allowed to cool for 30 minutes and washed repeatedly with
organic solvents in an ultrasonic bath to remove impurity and
to minimize agglomeration. Finally, the sample was dried at
100 °C for 12 h.

B. Material Characterization

The characterization techniques used to analyse this material
are: Panalytical X’ pert Pro PW 3040/60 (XRD) with Cu K,
(A=0.154 nm) monochromatic radiation and Jobin-Yvon
T64000 Raman spectrograph (RS) with argon ion laser (power
0.384 mW) operated in 514.5 nm excitation wavelength for
structural analyses and JEOL 2100 transmission electron
microscopy (TEM) for the morphological studies.

C. Phisosorption Test, VO, MOSFET Fabrication and
Humisity Sensing Measurements

Adsorption and desorption isotherm to N, molecule was
carried out  using  Brunauer-Emmett-Teller  (BET)
Micromeritics TriStar II series Surface Area, Porosity
instrument and degassing system from the USA.

The VO, MOSFET was fabricated by ultrasonically
dispersing the VO, particles in the organic solvent for 30
minutes and drop-casted onto drain-gate-source electrodes. The
connection configuration MOSFET is developed in our group
[8]-

Humidity sensing measurements were conducted using
KSGAS565 KENOSISTEC instrument from Italy. VO,
MOSFET was situated in the chamber and connected to the
KEITHLEY source-metre incorporated in the system. The
instrument set-up and sample preparation details are reported
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elsewhere [9]. Humidity measurements were performed for
relative humidity ranging from 15 to 80% at different gate
voltages.

III. RESULTS AND DISCUSSION
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Fig. 2 Raman spectrum of VO, particles

The crystal structure of the VO, particles is shown by the
XRD spectrum in Fig. 1. The spectrum clearly shows that the
phase produced herein is VO, (B) with trace presence of V,05
and amorphous phase of both V,05 and VO, (B). The low
angle peak at 15° (20) is the characteristic peak of V,Os
(PCDPDFWIN CAS No: 89-0611). This evidence shows that
the precursor NH,VOs; has undergone reduction process in the
following order: NH,;VO; — V,05 —» VO,. This order of
formation is validated by the fact that NH,VO; has the
vanadium ion in the V' state similar to that of V,0:s.
Reduction from V°* of V,05 to V*" in VO, requires extra
energy which is provided from calcination. Moreover, the
phase VO, (B) has been widely reported in the literature as the
preferred phase microwave synthesis and other hydrothermal
techniques [4], [5]. Many phases VO, (B) were identified and
index, the broad and intense peak at angle 27.8 (20) with (002)
reflection, the peak at 43.5 (20) with (003) reflection and others
according to the JCPDS 81 - 2392. The Raman spectrum, as
shown in Fig. 2, reveals the peaks corresponding to VO, and

International Scholarly and Scientific Research & Innovation 11(1) 2017

V,0s vibrational modes. The peaks belonging to V,0s phase
seems to dominate in the spectrum because it is a very stable
compared to the VO, phase of vanadium oxides. This means
that the V,0s might be formed at the surface of the core
crystalline VO,, hence Raman spectroscopy which is surface
analysis technique captured more surface phonons than the
core. A similar effect has been reported by Mwakikunga et al.
[10] and Akande et al. [11].

The TEM image of the VO, particle in Fig. 3 (a) shows that
the particles are composed of mixed crystalline grains and the
amorphous phase. The first ring, in Fig. 3 (b), which presents
the selected area electron diffraction (SAED) pattern, after the
central undiffracted diffuse electron beam can be index to
(002) Miller plane of the VO, (B) crystal structure. The
second ring could be attributed to the second intense peak in
XRD which also belongs to VO, (B). The TEM SAED agrees
with XRD that VO2 (B) is the dominant phase.

Fig. 3 (a) TEM of VO, particles, (b) selected area electron diffraction
(SAED)

The BET surface area and physisorption adsorption/
desorption isotherm shown in Fig. 4 show high detection
capability of the VO, particles to N, molecules. The quantities
in the figure showed improved physisorption effect compared
with the one observed in the CVD synthesis of VO, [1]. The
present surface are is found to be 67.67 m*/g compared to the
maximum surface area value of about 16 m*/g in the previous
finding.
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The humidity sensing measurement was carried out at —V of
the drain to source voltage. The gate voltages (V,) was varied
from 0 to 15 V. The sensing device response to various
humidity level for different gate voltages is shown in Fig. 5.
The optimum gate voltage was found to be 5 V. The reason for

International Scholarly and Scientific Research & Innovation 11(1) 2017

the 5-V optimum response can be attributed to an effect similar
to response-temperature curves in traditional thermally-
activated sensors. In such thermally-activated sensors, there
exists an optimum temperature at which one gets the maximum
response. At lower than this critical temperature, it is known
that one gets adsorption increasing with temperature. At higher
than this critical temperature, the semiconductor properties,
where resistance decreases with rising temperature, dominate
the adsorption effect. The analogy here is that the heater under
the traditional sensor is replaced with a gate or bias voltage. At
lower than the critical gate voltage, the adsorption of water
vapor molecule effect dominates any other mechanisms
available. At higher than this voltage the transistor is driven its
pinch-off state where reduced current leads to drastic reduction
in response to the adsorbing water vapor molecules. The pinch-
off state is synonymous to either the Gunn Effect or the
Josephson’s junction effect where negative resistance has been
reported for this configuration of transistors in the patent [8].

