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Abstract

As one of the most promising candidates for next generation electronic sensor material,
molybdenum oxide, are attracting more and more attentions because of its special crystal and
electronic structure. The thermodynamically orthorhombic phase a-MoO3z employs an unique layer
structure in the [010] direction, which will result in anisotropic growth at certain growth condition
to form the low-dimension nanostructures with large specific surface area. Nanomorphologies can
provide plentifully interfacial action states for the chemical reaction between the gas/liquid and
molybdenum oxide, which are very promising for fabricating the gas sensors. Furthermore, the work
function and conductivity of the molybdenum oxide (MoOy) can be artificially modified through
tuning the composition of oxygen in the oxide because the Mo cation can exhibit polyvalence in the
oxide. The band engineering of the MoOy makes it show great potential as the hole transport layer
(HTL) in the organic solar cells, which requires the well-aligned energy level of HTL with the
highest occupied molecular orbital (HOMO) of the organic active layer.

My achievements are listed as follows:

(1) I firstly successfully fabricated the a-MoOs single crystal nanorod arrays in random
direction on the substrate through a simple and short time solution annealing process. The nanorod
arrays were characterized as ultrafine (about 10 nm) and single a-phase. The length, number,
coverage area the nanorods can be effectively controlled by optimizing the synthesis parameters,
such as molar ratio of the starting material, solvents in the precursors, annealing temperature and
time. A possible mechanism was presented to explain the growth process.

(2) The prepared a-MoO3z nanorod arrays were firstly found very sensitive to the VOCs even
with trace concentrations. Gas sensors based on the a-MoOs nanorod arrays showed the prompt
response and obvious discrimination to ethanol, methanol, isopropanol, and acetone vapors at 300
°C via the modulation of the resistance of the gas sensors. The sensitivity, response time, and
recovery time of the sensors strongly depend on the specific morphologies of the a-MoO3 nanorods,
such as length, number, and coverage of the nanorods. The reaction mechanism indicates that the
nanorods are more readily to adsorb and react with the target molecules than the bulk MoOs.

(3) The simple and short-time solution annealing process was modified to form HTLs for
organic solar cells by adding hydrogen peroxide and adjusting the molar ratio of the starting
materials in the precursors and annealing temperature. The MoOx thin layer showed the high
conductivity and high work function. The organic solar cell based on the solution processed MoO3
HTLs achieved the comparative high performance with the reference device made from the
evaporated molybdenum oxide or the PEDOT:PSS HTLs.

In conclusion, this research provides a simple and new solution annealing process for the
synthesis of the nano-scale functional materials with controllable morphology by optimizing the
chemical parameters and annealing conditions. The method can be extended to fabricate other
similar nano-materials with fast, large-scale and low-cost process. Moreover, the fabricated
molybdenum oxide can be applied as gas sensor, solar cell, which widely enlarged the application
of indirect wide band-gap semiconductor material in various electronic devices.



Table of Contents

Y 0] 1 Uod USSR |
Chapter 1 INrOQUCTION. ....c..eiiiieiieeiee sttt ettt st e e e eneenaees 1
Y 0] 1 Uod R 2

1.1 Crystal structures and physical chemical properties of molybdenum oxide ............... 3
1.1.1 Crystal structures of molybdenum OXide.........ccecveeveerercereriee e 3

1.1.2 Chemical and physical properties of molybdenum oxide..........cccccocveevueennnnnne. 6

1.2 Synthesis process of molybdenum oxides NanoStruCture..........cocceeevveeveerervererneens 7

1.3 Gas sensing properties of nanostructured molybdenum oXides ...........cccceeveeriueenen. 10
1.3.1 Fundamentals of metal oXide gas SENSON ..........cccveeeeererieeeiiee e cree e 10

1.3.2 MoOs based gas sensing properties from perspective of nanotechnology...... 15

1.3.3 Characterization of the gas SENSOIS .........ceevvieeerieeieeeriee e 18

1.4 Molybdenum oxide base hole transport layer for organic solar cell......................... 18
1.4.1 Review of organic solar Cell ...........oovviriiiiiiiii e 18

1.4.2 Characterization of organic solar Cell............cccoeovviroeieniii e 22

1.4.3 HTL for the organic Solar CEIS ........ccoveerieiiiiieeiee e 24

1.5 Motivation and objective of this diSSErtation ...........c.ccceevveeevcieieriee e, 28

RS (=] 1] 0= TSP RTRPRTRO 30
Chapter 2 Growth of molybdenum trioxide nanorod arrays via one-step solution process..... 48
Y 41511 - ToX ST 49

0 R 1 oo L1 Tox o] USSR 50

2.2 EXPEIIMENTAL ...c..vveiiiiecee et st e e e et e e e ar e e eanes 52
2.2.1 Synthesis process of 0-M0O3 NANOIOd AITAYS ......c..eevverreerrereenienienieeeesieenees 52

2.2.2 Characterization methods of a-M0O3 Nanorod arrays..........cceeeereeerveenueennn 53

2.3 RESUILS @Nd QISCUSSION .....veeuvieiiieiieitie sttt ettt siee st e et st e et saeesneeeneenneas 54
2.3.1 Synthesis and characterization of a-MoO; nanorod arrays...........ccccccveeenee. 54

2.3.2 Mechanism of growth of a-MoO3 nanorod arrays .........ccceceeeeveereeneerveennee. 64

P o o [15] (o] o PR 66



RETEIBNCES ...t ettt e e e e e e et e te e e e e e eeeeeeaa e aeeeeeeseeesnaaeeeeaeenes 68

Chapter 3 VOC gas sensing devices based on molybdenum trioxide nanorod arrays ............ 73
Y 0] 1 Uod SRR 74

K 200 1o 0 [T 1 oo PR 75

3.2 EXPEIIMENTAL ...cueiiiiiiieeieeee et s 77
3.2.1 Fabrication of a-Mo0O3; nanorod arrays gas SENSOIS ........cccveerevererveeerveesneneas 77

3.2.2 Characterization methods of a-M0Q;z; nanorod arrays used for gas sensors ... 77

3.3 RESUILS @Nd TISCUSSION ......eeuviiiiiniiieiie ittt sttt st st sbe e s enaees 78
3.3.1 Characterization of a-M0O3 NANOTOd AITAYS........cccvververerreeeireeeieeerreeeenees 78
3.2.2 Gas sensing properties of a-M0O3 nanorod arrays to VOCS.........cccceeveennee. 81
3.2.3 Mechanism of gas sensing process of a-MoO; nanorod arrays to VOCs....... 90

3.3 CONCIUSTON vttt st sttt st sbe e sabeebeenaees 93

RETEIENCE ...ttt et eb e sbe e s te e beesaaesnneen 95

Chapter 4 Solution processed molybdenum oxide buffer layer for organic solar cell .......... 101

ADSTIACT. ...ttt st sttt st et sh e st enbeesaee st en 102

ot [ (oo (83 (o] o PSPPSRI 103

4.2 EXPEIIMENTAL ...coeveiiiieecee e ettt e e aneas 105
4.2.1 Fabrication process of sSMoOy based thin films ..........c.cccocveeiiiicnineeee, 105
4.2.2 Fabrication process of organic solar cells based on sMoOx HTLs............... 105