The change with respect to time in the source to drain
current with various percentages of humidity at Vg = 5 V is
shown in Fig. 6. The response time is typically 60 s and
recovery time is 70 s. This is very quick response and recovery
when compared to the previous VO,(B) sensor.
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Fig. 7 Non-linear profile of the response to humidity as a function of
the level of the relative humidity

When one considers the response to humidity as a function
of the level of the relative humidity as shown in Fig. 7, one
observes a non-linear profile which is symptomatic of S-
shaped curves in dose-response characteritic equation such as
that of Hill, Boltzman S — equation or the dose-response
equation. When the three equation were tried for fitting, the
does-response equation given by

_ G _Go _
res GO

A-A
Al + 1+10(logRH0—RH)p

G O

where A; and A, are the lowest and highest sensor responses
log(RHy) is the logarithm of the relative humidity at 50%
response whereas EC50 is the antilogarithm of log (RH,) dose
at which 50% response is achieved by the sensor and p is the
Hill factor. From the fitting, EC50 value is 272%, p = 1.26 x
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10272 whereas log(RHO) is 272.1, A1 and A2 are respectively
0.118 and 12096 with a correlation coefficient, R?, of 0.925.
These results suggest that the VO, sensor is very resilient to
humidity such that it does not saturate even when humidity
approaches 100%. This sensor can then withstand rainy
conditions.

IV. CONCLUSION, ON-GOING STUDIES

The nanostructured vanadium oxide was successfully
synthesised and used for the humidity sensing measurements in
MOSFET configuration. The gate voltage was optimized to Vg
= 5 V. The high intensity peak of V,0s vibration modes
observed in Raman spectra reveals the formation of core-shell
structure. The presence of V,0s phase with amorphous
background was also observed in XRD and TEM
measurements. The BET surface area was found to be 67.67
m?’/g. The response and recovery times of the gated sensor are
remarkably greater (of the order of 60-70 s) than the non-gated
VO, sensor (which showed time of more than 300 s). The
response-humidity data are non-linear and follow the typical S-
curve profile. The response-dose equation fits the response-
humidity data better than the Hill or Boltzmann S-curve
equations and it is found that the sensor is very resilient to
humidity by showing a humidity level of more than 100%
where the response of the sensor could be reduced to 50%.
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Abstract

®

CrossMark

A layer of ~30nm V;,05/100 nm-SiO; on Si was employed in the in situ Raman spectroscopy
in the presence of NHj effluent from a thermal decomposition of ammonium acetate salt with
the salt heated at 100 °C. When the layer is placed at 25 °C, we observe a reversible red-shift of

194cm™~! V,05 phonon by 2cm™!

upon NHj gas injection to saturation, as well as a reversible

blue-shift of the 996cm ™! by 4cm ™! upon NHj3 injection. However when the sensing layer is
placed at 100 °C, the 194 cm ™! remains un-shifted while the 996 cm ™! phonon is red-shifted.
There is a decrease/increase in intensity of the 145cm~! phonon at 25 °C/100 °C when NH3
interacts with V,0s surface. Using the traditional and quantitative gas sensor tester system, we
find that the V,05 sensor at 25 °C responds faster than at 100 °C up to 20 ppm of NH3 beyond
which it responds faster at 100 °C than at 25 °C. Overall rankings of the NH3 gas sensing
features between the two techniques showed that the in situ Raman spectroscopy is faster in
response compared with the traditional chemi-resistive tester. Hooke’s law, phonon confinement
in ~51 nm globular particles with ~20nm pore size and physisorption/chemisorption principles

have been employed in the explanation of the data presented.

Keywords: V,0s, VO,, in situ Raman sensing, blue-shift, red-shift, selectivity, phonons
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1. Introduction

Semiconductor metal oxide gas chemo-resistive sensors have
been a preferred transduction or method of detecting flam-
mable, combustible, poisonous and toxic gases for many years

Original content from this work may be used under the terms

B of the Creative Commons Attribution 3.0 licence. Any further
distribution of this work must maintain attribution to the author(s) and the title
of the work, journal citation and DOI.

1361-6463/18/015106+13$33.00

now. Since its inception in 1960, when scientists discovered
changes in the conductivity of semiconductor materials in the
presence of gas and air [1-3], chemo-resistive technique has
been a major means of transducing chemical and physical sig-
nals by converting them into a measurable one. Among other
modern gas sensors or transducers such as electrochemical
[4], optical [5], acoustic [6]; the metal oxide chemi-resistor
is more applicable in real-life practical devices due to the
characteristics such as low cost, long lifetime, fast response
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time and high sensitivity [3]. However, the ability to selec-
tively adsorb or detect a certain species or type of gas/ana-
lyte has been the limiting factor constraining the reliability of
metal oxide chemi-resistors in critical application areas like
environment monitoring, health diagnosis, automotive, space
exploration, biomedical and pharmaceutical etc.

Raman spectroscopy is a reliable, sensitive and non-
destructive method used in characterizing metal oxides and
other nanomaterials [7, 8]. The Raman technique has been
applied to study adsorption of molecules on the surface of
metal oxides and to monitor their selective ability toward cer-
tain species of gas [9-11]. Among these studies, A, mode
of SnO, was observed to show a huge enhancement when
H,S gas reacted with Cu doped SnO, nanomaterial [9]. This
enhancement is observed to be absent when the material is
exposed to air. The effect is reported to be reversible and the
band is attributed to Cu,S vibration, thus showing reactivity of
Cu doped SnO, with H,S. Nanocrystalline WO3; powder has
also been found to react with the reducing gases CH4 and CO
resulting in the growth of two broad band peaks at 1300cm ™!
and 1600 cm ™! which were observed to be absent in the Raman
spectrum of pure WO; [10, 11]. Whereas, these peaks disap-
peared in the presence of an oxidizing gas NO, and thereby
are attributed to the graphitic carbon peak usually present in
many carbon materials [7]. This showed reactivity of CHy
and CO with the WOj surface. Vanadium oxides materials are
very sensitive to Raman spectroscopy [8, 12, 13] and are often
characterized by it to explore their structural, metal-insulator
and nanostructured properties [8]. The reason for this sensi-
tivity is nothing less than the vanadium oxide’s variation in
its oxidation state and crystallographic structures which usu-
ally cause atomic or lattice displacement (distortion), causing
active vibration [8, 12—18].

Vanadium pentoxide with a generic name (V,0s) and ionic
state V>* amidst other vanadium oxides (VO,, V203, VO3,
V304, etc) has been widely used for gas sensing due to its
semiconductor and thermodynamic properties and atomic
arrangement in the crystallographic unit cell [8, 12—18]. This
material including VO, with V** ionic state, has been exten-
sively applied for applications such as solar window, smart
window; e.g. thermo-chromic and electrochromic devices,
anti-reflecting coatings and lithium ion battery [12, 13, 17,
18]. V2,05 macroscopic structure (bulk), nano structure and
the one whose radius is comparable with Debye length is ther-
modynamically favoured as orthorhombic unit cell at ambient
conditions. This compound has the highest oxygen concen-
tration among other vanadium oxide members; its crystallo-
graphic atomic arrangement provides room for corner-sharing
and edge-sharing VOg¢ octahedral geometry with space group
D} Pmmn (No. 59) layered structure and lattice parameters
a=11510 A, b =3.563 A and ¢ = 4.369 A where b and c
are frequently interchanged in orthorhombic system [17, 18].
According to the international crystallographic tables and
density functional approximation records [17, 18], stoichio-
metric orthorhombic V,05 structure should have four types
of atoms in terms of their geometry coordination i.e. by their
nature of bonding and bond length. One vanadium atom V and
three different oxygen atoms O (1), O (2) and O (3) located

at different Wyckoff positions. V atom together with O (1)
and O (3) occupy 4f Wyckoff position with site symmetry Cs
whereas O (2) atom can occupy 2a Wyckoff position with site
symmetry of C,v [18, 19]. High symmetry orthorhombic lat-
tice of V,0Os crystal structure with two formula per unit cell
contains a total of 42 optical and acoustic modes. Among
these 42 modes, three ground state modes are acoustic with
zero frequency at high symmetry point called I"-point.

The first order Raman active modes of this structure can
be obtained from the symmetrized square of the vector rep-
resentation (x,y,z) as the second rank polarizability tensor in
the space group D} with 8 symmetry elements namely; E,
Cx(z), Ca(y), Ca(x), i, o(xy), o(xz) and o(yz) and by factor
group analysis and selection rule for D}, point group. The
infrared modes transform as (x, y, z) representation, since
they are related to the electric dipole moment. Zhon et al [19]
reported that 21 Raman active modes composed of Ay, Big, By,
and B3, modes may be presented in the V,Os crystal while the
remaining 18 modes may be due to infrared absorption (i.e.
infrared active). On the other hand, the low temperature phase
of VO, structures has space group P2,/(C5, No. 14) and two
atoms per unit cell in monoclinic crystal system. Group theory
predicts 18 total modes and 15 optical zone-centre modes at
wave vector ¢ = 0 in the Brilliouin zone (at I'-point) from lat-
tice mode representation by acting four symmetry elements E,
Cx(2), i and o(xy). These modes composed of A1g, Big, Bog and
B3z which were distributed in different configurations with
respect to the crystal structure of the precursor compound.
In this paper, we identify these vibrational modes in in situ
Raman spectra of the V,05 surface as it interacts with the NHj
molecule as predicted from group theory. The study combined
Raman spectroscopy methods, group theoretical approaches
and electrophysical techniques to show the reactivity of vana-
dium oxide surface to NH3 molecule at ambient temperatures
and at 100 °C by oxygen iono-sorption and lattice vibration
mode assignment. The set-up could be miniaturized to find its
usefulness in portable sensitive and selective chemical sensors
or applied as a stationary industrial gas detector.

2. Theoretical considerations

This section includes some science of how Raman scattered
photon population from a typical nanostructured surface is
affected by the presence of reducing or oxidising gases. In
this regard, one can use a number of basic theories providing
the intensity, /, of Raman scattered photons as a function of
surface characteristics. One of the most appropriate theories is
the phonon confinement models generally given by [20-24].