4.2.3 Characterization methods of sSMoOy based thin film and organic solar cells 107

4.3 RESUILS @Nd dISCUSSTON .....ccuviveeiieiieiieiteite ettt 107
4.3.1 Characterization of solution processed MoOy thin films..............cccceeee. 107

4.3.2 Performance of OSCs based on SMoOx-based HTLS........cccccoeevvereeniennnnne 112

4.4 CONCIUSTON ..ttt 118
RETEIEINCE ...t s 119
Chapter 5 Conclusion and PrOSPECL.........ecccueeeiieeeieeeeieeecreeeetteeereeesreeesareesraeesreeesnreeeanns 124
[T o) o0 o] o= Ui o o< J RS 127
ACKNOWIEAGEMENTS ...ttt e ettt e st e e st e e st e e sbte e st e e snseeenneeeens 130



Chapter 1

Introduction



Abstract

Molybdenum oxide possesses the polyvalence and polymorphs properties, which
make it a candidate for various devices. Scientist focus of their interests on fabricating
molybdenum oxide based devices with a low-cost solution process. In order to develop
the simple solution process to fabricate a-MoQO3 nanorod arrays, the reported crystal
structures, nanostructures, synthesis methods of MoOs were studied. In order to
fabricate a gas sensor based on a-MoOz nanorod arrays, the reported manufacturing
method, gas sensing properties and reaction mechanisms to VOCs of MoOs were
investigated. In order to fabricate a MoOx based hole transport layer (HTL) with a
simple solution process for organic solar cells, the traditional HTL materials, electronic
properties, working mechanism of MoOz HTL were investigated. Based on

aforementioned research the objectives of this work were presented.



1.1 Crystal structures and physical chemical properties of molybdenum oxide

Transition metal oxides with diverse crystal structures and superior functional
properties have been the focus of much attention in recent years by virtue of their
scientific and technological applications [1-3]. Molybdenum oxide, as one of the most
important transition metal oxides, has found its applications in various filed, such as
chromogenic/electrochromic display devices [4, 5], display devices [6, 7], smart

window technology [8, 9], sensors, and lithium ion battery electrodes [10-12].
1.1.1 Crystal structures of molybdenum oxide

Molybdenum (Mo) is a group VI transition metal lying below chromium and above
tungsten in the periodic table with 6 outermost electrons. Mo can exhibit diversity of
oxidation state (from O to +6), and coordination numbers (from 4 to 6) in oxide. MoO3
is mostly concerned within these oxidation states due to its extremely interesting

structural, chemical, electrical, and optical properties.
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Figure 1.1 Electronic band structure along the high-symmetry points for MoOs, the

highest occupied state is set to 0 eV [14].

MoOs is a distinct insoluble (water) yellow powder, with a density of 4.7 g/cm? at

room temperature. Typically, MoOs is n-type semiconductor, since the oxygen is readily
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to be lost in MoOs. As a d® semiconductor, MoOs behaves indirect wide band gap of
3.1-3.8 eV and high work function of 6.8-6.9 eV [13]. The band structure of MoO3s was
shown in the Figure 1.1.

Pure MoQOs has three polymorphs with different physical and chemical properties.
The orthorhombic phase (a-MoOs, space group Pbnm (No.62), unit cell parameters:
a=3.9620 A b =1386 A and ¢ = 3.70 A JCPD file: 05-0508) [14] is
thermodynamically stable phase, whose crystal structure is shown in Figure 1.2. a-
MoO:s consists of a series of special double-layers that are oriented perpendicular to the
[010] direction [14-17]. In each double-layer, MoOs octahedra form edge-sharing zig-
zag rows along the [001] direction and corner sharing rows along the [100] direction.
Each double-layer consists of two sublayers of distorted MoOs octahedra to give three
crystallographically inequivalent oxygen sites and interacts with the adjacent bilayer in
the [010] direction through a weak van der Waals interaction. The internal interactions
between atoms within the double-layers are dominated by strong ionic and covalent
bonding. The stratified structure facilitates the injection of different donor ions into the
free spaces of the bilayers, and thus creating its favorable electrical properties [18-21].
Moreover, the nature of the Mo—O bond changes considerably with the equilibrium
bond distance, and varies from strongly covalent for the shortest bond to predominantly
ionic for the longest bonds in the MoOs octahedron [14, 22]. The special layer structure
of MoOs show great potential for the growth of anisotropic crystal with large specific
surface area. Nanostructures of MoOs, such as nanosphares, nanorods, nanotubes,
nanoplates, and nano composite materials, have become to be the scientists’ interests
for their special chemical and physical properties [23-26].

The monoclinic phase (B-MoOs, space group P2i/c (No. 14), unit cell parameters:
a=7.1228 A, b=5.3660 A, ¢=5.5665 A, p=92.01°, JCPD file: 047-1081) [27], whose
crystal structure is shown in Figure 1.2. The first B-MoOs was synthesized by gently
heating spray-dried molybdic acid, which had been produced by passing sodium. The
structure of B-MoO3 was closely related to that of a monoclinic form of WO3z, with Mo

atoms octahedrally coordinated to oxygen and all octahedra corner-linked to form an
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open framework [28]. The B-phase is metastable monoclinic and can be converted to
the thermodynamically stable a-phase at about 400 — 500 °C.

A very salient structural feature for h-MoOs is the presence of a tunnel (~ 3.0 A
in diameter) running along the c direction probably with some cations or water
molecules inside, which is enclosed by twelve MoOs octahedra linked by sharing
corners along the a and b directions as well as edges along the c direction. Most reported
h-MoOs takes the structure described in JCPDS 21-0569 (primitive: P or space group:
P6s/m (No. 176), unit cell parameters: a=10.53 A and ¢c=14.87 A) [29]. Although
reference [27], [29] indicate B-phase and h-phase also show good catalyst properties,

the instabilities of the -, h- MoOg restricted their applications.

Figure 1. 2 Crystal structure of a-MoO3 with orthorhombic phase.



Figure 1. 3 Crystal structure of B-MoO3 with monoclinic phase.

1.1.2 Chemical and physical properties of molybdenum oxide

MoOs can be easily reduced to the lower oxidation state. For instance, it can be
reduced to another metastable binary oxide, namely, MoO., crystal of MoO2 employs a
monoclinic structure (space group P2i/c) with unit cell parameter of a=5.6109 A,
b=4.8562 A, and c=5.6285 A and a monoclinic angle of 120.95° (JCPDS file: 78-1069),
just like the rutile, but the unit cell contains four MoO; [30, 31] Below oxygen to metal
ratios of 2.90, seven stable and/or metastable sub-oxides have been identified between
the compositions of MoO3z and MoO2: M018Os2, M0gO26, M0gO23, M05014, M017047,
N-Mo04O11 and y-Mo04O11 [29, 32-34]. The plenty of valence states of Mo in oxide
indicates that the physical properties, i.e. Femi energy, density of states and band gap,
of Mo based oxide can be artificially controlled from insulator to metal by tailoring the
composition of O atom in the oxide [35, 36].