B > exp (—aq2)
e =t | oo O

where ¢ is the wave vector in the Brillouin zone, w(g) is the
phonon dispersion relation for the material, « is the scaling
factor, I'g is the full-width-at-half-maximum broadening of
the Raman peak, and A is the proportionality constant. The
integral is performed over all ranges of the wave-vector,
q ~ 0, which is further proportional to 7a/A, where X is the
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laser wavelength and a is the lattice parameter of the material.
Any change in I(w,q) should be due to less or more Raman
scattered photons which means less or more phonons in the
surface. This is a further signalling indicator of the chemical
interactions or reactions that happen in presence of reducing
or oxidising gases. The change in intensity of Raman scattered
photons or phonons can be found by differentiating equa-
tion (1) with respect to both variables as follows

exp (—aqz)

8 oo
dl =Ag— 2 74
=4 Ow </0 [w—w(q)]” + (Fo/2) q> q

9 ([ ep(-ad) w
405 (/0 [w —wig)* + (ro/zqu) ’wd |
(@)

The first term in equation (2) gives the number of phonons
of varying wavenumbers confined in the nano-particle but can
only be evaluated numerically. The first part of equation (2)
reduces to zero as a differential with respect to w for the case
when w does not change, as will be seen in the experimental
section this yields to null. The second term, however, can be
simplified and equation (2) can then be re-written as

dg

a1 = ag— L2 Cog)]

It is also very important to discuss the theory of phonon
frequency (wavenumber) changes owing to gas interaction
with the material surface. There will be blue or red shifts in the
vibrational frequencies due to these changes. If one imagines
a linear chain model of fundamental frequency w’ = x/,
where x and p are spring constant and reduced mass of the
masses on the spring, respectively, then the change in vibra-
tional frequency, dw, should be one that depends on both the
change in p and . The change in s takes place when the
number of electrons per bond change, whereas the change
in 1 happens when active gas elements such as oxygen des-
orbs or adsorbs. These changes can be, mathematically, rep-
resented as follows:

ow 1

ok 2 Py )

and

Ow _ <_"‘) R (_“> w
o H 2\//<;/u_ p?) Ok ®

The total change in frequency can be written as

2qa[exp (—ag?)]’[w — w(g) + (To/2)” + [exp (—0q?) "2 [w — w(q)] 4

w —w(g)]” + (To/2)*

[0~ (@)l + (To/27]

3

In terms of the response defined from the changes in Raman peak heights and their changes, it is appropriate to evaluate
the fractional change of intensity rather than merely change in intensity. The latter suffers from variations from spot to spot.
Therefore, in this study we define Raman intensity response as a fractional change in intensity referenced to the Raman peak

height before the analyte gas is introduced as follows:

[exp(—ad®)]” 2 2 2 2 w
d/ B [—w () +(To/2)? 2qa [GXP (_aqz)] [W - W(‘])] + (FO/Z) + [eXP (_an)] 2 [W - W(Q)] ?Tq
7 - foo exp(—aq?) dg 2 212 4)
0 To—wl@l+To/27 {[w —w(g)]” + (To/2) ]
When equation (4) is further analysed in terms of the actual Ow Ow 1 %
sensing, one can reduce it to the following shorthand version: 4w = %dﬂ + %d“ W i <d” - ’uzd/‘> : )

d
T = @w@)wa). )

Since A is a laser wavelength, which is a constant during the
Raman spectra acquisition and ¢ = 27/, then ¢ is a constant
and w(q) is constant. We shall show in the experimental sec-
tion that w is also a constant. Therefore we can re-write it to

d

T=r@. ©)

The scaling factor « varies from materials surface to
another and also depends on polarization effects apart from
the number of phonons interacting with the laser photons. The
number of phonons is further affected by the presence of gas-
eous molecules. This theoretical discussion on Raman peak
intensity changes will be discussed further with experimental
validation in later section.

So, if dk > d,u//ﬂ, one expects a blue shift, whereas when
dx < du/p? then one should expect a redshift in the Raman
spectra. Both change in intensity of the phonon (equations
(1)-(3)) and their frequencies (equations (4)—(6)) will be used
to explain the in situ Raman spectra with gas sensing.

3. Experimental

A pulse laser deposition (PLD) technique was employed in
this study to grow VO, thin film on Corning glass substrates.
The glass substrates were rigorously cleaned and rinsed sev-
eral times (in ethanol and deionized water) with an ultra-
sonic bath in order to remove impurities and ensure quality.
Vanadium oxide (VO, nanoparticles (NPs) powder with 99.9%
purity) from Sigma Aldrich was converted to pellet using an
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Ammonium
acetate

—— Ag paste contacts

30 nm V,0;| VO, film

100 nm SiO, layer

Silicate glass

Sensor
Heater

Figure 1. Schematic diagram of the in sifu Raman measurement illustrating how the NH; gas sensing measurement was performed on the

V,0j5 surface.

ENERPAC P142 hydraulic cold press system made in the
USA. About 5 g of VO, (NPs) powder was slightly dampened
with methanol and transferred into a 20mm hollow die after
which a load of 100 tons was mounted on the specimen, and
the resulting pellet was annealed at 500° C for ~24h. The
set-up and plasma plume dynamics of the PLD system used
for this work is similar to the one reported in [25]. Nd:YAG
laser beam (\ = 266 nm, 7 = 8 ns) was directed to the chamber
by the aid of several mirrors and later focused onto the VO,
pellet target at an incident angle of 45° using two cylindrical
lenses. The minimum pulse energy was applied at 45 mJ with
laser fluence of 2 J cm ™! and the substrate to target distance
of Scm was maintained during deposition. Oxygen partial
pressure was set to 0.05 mbar (37 mTorr) after evacuating the
chamber to the base pressure of 3.1 x 107> mbar, and the film
was deposited for 30 min. The x-ray diffraction patterns of the
film were measured at room temperature using the Panalytical
XPERT PRO PW3050/50 diffractometer with CuKa radia-
tion (45kV, 400 mA, A = 0.1540598 nm and 5° < 26 < 90°).
The Auriga ZEISS scanning electron microscope (SEM) was
employed to study the morphology of the film and to estimate
the thickness of oxide layers that are present. SAXSess Anton
Paar small-angle x-ray scattering spectroscopy was employed
for the particle size and pore size analysis of the film. High res-
olution x-ray photoelectron spectroscopy (XPS) was obtained
with a PHI 5000 Versaprobe system. A low energy Art ion gun
and low energy neutralizer electron gun were used to minimize
charging on the surface. A 100 ym diameter monochromatic
Al Ko x-ray beam (hv = 1486.6eV) generated by a 25 W,
15kV electron beam was used to analyze the different binding
energy peaks. The pass energy was set to 11eV giving an ana-
lyzer resolution <0.5eV. Multipack version 8.2 software was
utilized to analyze the spectra to identify the chemical com-
pounds and their electronic states using Gaussian—Lorentz fits.