The polyvalence properties of the Mo and interesting polymorphs of the Mo based
oxide make the Mo based oxide show great potential in various devices. For example,
nanostructure of MoOg is used as a cathode material in the development of high-energy

density solid-state micro-batteries. It is reported, when the double layer of MoOs are
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intercalated by electron-donating cations, it becomes good conductors, which, therefore,
makes them are ideal as the electrodes for electrochemical cells [20, 32].

MoO:s is readily to be reduced to the lower oxidation state which is the critical
properties for the gas sensors materials [20, 26]. When being exposed to the target gas,
MoO:s is considered as the catalytic for the oxidation of gas on the oxide surface. MoO3
leaves the oxygen vacancies at the surface of it, which result in the resistance change at
the surface of MoOs[25, 37, 38].

As nonstoichiometric form of MoOs, MoOs.x films exhibit the well aligned energy
level with the active organic material and metal electrodes, which make it suitable for
fabricating the hole transport layer of the organic solar cells. The electrical properties
of MoOs films can be artificially tuned by the oxygen vacancies as high work function

and low series resistance in organic solar cells [36, 39].

1.2 Synthesis process of molybdenum oxides nanostructure

Nanotechnology is expected to have an impact on all industries including
semiconductors and biotechnology, which provide the motivation to further insight into
nanoscale phenomena and novel structures [40-42]. In recent decades, development of
nanoscale materials with different morphologies have become a key area in basic
scientific researches due to their unique properties compared with respective bulk
materials [43-45]. However, developing simple and economic methods for preparing
novel functional nano-structures is still a major challenge in the nanoscience and

nanotechnology field.



4000

Figure 1. 4 As reported typical nanostructures of MoOs, (a) nanoplates [46] (b)

nanosheets [15] (c) nanosphares [47] (d) nanowire arrays [48].

Until now, many methods have been proposed to prepare MoOs and its derivatives.
Nanostructural MoOs have been successfully synthesized by a variety of physical
or/and chemical manufacturing methods for the purpose of reducing the size of the
particles or increasing the surface area for different applications. Balendhran et al. [16]
have classified these methods into three major categories: vapor (chemical vapor
deposition (CVD) et al.), liquid (sol-gel process, hydrothermal process et al.) and solid
phase deposition techniques (electrodeposited, thermal evaporation, R.F. sputtering
method et al.). Here, the typical nanostructures and synthesis methods of MoO3s were
reviewed.

A variety of nanostructures of a-MoOs have been reported for their special
morphologies, as shown in Figure 1.4. Nanoplates, nanosheet, nanosphares, hollow

nanospheres, and single-walled a-MoOs nanotubes morphologies were synthesized



with a diameter from n > 10° nm to n %< 10? nm, solution/evoration process [15, 46, 47,
49, 50].

Recently, considerable efforts are paid to synthesize the nanorod structures of a-
MoOs to achieve the much higher specific surface area, so as to achieve the promising
performance of the devices. Qian et al. synthesized the hexagonal MoOz nanorods with
a diameter of the 40 nm using the hydrothermal method, which showed the higher
performance for the lithium-ion batteries than the microrods with diameters of 2-3 um
[51]. Lou et al, developed a faster (about 2 h) synthesis process [52] to grow a-MoOs
nanorods with a width of about 100 nm by using the hydrothermal methods, which is
20 times faster than their former reported work [53]. They achieved the discharge
capacity of 300 mAhg-1from their a-MoO3z nanorods. Xue et al. synthesized the core-
shell a-Fe;Os@a-MoOs Nanorods composites by using a two-step hydrothermal
method to synthesize MoOs nanorods, which showed reversible capacity of 1481
mAhg? [54]. Xue et al. also prepared the SnO2/0-MoO; heterostructure-nanobelts by
hydrothermal method, which show the 67.76 sensitivity to 500 ppm ethanol at 300 °C
[55]. a-Mo0O3 nanorods were also synthesized by using CVD [56], and evaporation
method [57].

Most recently, MoOsz based nanorod/nanowire arrays have been attracting great
interests due to their well-aligned growth directions, easily being permeated into their
inner by the adsorbate. Mo oxide-based naorod/wire arrays were generally fabricated
through the evaporation [6, 58], or the two steps methods: sputtering the seed layer onto
the substrate then using the hydrothermal methods to grow the longer nanorod arrays
[48]. These MoOz based nanorod/nanowire arrays have shown great potential in
emission, lithium ion batteries applications for their distinct electronic property and
catalytic reaction abilities of solid/liquid interfaces [6, 48, 58]. However, the catalytic
reaction abilities of solid/gas interfaces of MoOs nanorod/nanowire arrays, i.e. gas
sensor application, are rarely researched. The traditional synthesis process of MoO3
nanorod/nanowire arrays employed either complicated vacuum or two-step high

pressure process, which severely restricted application or deeper research in gas sensor
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[6, 48, 58]. To contrast, solution processes are very desirable for synthesizing thin films
or nanoparticles. However, to now the solution process for synthesizing MoOs
nanorod/nanowire arrays has been rarely reported. In this work, thus the challenge was
made for the solution process to synthesize MoOz nanorod/nanowire arrays of

controlled morphology and to investigate their gas sensing properties.

1.3 Gas sensing properties of nanostructured molybdenum oxides

1.3.1 Fundamentals of metal oxide gas sensor

The research of sensors has permeated by many professional science and
engineering organizations. Sensor science generates thousands of new publications
each year [59]. A gas sensor is a device that transforms target gas information, ranging
from the concentration of a specific sample component to total composition analysis,
into an analytically useful signal. Most of the metal oxide gas sensors are resistance
control type. The surface state of the metal oxide are very sensitive to special gas
substance. The change of the surface state cause the variation of the resistance of the
gas sensors, from which the type and concentration of the target gas can be obtained
[60-62].

Since the first gas sensing properties were reported in the 1950’s, various
semiconducting metal oxides were developed as industrial process control or security
devices for monitoring of explosive or toxic gases [38, 63]. The electronic transport
properties of metal oxides in the gas sensing devices strongly depend on the chemistry
property of the gases and the presence/absence of defects on the surface of the metal
oxide. The exact fundamental mechanisms that cause a gas response are still
controversial, but essentially trapping of electrons at adsorbed molecules and band
bending induced by these charged molecules are responsible for a change in
conductivity [64-66]. Here, the basic working principles of solid-gas interactions of the

oxide and the gases were concluded.
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Generally, there are three possible solid-gas interaction mechanisms between a
solid surface and gas molecules [37].

(1) Physical adsorption (physisorption), which relies on weak, long-range van der
Waals dipole/dipole interactions as illustrated in Figure 1.5(a). Physisorbed molecules
are never dissociated and the physisorption enthalpy is typically about 0.2 eVV/molecule.

(2) Chemical adsorption (chemisorption), which is the formation of chemical
bonds between gas molecules and solid surfaces, being accompanied with charges
transfer as illustrated in Figure 1.5(b). Usually, the dissociated and chemisorption
enthalpy of chemisorbed gas molecules are larger than in physisorption with the values

of about 2 eV/molecule.

Gas molecule

- y 1‘\ e
(a) Physisorption (b) Chemisorption (c) Non-reversible reaction

Figure 1.5 Interactions between solids and gas molecules, (a) physisorption, (b)
chemisoption, (b) non-reversible reaction.

(3) Non-reversible reactions with the solid surface typically lead to the formation
of new compounds, which will result in the difficulties of desorption of the gas and is
undesired for gas sensor operation as illustrated in Figure 1.5(c).

The electrical and gas sensing properties of the metal oxide strongly depend on
the morphology and thus the used fabrication process. Typical conduction mechanisms
are grain-boundary-controlled or neck-grain-boundary-controlled in porous thick film
devices and surface-controlled in compact thin film devices [67]. Depending on the
crystallite grain size and the Debye length of the material the gas sensitive layers will
be partly or completely depleted/accumulated due to oxygen ionosorption at the surface
[68].

11



It was claimed that the oxygen molecules will be decomposed as molecular (O2),
atomic (O and O%) ions, when the oxygen were chemically adsorbed onto the surface
of the metal oxide sensor at working conditions. The negative charges trapped in these
oxygen species causes an upward band bending and thus a reduced conductivity

compared to the flat band situation [69].

gas =P

Figure 1.6 Schematic diagram of band bending after chemisorptions of charged species
(here the ionosorption of oxygen) Ec, Ev, and Er denote the energy of the conduction
band, valence band, and the Fermi level, respectively, while Aair denotes the thickness
of the space-charge layer, and eVsurface denotes the potential barrier. The conducting

electrons are represented by e™ and + represents the donor site [69].

As shown in Figure 1.6, when Oz molecules are adsorbed on the surface of metal
oxides, they would extract and trap the electrons at the surface in the form of ions, i.e.
O and O%[70]. This process will lead to an electron-depleted region at the surface of
the crystalline grain. The electron-depleted region is so called space-charge layer,
whose thickness is the length of band bending region. The space-charge layer exhibits
the high resistance. On the contrary, when the reductive gases flowing onto the surface
of the metal oxide, the reactions of these oxygen species with gas can set the extracted

electrons free, then reverse the band bending, resulting in an increased conductivity.

12



Within the adsorbed oxygen species, O™ is found to be dominant at the operating
temperature of 300 - 450 <C, which is the work temperature for most metal oxide gas
sensors. Figure 1.6, 1.7 schematically shows the structural and band model of
conductive mechanism upon exposure to reference gas with or without CO (for
example) When gas sensors exposure to the reference gas, i.e. CO, CO is oxidized by
O™ and released electrons to the bulk materials. Together with the decrease of the
number of surface O-, the thickness of space-charge layer decreases. Then the schottky
barrier between two grains is lowered. The electrons would be easy to conduct in
sensing layers through different grains. The width of the space charge region can be

estimated using the Debye length [71]

__ |KTer€g
Lp = o (1.1)

The Debye length is influenced by temperature T, relative permittivity €, and density

of majority carriers N. Thus it is a parameter determined by material properties and by

sensor operation conditions [71, 72].
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Figure 1.7 Structural and band models of conductive mechanism upon exposure to

target gas. (a) with or (b) without CO [69].
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Based on the theory of grain-boundary transportation, MoOs exhibits a special
adsorb mechanism for gas species, such as Hz or hydroxyl based alcoholic material.
Different from other typical metal oxide semiconductors (SnO2 or ZnO), the gas
detection process of a-MoOs mainly dominated by surface lattice oxygen rather than
chemisorbed oxygen. Alsaifa et al.[73-75] insist that hydrogen ions etc. can be
intercalated into van der Waals’s gaps of a-Mo0Os, accompanied with the lower
oxidation state. When the VOCs, e.g., EtOH, were adsorbed onto the surface of the
MoOs, the -OH bond of the adsorbed EtOH dissociated heterolytically to yield ethoxide

groups and hydrogen as follows [76]

C2Hs0H (adsy — C2 H50"(ads) + H (aas) (1.2)

Subsequently, the H* ions will spill over the (010) plane of MoO3[77-79], and then
interact with the lattice corner-sharing oxygen atoms, forming theoretical -OHz groups
and HxMoOs3 structures. At elevated operating temperatures, H.O molecules are
eventually formed, through leaving oxygen vacancies, i.e., MoOsx. Each of the possible

reactions was described by the following equations.

MoOs + xH* + xe- — HxMoOs3 (1.3)
2H,M00s; — XH20 + 2M0Os.2 (1.4)

Besides the H* ion intercalation, the ethoxide groups C2HsO™ will form an ionic bond
with the unsaturated metal site. The adsorbed hydroxyl groups then undergo
dehydrogenation with subsequent proton donation to the cation, due to the reducible

cationic nature of Mo, as illustrated in Equations (1.5) and (1.6)

CoHsOH (ags) + H*(ads) + -O-Mo-O-Mo — -OH(ads) + C2HsO-Mo-O-Mo (1.5)
C2HsO-Mo-O-Mo — CH3CHO + Mo-O-Mo-H (1.6)

14



The acetaldehyde will undergo subsequent oxidation to form H.O and CO.. The
adsorbed hydroxyl groups are assumed to be desorbed as H-O, leaving the surface with

oXygen vacancy.

1.3.2 MoO:s based gas sensing properties from perspective of nanotechnology

Researchers are taking their efforts to increase specific surface area of active
materials to increase the performance of gas sensing properties. Increasing the specific
surface area can effectively increase active sites at the surface of materials, for the
catalytic reaction between target gas and adsorbed oxygen on the surface of sensor.
Since reducing grain size can greatly increase surface area, the synthesis of low
dimensional nanostructured metal oxides have attracted much attention [80, 81].

Depending on a type of materials, morphology, size and fabrication process, the
performance of a sensor towards a specific gas shows a varying degree of sensing
ability [82]. a-Mo0O3 is an n type semiconductor metal oxide which indicated that the
resistance will decrease/increase when a-MoOs is exposed to reductive gas/oxidized
gas. Recently, gas sensing properties of nanostructured a-MoOs are focused much
attentions due to their available special morphologies for the adsorption/diffusion of
gas molecules.