Time of flight secondary ion mass spectroscopy (TOF-
SIMS) analyses were performed using an IONTOF TOF
SIMS? instrument with bismuth 1+ as the primary ion source
(30kV, 1 pA pulsed at 10kHz). These analyses were carried out
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Figure 2. (a) XRD pattern of V,0s film, (b) Williamson—Hull plot
for the grains stain determination.

in negative secondary ion mode and under ultra-high vacuum
(base pressure) of ~107° mbar. A Cesium (1kV, 75 nA)
sputter gun was used. The analysis area was 100 x 100 pm?
and the sputter area was 300 x 300 ym? at a resolution of
512 x 512 pixels with a binning of 4 pixels.
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Figure 3. SEM images and SAXS spectrum of V,0s film, (a) in-plane surface image, (b) cross-section image at the edge of the film
showing three distinct layers, (¢) SAXS analysis showing regions where the average radius of homogeneous spheres and surface per volume
are extrapolated from, (d) the differential of the (I, ¢) data with respect to q.

Raman structural properties of the film and in sifu-sensing
measurement of NHj effluent produced from ammonium
acetate at 100 °C was carried out using a Bruker spectro-
meter. A Bruker Raman Senterra spectrometer equipped
with 50x optical objective and a 532nm excitation laser,
at a laser power of 0.2 mV, was used for accumulating the
films’ spectra. The typical experimental set-up of the in situ
Raman sensing measurement is presented in figure 1 wherein
a 532nm Nd:YAG laser was directed to the film glued onto
an Al,O3-Pt interdigitated electrode set. The heating termi-
nals of the interdigitated electrode are connected to a DC
power supply and the whole specimen is enclosed in a trans-
parent chamber where NHj3 effluent from the thermal decom-
position of ammonium acetate was allowed flow through.
Conductometric sensing measurements were conducted using
KSGA565 KENOSISTEC sensing station set-up from Italy.
The film surface was wire bonded by silver paste in two termi-
nals configurations to allow connection with the KSGA565-
KEITHLEY source meter, after which the currents across the
film were measured for different concentrations of NH3 gas.

4. Results and discussion

Figure 2(a) shows the XRD pattern of the film, the pattern
shows that the film is predominantly composed of V,Os,
according to the Institute for crystallographic and diffraction
database, with a powder diffraction number of (PDF 41-1426)
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Figure 4. XPS spectra of the V,0s film, (a) broad survey scan
spectrum, (b) higher resolution deconvoluted core level spectrum
of V-2p and O-1s for the V,0s film.
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profile spectrum showing the low counts SiO-, V- and VO3H- species in (a), (c) 3D overlays image of the ions of the film consiting
of Si-, SiO;- and VO, (d) 3D overlays image of the entire film displaying VO-, VO,- and VOs- as the surface ions.

but with trace phases of VO, and V¢O,3 according to (PDF
76-0676) and (PDF 27-1318), respectively. This x-ray spec-
trum has been matched with the Rietveld structure refinement
method with the Bragg positions showing strong correlation
with the V,0s structure; this report is given in the supple-
mentary material (SM) (stacks.iop.org/JPhysD/51/015106/
mmedia). The average crystallite size L. and lattice micro/
nano strain € of the film were calculated using the well-
known Scherrer’s and Williamson—Hall formula (presented
in the SM) [26, 27] and were found to be ~70nm and
0.000651 + 1.32 x 1074, respectively. Figure 2(b) is the plot
of the Williamson—Hall assumption for lattice strain determi-
nation. The film morphology are presented in figure 3 with (a)
showing the in-plane formation of clusters of particles with
pores at the surface and (b) the cross section at the edge of the
film showing that the film is ~30nm in thickness. Figure 3(c)
presents a small-angle-x-ray-scattering (SAXS) plot of scat-
tering intensity versus the wave vector for the V,0Os layer.
From the software on the SAXS instrument based on Guinier
et al’s formulations, the morphology of the layer is interpreted
to be composed of nearly spherical particles from the linearity
of the extreme side of the small wave vector and this gives
a mean particle diameter of 51.15 4+ 0.60nm. This trans-
lates to a surface-to-volume ratio estimated at 8.25 £ 628.60

m? cm 3 estimated at the wave vector of 2nm~! end of the

spectrum. Figure 3(d) presents a differential of the spectrum
in figure 3(c) which is derived from the well know intensity—
wave vector—radial distance equation [28]