Typical gas sensing properties of nanostructures of MoO3 were summerized in the
Table 1.1. It can be found that MoO3 is very sensitive to various gas species, depending
on their special nanostructures and synthesis process. For example, nanostructured
MoOs can be very sensitive to nitrogen dioxide (NOz) [70, 91, 94-96], nitrogen
monoxide (NO) [97-100], carbon monoxide (CO) [101-103], trimethylamine (C3zHgN)
[104-108], ethanol(C2HeO) [89, 109-115], methane (CHa4) [116, 117], methanol
(CHsOH) [18, 118-120], ammonia (NH3) [121-127]and hydrogen (H2) [90, 128]. Most

of these nanostructures were working at 200 — 400 °C.
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Table 1.1 Review of gas sensing properties of nanostructures of MoOs

Structure Size Method Gas Concentration | Sensitivity | Work Ref.
temperature
(ppm)

2D-nanosheets | 220-256 | Ultrasonic Ethanol | 100 32 300°C [83]

nm
Hollow 0.2-2.5 Hydrothermal | Ethanol | 300 500 200°C [84]
Nanostructures | um
Nanoparticles | 100 nm | Hydrothermal | H2S 20 450 350°C [85]
Nanobelts 100 nm | Hydrothermal | Xylene | 100 7 200°C [86]
Thin film Sol-gel 02 1000 40 370°C [87]
Lamellar 2um Evaporation NO2 10 1.1 225°C [88]
Thin film Sputtering NO2 3 2 300°C [70]
Microrods 5um Hydrothermal | Ethanol | 500 8 332°C [89]
Nanoplate 1um Evaporation H2 10000 11 265 °C [90]
Nanorods 200 pum | Ultrasonic NO2 10 46 300°C [91]
Nanoplate 1um CvD Formal | 1000 1.03 30°C [92]

ehyde

Nanorods 100 nm | Sputtering Ethanol | 1000 110 300°C [93]

Recently, environmental pollution due to volatile organic compounds (VOCs) has
become one of the critical problems in recent years because it causes not only global

warming and climate change but also has adverse effects on human health. VOCs are
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hazardous because exposure to them can cause conjunctival irritation, nose and throat
discomforts, headache, allergic skin reaction, dyspnoea, decreased serum
cholinesterase levels, nausea, emesis, epistaxis, fatigue, and dizziness. Therefore, the
development of VOC gas sensors for air quality monitoring is necessary to help people
to avoid over-exposure to such dangerous agents and to reduce the levels of
environmental pollutants [129, 130]. As one kind of VOCs, ethanol is often used in a
laboratory of a factory. Therefore, to detect the concentration of ethanol is very
important for both the process control and safety.

From table 1.1, it can be found that several groups are researching on the gas
sensing properties of MoOs to VOCs vapors. For example, Li-Li Xing et al. synthesized
the MoO3 nanobelts through the hydrothermal route, with a width of 140 — 200 nm,
showed a sensitivity of 31 to ethanol at 300 °C [55]. Navas Illyaskutty et al. synthesized
MoOs thin film, through the RF sputtering method, showed a sensitivity of 38 to ethanol
[112]. Li-Li Sui et. al synthesized flower-like microstructure MoOs, which showed a
sensitivity of 6 to 500 ppm ethanol vapor at 250 °C, by the hydrothermal route [131].
Wen Zeng et al. synthesized the net-like MoOsz porous architectures, showed a
sensitivity of 17 to 500 ppm ethanol vapor at 350 °C by the hydrothermal route [132].
These reports revealed MoOs displays appealing sensing performance to VOCs vapors.
However, these methods employed complicated manufacturing processes. For instance
sputtering process needs the complicated vacuum system [112]. Hydrothermal process
requires the high-pressure and long-time synthesis procedures [132]. Moreover, the as-
synthesized MoO3 are required to be transferred to substrates with electrodes, which
further increased the fabrication costs.

Thus, developing much simpler, lower cost route for further enhancing
performance of a MoOs based gas sensor is an urgent issue. Moreover, as mentioned at
chapter 1.2, nanorod arrays morphology is very promising for the penetration of gases
in their structure. Nevertheless, the gas sensing properties of charming MoOz nanorod

arrays haven’t been researched. In this work, the author aimed to synthesize MoOs

17



nanorod arrays with a much simple solution process and researched the gas sensing

property of the nanorod arrays sensors.
1.3.3 Characterization of the gas sensors

Sensitivity, response and recovery time are three of the important performance
parameters for gas sensors. For a n-type gas sensor, when being exposed to air, the
sensor will show higher resistance due to the aforementioned charge depletion layer.
When the sensor is exposed to the target gas, it will show a reduced resistance due to
the decrease of the charge depletion layer. The sensitivity of is defined as the ratio of
the device’s resistance, when sensors are exposed to the ambient air and to target species,

as shown in equition (1.7).

S= ﬁ—g (1.7)
where R represents the resistance of the metal oxide, the subscript ‘g’ represents target
gas, and ‘a’ represents ambient air. Sensitivity indicate the reaction ability of a sensor
with target gas. Response/recovery time is defined as the time period needed for the
device to undergo resistance changing from 10%/90% to 90%/10% of the value in
equilibrium upon exposure to an oxidizing/reducing analyte [115]. Response/recovery
time reveals the adsorption/desorption ability of a sensor to a target gas. A better gas

sensor should exhibit both high sensitivity and quicker response/recovery time.

1.4 Molybdenum oxide base hole transport layer for organic solar cell
1.4.1 Review of organic solar cell

With the rapid growth of industry and population, more and more energy are
required to sustain the corresponding economy growth year by year. It is estimated that

in 2050 year, the total energy needed in the world will reach to 28 Terawatt about twice
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of in 2009. However the tradition fossil fuel energy is undesired to provide so much
energy. Because fossil fuel is limited with the total reserves and too much CO: releasing
into the atmosphere, scientists are investigating the alternative energies to substitute
fossil fuel. Thus, clean and renewable energy such as solar (both photovoltaics and solar
thermal), wind, hydro, geothermal, tidal, and biofuels are attracting more and more
attention. Within these renewable energies, solar energy is one of the most plentiful
energies due to sun radiation to the earth can reach to 23000 TW/year. Therefore,
considerable effort has been paid to study how to increase the performance of solar cells
to make use of effective energy [133].

After Bell Laboratories developed the first inorganic solar cell in 1954, the most
representative photovoltaic conversion efficiency (PCE) of Si-based solar cell have
reached to its theoretical limitations of about 25 %. The most advanced (and expensive)
GaAs cells have gotten the PCE above 40 % [134, 135]. Recently, Organic solar cells
(OSCs) are attracting widely interests in producing clean and renewable energy by
virtue of their low cost, light weight, colorful, portable and ease of large-area fabrication.
The first photoconductivity in the organic compound was observed in anthracene in
1906 [136]. After the photovoltaic effect was observed in an organic material in the
1960s [137], substantial progress has been achieved in increasing the power conversion
efficiency (PCE) of single-junction OSCs, with values approaching to 10-12 % [39,
138].

The difference between the organic semiconductor and inorganic solid-state
semiconductors lies in the generally poor charge-carrier mobility in organics (10~ — 10°
cm?/Vs, while mobility of Si can reach to the extent of 10* cm?/Vs [139, 140]), which
has a large effect on the design and efficiency of organic semiconductor devices.
However, organic semiconductors have relatively strong absorption coefficients of >
10° cm®, which will give high absorption in even <100 nm thin devices. Another
important difference to crystalline inorganic semiconductors is the relatively small
diffusion length of primary photoexcitations in amorphous and disordered organic

materials. Most of the organic semiconductors for the organic solar cells are p-type
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conductors and have an optical band gap around 2 eV, which is higher than that of
silicon of 1.12 eV. Moreover, chemical synthesis methods, which show the perspective
of low cost, large-scale, and flexible organic solar cells, drives the research both in
academia and in industry [141-143].

Here, the mechanism of solar cell is presented. When light enters the cell through
the transparent anode, the light is absorbed in the bulk heterojunction layer to generate
the excitons. In order to make excitons to form charge carriers at the heterojunction
interface, the offset of the energy bands of the two materials must be greater than the
binding energy of the excitons [144-146]. Therefore, an efficient OSCs device
employed a layer structure, schematic of which were shown in Figure 1.8.

At the middle of the cell is the conjugated polymer:fullerene (Usually Ceo70 and
Ceor7o derivatives) composites based active layer, which response for generating the
excitons when being exposed by photons, due to the photoinduced electron transfer
from optically excited conjugated polymers to the Ceo70 molecule. The charge transfer

in organic solar cell was schematically shown in Figure 1.9.

Al electrode Donor

Acceptor

MoO,HTL W

ITO

glass

Figure 1.8 Schematic of the layer structured organic solar cell. [141]
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Figure 1.9 Illustration of photoinduced charge transfer (left) with a sketch of energy
level scheme (right). After excitation in PPV polymer, electron is transferred to a Ceo

due to its higher electron affinity [141].
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Figure 1.10 Illustration of energy level of hole transport layer in organic solar cell

The excitons diffuse in the bulk heterojunction until they either recombine or reach
a donor-acceptor interface, where they were separated into electrons and holes.
Therefore it is important to choose the desirably interfacial materials such that the

charge carriers have an energetically favorable path to electrodes, while still retaining
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some voltage at output. Finally, electrons and holes will then move to anode and cathode,
through a donor and acceptor material phase [147].

As shown in Figure 1.8, between the electrodes and the active layer interfaces,
there are two ultra-thin electron (only several nanometer in thickness) and hole
transport layers (ETLs and HTLs). The ETLs / HTLs were developed to efficiently
extract the excited electron and hole-electron pairs from photo active bulk
heterojunction layer to transport to the respective electrodes, due to their well aligned
energy level with the LUMO (lowest unoccupied molecular orbital) / HOMO  (highest
occupied molecular orbital) of the active layer [148, 149]. Energy level of hole transport

layer in organic solar cell was shown in Figure 1.10.

| Current /1

max

Voc Voltage /V

max

Figure 1.11 Typical I-V curves of the solar cells [150].

1.4.2 Characterization of organic solar cell

Usually, solar cell is characterized with the curve of its current and voltage (1-V
curve) as schematically shown in Figure 1.11. Some important parameters of solar cell

performance can be extracted from Figure 1.11.
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Open circuit voltage (Voc): Open circuit voltage is the voltage the cell produces
when it is sourcing no current and represents the maximum voltage of the cell (i.e.
| =0).

Short circuit current (Isc): The short circuit current is the current the cell can
produce when the two electrodes are shorted together (i.e. V = 0)

Fill factor (FF): Fill factor is the ratio of the actual maximum power to the ideal
maximum power; the actual maximum power is the product of voltage and current
of the point show in Figure 1.11, the ideal maximum power is the product of Voc

and ls, as shown in the equition

FF = Pmax _ VmpImp (1.8)

P Voclsc

Power conversion efficiency (PCE): divide the maximum power output by the

power of the incident light:

PCE = Emax (1.9)

PIN

Series resistance (Rs): reciprocal of tangent of the -V curves at V.

Shunt resistance: tangent of the 1-V curves at Is.

The series resistance (Rs) and shunt resistance, can also be found by modeling a
solar cell as a current source in parallel with a diode with two resistive elements as

Figure 1.12.

. Figure 1.12 Circuit equivalent of the organic solar cells [150]
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The effects of these two non-idealities are shown in Figure 1.12. So the current
delivered to the load becomes that of the current source (from the photovoltaic effect)

minus the losses from the diode and the resisters,

=11, {exp [M] - 1} AL (1.10)

nkT Rsy

where lo is the reverse bias saturation current, q is the charge of the electron, n is the

ideality factor of the diode, k is Boltzmann’s constant, and T is temperature.

1.4.3 HTL for the organic solar cells

As aforementioned, an efficient OSC device structure contains electron and hole
transport layers (ETL and HTL, respectively) between electrodes. In this structure, the
active layer interfaces efficiently extract excited electron—hole pairs from the
photoactive bulk heterojunction layer and transport them to the respective electrodes.
Therefore, investigating the optimum OSC interfacial layers with improved energy
level alignment and simple, effective processing methods is desirable to produce OSCs
with suitable performance at lower cost [151, 152].

Traditionally, poly(3,4-ethylenedioxythiohene):poly(styrenesulfonate)
(PEDOT:PSS) is used as the HTL in OSCs because of its easy processability, smooth
surface, high transparency, good conductivity, excellent mechanical flexibility, and the
match of its work function (5.1 eV) with the highest occupied molecular orbital level
of many donor-type organic semiconductors[153]. However, the hydrophilic and
acidic nature (pH = 1) of PEDOT:PSS will introduce water into devices and degrade
metal or indium tin oxide electrodes, which dramatically deteriorate the performance
of OSCs under ambient conditions. Therefore, to develop a suitable substitute of

PEDOT:PSS is an urgent issue [154].
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The charge-injection properties of the HTL in a device depends on its electronic
structure, i.e. whether the oxide is p- or n-type, wide or narrow band gap, or a metallic
conductor. Potential alternatives to PEDOT:PSS are transition metal oxides with high
work function (®m), such as MoO3 (Om = 5.5 eV), V205 (Pm=4.7 ¢V), NiO (dm =5.0
eV), and WOz (dm = 4.8 eV) [155]. Schematic energy-level diagrams of various
transition metal oxides and several common organic semiconductors are shown in
schematic energy-level diagrams, Figure 1.13. [156, 157]. Devices with these metal
oxide HTLs display comparable or improved efficiency and stability compared with
those of the equivalent ones with PEDOT:PSS[154, 158]. MoOs is one of the most
desirable metal oxides for use in HTLs because of its wide band gap (3.0 — 3.8 eV) and
high transparency (> 80 %) in the visible and near-infrared regions [159-161].
Crystalline MoOs exhibits diverse arrangements of Mo and O atoms within its lattice,
resulting in a-, B-, and h-phases. Mo-based oxides with different molybdenum:oxygen
stoichiometry also display a variety of Femi levels, densities of states, band structures,
and conductivities. The diversity of crystal structure and polyvalence of MoOs make it
suitable for use as various effective extraction of holes in OSCs [162]. For example,
Yang et al. [163] found that OSCs with a MoOs HTL showed a fill factor of 61.9 %,
which was higher than that of the counterpart with evaporated V205 (59.1 %).
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Figure 1.13 Schematic energy-level diagrams of (a) several transition metal oxides and
(b) several organic semiconductors. The lower shaded regions represent the valence

bands and the upper shaded regions represent the conduction bands [156, 157].