1=c [ a0 @ st (10)
where n(r) is the normal particle size distribution curve such
as the Gaussian, Loretzian or lognormal and the like, f(g,r) is
the form factor and S(g,r) is the structure factor. For materials
without dopants like in our present case, the form factor is unity
and similarly the structure factor. Therefore, a differential of
the (g,/) data with respect to g of equation (10) gives a plot of
the S-curve type as given in figure 3(d). When a Boltzmann’s
S-curve equation is fitted to the differential curve, the central g
and its standard deviation are found to be 0.06 & 1.58 x 10~*
which when converted from the reciprocal space, g, to the real
space, r, gives the mean diameter, 7, of about 50 nm which con-
firms the software-obtained value of the particle size. We can
conclude the average particle size by SAXS to be 51 nm for
this 30nm layer which, when hexagonal close packing of these
particles is considered, forms pores of mean diameter of about
20nm. Phonon confinement is therefore possible because of the
tight pore size rather than particle size.
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Figure 6. (a) Raman spectra at 25 °C of V,0s film in air, and covered with NH3 molecule recorded at 6 min intervals, (b) Raman spectra at
25 °C of V,0s film recovering from NH3 molecule recorded at 6 and 12 min intervals.

XPS spectrum of the surface of the V,0s film is repre-
sented in figure 4 with (a) displaying the overall core level
XPS survey spectrum and (b) showing Lorentzian—Gaussian
deconvoluted core level spectrum of V-2p and O-1s for the
V,0s film. The %2 spin—orbit doublet componet of the V-2p
photoelectron was found to be 524.9eV for V>* and 523.6
for V4* state while the 3/2 spin—orbit componet after further
Lorentzian- Gaussian dividing peak analysis gives 517.25 and
516.2¢eV for V>* and V** respectively [29, 30]. The oxygen
Ols is deconvoluted into three peaks, 531, 533 and 535eV
which can be assigned to adsorbed oxygen (a), single bonded
oxygen (b) and double bonded oxygen (c) respectively. The
TOF SIMS measurement has been used to unveil the chem-
ical elements that are present in V,Os film as a function of
sputter-depth, the results are presented in figure 5 where (a)
shows depth profile of the negative ions of V, VO, Si and SiO
species, (b) is the magnified spectrum of SiO-, V- and VO3H-
species and (c) and (d) are the overlay images of all the com-
pounds present in the film. The spectra of ions with depth in
figure 5(a) and their image overlays in figure 5(c) shows that
vanadium oxides species dominate the film surface to ~500s
sputter time. This analysis is in good agreement with the
above XPS results in that VO, (V4*) and V,05 (V1) were
seen to be more at the surface. This is also true for XRD anal-
ysis that shows diffraction peaks for VO, (V#1),V,05 (V™)

and V40,3 which happend to be V4* and V>* mixed oxide.
The TOF-SIMS spectrum in figure 5(a) and overlays images
in figure 5(c) also made it possible to understand the V,0Os
film layers in the SEM cross-section image in figure 3(b) and
estimate the film thickness. It was found that in ~500s sputter
time ~30nm vanadium oxides layer was sputtered completely
and thereafter the gun penetrated into the interface region in
~700s sputter time which is found to be rich in SiO,. This
Si0, layer has been estimated to be ~100nm from the cross-
section SEM image.

4.1. In situ Raman spectroscopy with gas sensing at 25 °C

Figure 6 shows the effect of atmosphere changes in the sur-
face of V,0s film when subjected to the effluent of NH; from
the compound of ammonium acetate. Figure 6(a) illustrates
the change in Raman spectra of the film when exposed to the
molecule at different times (with intervals of 6 min) and to air
(as a control spectrum) at 25 °C, while figure 6(b) represents
the change in the Raman spectrum of the film when recov-
ering from NH;. In these profiles, the authors observed that
the modes at low-frequency Raman line region of V,0s, ear-
lier classified as rigid-layer modes [13] with bending vibration
characteristics, were mostly unaltered in wavenumber when
the film was subjected to the NHj effluent. Interestingly, the
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one at 194cm~! which shows a shift to low-frequency Raman
line was observed to redshift. On the other hand, at the higher-
frequency side of the Raman spectra, the 996cm ™! stretching
mode displayed significant shift towards high frequency of the
Raman line (blueshift) in all spectra (shown in figure 7(a)).
The reverse effect was observed when recovering the film
from effluent of NHs in figures 6(b) and 7(b), where both
blueshifted 996 cm~! and redshifted 194cm~! modes showed
some recovery potential.

In accordance with equation (6) where the change in Raman
line position dw, as a function of both elastic constant of the
bonds, x, and reduced mass of the atoms around these bonds,
p, is given by dw o< dx — (k/p*)dp. In the present system
case: 1/pu= (1/mg) + (1/my) or p = momy/(mo + my). The
increase in « could be ascribed to acceptance of an electron by
the V,0j5 surface from the NH;3 effluent and vice versa, whereas
an increase in p could be ascribed to the acceptance of atoms
from the gas by the V,0s surface. Changes in x should be prev-
alent at 25 °C where adsorption is more likely to happen, while
an increase in p is likely to happen at high temperatures where
chemisorption due to breakage of NH; bonds is preferred.

Since the 996cm~' phonon is being blue-shifted [i.e.
dw > 0] when exposed to NH3, one expects that dx > dy/p>.
This means that the change in elastic x is larger than the

change in p. This suggests that V=0 bond gains elec-
trons from NHj3. On the other hand, the observation that the
194 cm~! phonon is being red-shifted when NHj is introduced
means that dx < dp/p?. This could indicate that the V-0-V
or O-V-0 bonds prevalent in the VO, system are losing
electrons to the NHj3 at 25 °C. This surprising result leads to
the conclusion that bonds that have many electrons tend to
gain more electrons whereas those bonds that have less elec-
trons tend to lose even the few electrons that they have. This
phenomenon is similar to an observation made during the hal-
ogenation of organic alkanes with HCI or HF or HBr in 1890s
by a scientist known as Markovnikov, who observed that the
H atom preferred to attach itself to carbon with the highest
number of H atoms [31, 32].