Homogenous smooth MoOs HTLs have been fabricated by evaporation and
demonstrated as high performance in OSCs [164]. However, evaporation method is a
time-consuming and complicated vacuum process that increases the manufacturing cost
of OSCs and is incompatible with a large-area processing needed to produce flexible
OSCs. Moreover, because evaporated MoOz (eMoOg) is very sensitive to contaminants
[165], evaporation process demands a high-purity MoOs source which further increases
the fabrication cost of the OSCs. In addition, heating MoO3z with an oxidation state of
+6 during thermal evaporation leads to severe loss of oxygen, so the final deposited
layer will have a lower oxidation state of +5 or even +4 (MoO3). The lower oxidation
state of Mo changes its energy levels and lowers its work function, making it less
suitable for extracting holes from the active layer. It has been shown that MoO> with an
oxidation state of +4 has similar electrical properties to those of Mo metal, which cannot

act as an optimum HTL for OSCs [166].
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Recently, solution-processed MoOx (sMoOx) interfacial HTLs have become widely
preferred to fulfill the requirements of all-solution-processed OSCs by virtue of their
precise composition control, homogeneity, large-area compatibility, flexibility, and low
processing cost [167-169] compared with those of counterparts with an eMoOy or
PEDOT:PSS HTL. However, there are still several difficulties to fabricate efficient
OSCs with solution-processed HTLs, which are:

(1) Usually, high temperature annealing is needed to convert the precursors to MoOy,
which increases the manufacturing cost and limits the choice of flexible substrates. For
example, Girotto et al. [170] fabricated SMoO3-based OSCs with a fill factor of 65 %.
However, the solution process needed a complicated reflux procedure and the annealing
temperature (275 <C) was too high to be compatible with flexible substrates like
Polyethylene naphthalate (PEN) or Polyethylene Terephthalate (PET). Murase and
colleagues [171] developed a (NH4)éM07024 4H20 solution decomposition route to
fabricate OSCs with a high fill factor of 69.3 %. However, this process involved a long
annealing time of 1 h, which limited the production speed and increased cost.

(2) Intrinsic sSMoOx shows a high resistance, which will increase the series resistance
and degrade the overall performance of OSCs. Wang et al. [172] developed a low-
temperature (120 <C) solution process to form MoOx HTLs, but the layers displayed
high resistance and gave devices with insufficient performance. To settle the problem
of high resistance, Li and co-workers [173] treated SMoOx HTLs in N2 to produce
oxygen vacancies in order to increase conductivity. To further increase the conductivity
of sSMoOy, silver (Ag) particles were also added, which although enhanced the PCE of
the resulting devices, increased the cost of the fabrication processes at last. Very
recently, a conductive sMoOx HTLs were developed by our group, the improved

performance of the resulting OSCs were reported [174].
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1.5 Motivation and objective of this dissertation

Mo oxide has found various kinds of applications due to their fascinating crystal
and electron structures. The main objective of this thesis is to synthesize a-MoOs
nanorod arrays and MoOx thin films through a simple solution process. The author try
to investigate the gas sensing properties of a-MoOs nanorod arrays, and investe the
hole transport abilities of MoOx thin films in organic solar cells.

In chapter two, the author tried to synthesize a-MoOs3 nanorod arrays through a
simple solution process combined with a short time annealing process in air. Solution
process is very promising for the synthesis of oxide with nanoparticles and nanospheres
morphologies, by virtue of homogeneous, large area, and low cost. However, solution
process is facing great difficulties in controlling the anisotropic growth only in one
directions, i.e. nanorods, due to the unconstrained growth condition which is different
from the high pressure condition in the hydrothermal method. The author tried to
synthesize a-MoOs nanorod arrays with controllable morphologies by adjusting the
preparation parameters, such as molar ratio in precursors, annealing temperature and
time.

In chapter three, the author tried to applicate a-MoOs nanorod arrays into gas
sensors. Nanorod arrays morphologies are very desirable for gas sensing applications,
because they not only possess high specific surface area but also facilitate the contact
and diffusion of reagent gas molecules into the inner region of nanorod arrays. Metal
oxide nanorod arrays composed of WOz, ZnO, and SnO- have been demonstrated to be
very sensitive to VOC vapors [175-177]. However, few a-MoO3 nanorod arrays based
gas sensors were reported because the complexities in common synthesis process of a-
MoOsz nanorod arrays, i.e., complicated vacuum system or high pressure process, are
restraining their application as gas sensors. The author has attempted to investigate the
solid/gas reaction abilities of a.-M0Os nanorod arrays with VOCs, and tried to find the

dominantly morphological parameters for gas sensing properties.
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In chapter four, the author tried to fabricate MoOx based HTL for organic solar cell
through a solution process. Solution process is expected to substitute evaporation
process to fulfill entire solution process to decrease the fabrication cost of the OSCs.
However the solution process are facing challenges of controlling the oxygen
composition in MoOy, which are dominating Femi level and band structure so as to hole
transport abilities in OSCs. The author tried to control the oxygen stoichiometry in
MoOx through adjusting the composition in precursors. The optimized MoOx will be
used to fabricate the HTL of the OSCs which is expected to exhibit the same PCE with
the referential cell from the evaporation process.

Thus, this study paves the way for the fabrication of a-MoO3 nanorod arrays with
controlled morphologies and MoOx thin film with tunable oxygen composition; for the
fabrication of their corresponding devices of gas sensors and organic solar cells with

high performance by the relative simple, inexpensive, and scalable processing methods.
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Chapter 2

Growth of molybdenum trioxide nanorod

arrays via one-step solution process
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Abstract

A simple sol-gel solution route for synthesis of a-MoOs nanorod arrays is
investigated in terms of growth mechanism with controlling citric acid decomposition
rate. The single-phase and single-crystal of nanorod arrays of MoO3z grown in random
directions from a silica glass substrate had mean diameters and lengths of 10 nm and
500 nm, respectively. The citric acid play a critical role for the nanorod arrays growth
process from examination of the relative molar ratio of molybdate and citric acid in the
precursor. Moreover, the dissociation timing of the citric acid, which were controlled
by the other two synthesis parameters, i.e. annealing time and solvents, also greatly
influence growth and phase transition of MoOs nanorod arrays by analyzing scanning
electron microscopy (SEM) and X-ray diffraction (XRD). The optimizing synthesis
parameters were expected to design with the nanorod arrays length and density. The
longest nanorod arrays can be obtained up to 600 nm using a dimethylacetamide solvent,
a molar ratio of Mo:citric acid = 0.5:1.5, and annealing at 400 °C for 15 min in ambient
atmosphere. Findings of the present study describe that the factors of the nanorod arrays
growth and phase changing are deeply correlated with disassemble steps of Mo metal-
citric-acid complex in the sol-gel precursor solution, which will contribute to apply the

material development in several electronic devices using MoQOs3 nanostructures.
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2.1 Introduction

In recent decades, tremendous achievements have been worldwidely obtained in
the field of nanoscience and nanotechnology. However, synthesizing functional
materials with controllable morphologies and a comparatively simple synthesis process
is still difficult and of great significance in this field [1, 2]. In particular, finding novel
synthesis routes for one-dimensional (1-D) nanostructured materials, including
nanotubes, nanorods, nanospheres, nanoplates, nanoribbons, and nanobelts has been
and will continue to be a hot subjects [3-7]. The reason for this is that their synthesis
process is complex, but they have unique electronic, chemical, optical, and mechanical
properties that are difficult to achieve in equivalent bulk materials [8-13]. Among them,
nanorod arrays are some the most important morphologies because of their faster
electronic transmission channels; they have been studied for a long time with respect to
growing nanorod arrays with prolonged lengths along the axis or increased length-
diameter ratios [14-16].