A decrease in intensities of 145cm™! low-frequency Raman
line of V,0s were also observed as a function of NH; effluent
exposure (figure 6(a)) [33], but a reverse effect is observed
when recovering the surface from NHj3 exposure in that the
intensities increased slowly and saturate (figure 6(b)) with less
potential when recovering from the NHj effluent. The pro-
files in figures 7(c) and (d) are representative of the change
in intensity (dZ/I) of the 145cm~' Raman lines and wave-
number (w) peak-positions of 996cm~! Raman line at 25 °C.
These line profiles show that the intensities of 145cm ™! phonon
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gas sensing cell shown in figure 1. This decrease in Raman scat-
tered intensities in the presence of molecules may also be due to
the absorption of laser light of free electrons created as a result
of the interaction between V,05 and NH;3 [10]. The Raman fin-
gerprint position of 996cm ™! phonon recorded more significant
blueshfit (4cm™') before saturation when exposed to the NH3
molecule with relatively high potential of recovery than the red-
shift of the 194cm~! (2cm™!) as shown in figure 7(d).

4.2. In situ Raman spectroscopy with gas sensing at 100 °C

In the same manner, figure 8(a) displays the Raman spectra of
the film when exposed to the effluent of the NH3 molecule at
different times (with interval of 6 min) and to air (as control
spectrum) at 100 °C, while figure 8(b) shows the change in
Raman spectra of the film when recovering from the molecule.
Figures 9(a) and (b) are the magnified spectra of 996cm ™!
Raman lines when the surface is exposed to and recovering
from NHj3 at 100 °C while the profiles in figures 9(c) and (d)
are the change in intensity (dI/I) of 145cm~! Raman line and
wavenumber peak-position of 996cm~! at 100 °C. The fact
that the phonons are thermally mediated, coupled with the
possibility of less scattering of light at the less-dense environ-
ment, may be responsible for the change observed at 100 °C
relative to the effects observed in the case of room temper-
ature measurements (25 °C). It is true that the way and manner

10

Concentration (ppm)

Figure 11. (a) Response curve as a function of different NH3 gas
concentrations, (b) plot of the response time constant for different
concentrations of NHj gas.

in which the NH3 molecule sits on the V,05 will greatly influ-
ence the charge distribution between them [24]. In addition to
the V,0s crystal, geometrical structure and space group dis-
cussed in the introduction, V,0Os is a layered structure having
distorted square pyramids of VOs which share edges and cor-
ners with the apex of the V-O configuration having a much
shorter bond length compared to other bonds. This short bond
length corresponds to a double bond attachement [17, 34].
One may propose that hydrogen atoms in an NH3 molecule in
a trigonal pyramid structure prefered to attach themselves to
the vanadyl oxygen (i.e the one with double bond and shorter
length). If so, that may cause the molecule to give away some
of their charges to the V = O layer and consequently increase
the spring constant which leads to a blueshift in the Raman
spectrum. Thus, the remnants of the NH; dissociation that are
lying in the chamber may regroup and attach themselves to the
bonded hydrogen atom and revert back to the NH; molecule
when recovering V,0s film from the coverage.

Other Raman frequency modes of V,0s observed were
225, 270, 283, 305, 335, 406, 503, 614 and 700cm ™! at
25 °C and 100 °C, and they all belong to the vibration
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Table 1. Summary of Raman signatures versus chemi-resistive sensing of NH3 molecule at the V,05 surface.

Sensing properties due to Raman signatures

Temp °C Derivative (d//I) of 143cm™! Change in wavenumber (Aw) of 996cm™!
Response Response 7 (s) Response
25 —0.799 300 4
100 3.6 1400 -3.2
Sensing properties due to Chemi-resistive test
Temp °C Chemi-resistive at 40 ppm
Response Response 7 (s)
25 0.419 59
100 0.222 105

modes of V,0s except the modes at 194cm~! and 614cm™!
which are Raman fingerprint positions for the VO, structure
[13, 19, 26, 35, 36]; this shows that VO, crystallites are not
participating in the reactivity of NH3 effluent molecule.

4.3. Comparison of in situ Raman spectroscopy-gas-sensor
tester and the traditional chemi-resistive gas-sensor testing
Station

Figure 10 shows electrical measurements of the V,0s film in
the presence and absence of NHj3 gas via the set-up described
in the experimental section and previously reported [14,
37]. Figure 10(a) is the transient time-conductometric sig-
nals of the film when exposed to NHj3 gas at room (25 °C)
and figure 10(b) is the signals at 100 °C. The profile shows
a decrease in conduction of the film in the presence of NHj
gas at 25 °C and 100 °C for every concentration. The sensor
response and response time constant calculations for different
concentrations of NH3 gas are given as follows:

i t
—=exp— 0 1< (11D
lo Ot
i t t—1
— =exp — X exp n<t<n (12)
Lo 71 2

where iy is the initial current of the sensor in synthetic air
(flowing througth the chamber), ¢, is the time for iy value, i is
either the current when the target gas is turned on or off and
1, is the time at which the sensor recover to its original value.
The quantity 7, and 7, are the time constants for response and
recovery steps, these parameters were calculated by fitting the
first order exponential function in equations (11) and (12).
Figure 11(a) shows a response profile which was calculated
from equation (11). The pattern shows better adsorption for all
concentrations of the NHj3 gas at 25 °C compared to the one at
100 °C. A respose time constant plot was extracted from the
same equation(11) as shown in figure 11(b). The response time
constant in this paper is defined as the time it takes the sensor
to reach 63% i.e 1 — e~! of its maximum after exposed to the
gas [15, 38, 39]. This result also showed that the responses
at 25 °C are faster than that of 100 °C but responses at
100 °C showed stability compared with ones at 25 °C. There is
a cross-over in the respose time at 20 ppm where the response
time is found to be 50s.

1

When one compares both the in situ Raman spectroscopy
gas sensor tester and the traditional conductometric sensing as
summerized in the table 1 below, firstly one can infer that at
25 °C the change in the wavenumber of 996cm ™! (with + shift
or blue shift of 4cm™!) is greater than at 100 °C (with — shift
or red shif of 3.2cm™!) and that the two temperatures showed
significant and comparable recovery. On the other hand, the
response according to the fractional change in intensity at
25 °C is great (with downward turn or —0.799) compared with
the 0.419 of the chemi-resistive test and the one at 100 °C (with
upward turn or +3.6) is large compared with the 0.222 of the
chemiresistive test. This showed that the in situ Raman spectr-
oscopy gas-sensor tester is more responsive than the chemi-
resistive sensor especially when considering the fact that the
NH; effluent concentration in the chamber may be less or
even far less than 40 ppm. Also, when one compares the two
response time constants, the chemi-resistive sensor showed
faster response compared with the in sifru Raman spectroscopy
gas sensor-tester. Again a low concentration of the effluent NH;
in the in situ Raman gas sensing chamber may be the cause.
This study shows that apart from using the response due to the
fractional change in Raman intensity and chemi-resistive signal,
Raman wavenumber (frequency) shift can be employed to
selectively monitor gas leakages in the environment or to mon-
itor decomposition of gases in industry during gas processing.

5. Conclusions

In summary, in situ Raman spectroscopy has been employed to
monitor the reactivity of NH;3 effluence produced from ammo-
nion accetate salt decomposed at 100 °C at the surface of 30nm
layers (with spherical particle of ~51 nm and pores of ~20nm)
of V,0s film deposited by PLD techniques. The results showed
a recoverable red shift in the 194cm~! phonons and blue shift
in the 996cm ™! phonons upon the interaction of the molecule
at ambient temperature (25 °C) and 100 °C. Adsorption effects
(increase in intensity) of 145cm™~! phonons were also observed
at these two temperatures. The Raman scattered adsorption
effect has been explained using phonon confinement models
by taking fractional change in intensity into account while
the blue or red shift in the wavenumber (frequency) is related
to the change in elastic constant and the reduced mass of the
sensing surface in situ with NH3 ambience. The adsorption
effect is related to more and/or less Raman scattered photons
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while frequency shift is explained as a decrease in the elastic
constant (acceptance of charges from the molecule) when blue
shifted and decrease in elastic constant (donation of charges)
or increase in reduced mass (chemisorption) when red shifted.
Acceptance of charges by the V,05 surface from the molecule
is observed to be prevalent at the ambient temperature while
an increase in the reduced mass is observed at 100 °C. This is
considered to be true since the breaking of chemical bonds or
decomposition of NH3 could only take place at a temperature
higher than that of the ambient temperature.

Comparison and rankings of in sifu Raman spectroscopy
gas-sensor tester with the traditional chemi-resistive sensor
tester showed that the in situ Raman spectroscopy sensor
tester is excellent. Additionally, the significant recoverable
blue shift and red shift observed when NHj interacts with the
surface may be considered an outstanding feature of in situ
Raman spectroscopy on selective monitoring of gas leakage
in the environment or to monitor decomposition in industry
during gas proccessing. Hopefully the technique will be
hepful in advancing or upgrading the design of chemical sen-
sors for environmental or industrial pollution monitoring.

6. Future plans

The effect of electron capture from the V-O-V bond and the
same being donated to the V = O bonds can also be seen with
XPS. This can be accomplished through (1) analysis of XPS
spectra or (2) in situ XPS with NH; gas injection. In (1) the
analysis through peak deconvolution shows several chemical
states of vanadium: V#* and V°* and oxygen: O,- or Ols but
that the three oxygen peaks (about 531, 533 and 535eV) can be
assigned to adsorbed oxygen (a), single bonded oxygen (b) and
double bonded oxygen (c), respectively. It is more likely that
upon NHj injection, the NH; and adsorbed oxygen interaction
gives electrons to the double bond with a higher probability
than to a single bond in the V,05 chemical structure. This XPS
explanation concurs very well with the experimental observa-
tion from our current Raman spectroscopy where we observe a
relaxation of the V-O-V bond leading to red-shift in the peak
and the stiffening of the V = O bond which shows a blue shift.
As for (2), in order to verify the analysis in (1), there is a need
to perform in situ XPS with a few ppm’s of NHj; in the XPS
chamber and monitoring the evolution of the V and O peaks.
To perform such an experiment, one would need to incorporate
a gas chamber to the XPS set-up. Currently we do not have
XPS facility in our laboratory; the XPS data included in this
manuscript was acquired from another institute.
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