Recently, molybdenum trioxide (MoOQ3s), an indirect wide band-gap (3.5 eV)
semiconductor material, has attracted much attention because of its special crystalline
structure and the polyvalency attributes of molybdate [17]. Pure MoOsz has three
polymorphs, i.e., the orthorhombic phase (a-M00Os3), the monoclinic phase (B-MoQO3),
and the hexagonal phase (h-Mo0O3). The B-phase is metastable monoclinic and can be
converted to the thermodynamically stable a-phase at high temperatures, near 673 K
[18]. a-M0O3 consists of a stable layer structure, as shown in the inset of Figure 2.1,
with unit cell parameters a=3.9620 A, b=13.86 A, and ¢=3.70 A. Moreover, corner-
sharing chains of double layers of zigzag MoOs octahedra are hold together by covalent
forces in the a- and c-axis directions, and by weak Van der Waals forces in the b-axis
direction. During the synthesis process, the discrepancy of this weak Van der Waals
force will limit the growth rate in the [010] direction, compared with the other two
directions, which will result in anisotropic growth [19]. This unique feature makes it

one of the most promising candidates to form a large surface area and high surface-to-
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volume ratio nanostructures [20-23]. In particular, MoOs nanorod arrays have been
applied in field emission [22, 24], as anodes of lithium batteries [25-27], as buffer layer
of organic light emitting diodes [28], and as gas sensors [20, 29], because of their high
surface-to-volume ratio, superior crystallinity, and excellent electron transportation

properties [30].
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Figure 2.1 XRD pattern of MoOs nanorod arrays synthesized by 2-ME solvent,
molybdate:citric acid = 0.5:1.5, spin coated at 1000 rpm for 10 s, annealing at 673 K

for 15 min (inset, crystal structure of MoO3).

In general, MoOs nanorod arrays can be synthesized by pulsed electron beam
deposition [30], RF sputtering®!, thermal evaporation [31], and a hydrothermal method
[32, 33]. However these methods are complicated because they involve high energy
costs, as well as poor productivity and reproducibility. Developing a new synthesis
method has become an urgent issue. Sol-gel method has many merits, such as being
simple, homogeneous, applicable over a large area, performed in a short time, and easy
to control with low energy costs; as such, it has been applied to prepare metal oxides,

e.g., ZnO, TiO,, and ITO, as well as other oxides [34, 35].
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This work reports a-MoOs nanorod arrays grown randomly from silica glass
substrates that exhibit a single-phase and single-crystal nature. The nanorod arrays were
prepared by combining sol-gel, spin-coating, and annealing processes. The
development of a-M0Oz nanorod arrays from such routes is rarely reported. For this
reason, the factors affecting the growth were studied in detail. The lengths of the
nanorod arrays are prolonged by controlling these relative parameters for various

electric devises.

2.2 Experimental

2.2.1 Synthesis process of a-Mo0O3 nanorod arrays

To synthesize a-MoQO3 nanorod arrays, ammonium molybdate (HsN2OsMo, (0.5
M), Wako, 97.0 %, Osaka, Japan) and citric acid (CeHsO7, 1.5 M, Wako, Anhydrous,
98.0 %, Osaka, Japan), were dissolved in 2-methoxyethanol (2-ME, C3HgO2 (5 ml),
Wako, 99.0%, boiling point 125 °C, Osaka, Japan) as a solvent at room temperature
with magnetic stirring. After 4 h, the solution changed into a blue transparent sol-
solution, which was aged at room temperature for 24 h to form a homogeneous sol-gel
precursor. After aging, the precursors appeared yellow in a dark environment. When
they were exposed to light for several minutes, the color changed from yellow to blue.
After the color changed, the precursor (300 ul) was spin coated at 1000 rpm for 10 s
(MIKASA SPINCOATER 1H-DX2, Tokyo, Japan) on a silica glass substrate cleaned
by N2 plasma for 1 min with a spin coater. Finally, the film was annealed at 400 °C in a
preheated furnace for 15 min (DENKEN KDF-P90, Kyoto, Japan) to obtain thin film

samples. The synthesis process was schematically depicted in Figure 2.2.
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Figure 2.2 Schematic of synthesis process of nanorod arrays.

2.2.2 Characterization methods of a-MoO3 nanorod arrays

The crystal structure, chemical composition, and physical properties of the thin
film were investigated. The X-ray diffraction (XRD) patterns of the thin films were
collected in the range of 20 = 5-65<using an X-ray diffractometer (Rigaku SmartLab,
Akishima, Tokyo, Japan) with CuKa radiation at 45 kV and 100 mA, using a step size
of 0.02°, scanning rate of 4°/min, and incidence angle, ®, of 0.2°. FT-IR spectra were
collected by Fourier transform infrared spectrometer (FTIR: JASCO FT/IR6100, Tokyo,
Japan). Top and cross-sectional views of the morphology of these samples were
observed by field-emission scanning electron microscopy (FE-SEM: Hitachi SU8020,
Tokyo, Japan) at 5 kV and 10 mA. Before observation, the thin films were sputtered
with Pt to reduce charging and obtain clear images. The crystal structure of single MoO3

nanorod was examined by high-resolution transmission electron microscopy analysis
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(HR-TEM: JEOL-EM-3000F, Tokyo, Japan) at 300 kV. Thermogravimetric and
differential thermal analysis (TG/DTA, TG-DTA 2000SE/H/21/1, NETZSCH, Bavaria,
Germany) was performed to elucidate the crystallization process of the MoO3 nanorod
arrays. The TG/DTA analysis was carried out at a heating rate of 5 °C/min between 50

and 800 °C in air.

2.3 Results and discussion
2.3.1 Synthesis and characterization of a-MoOz3 nanorod arrays

Figure 2.1 shows the XRD pattern of the products synthesized via sol-gel
annealing treatment. The vertical dashed lines at the bottom of Figure 1 display the
ideal patterns of a-MoOz from JCPDs No. 05-0508. The XRD patterns of the sample fit
well with the data of the ideal patterns of orthorhombic a-MoQz. The strong (020), (040),
and (060) peaks revealed a highly crystalline anisotropic growth, almost the same as
the reported XRD pattern [26, 36, 37]. Moreover, FT-IR spectroscopy of the sample
was evaluated to obtain more structural information.

Figure 2.3 presents the FT-IR spectra of the as-synthesized MoQOs3 nanorod arrays
in the range of 400-1200 cm™. The absorption region around 600 cm™ is a typical
vibration of the Mo20- entity created by edge-shared MoOe octahedra forming the
orthorhombic a-MoQjs structure [38, 39]. The band at 990 cm? is characteristic of the
vibration of the Mo=0 terminal bond, which can be observed in the layered alpha-
MoOs structure, as shown in the inset of Figure 1. A. Stoyanova et al. [40] and N. A.
Chernova et al. [41] mentioned that the Mo=0O terminal bond were inexistence in [3-
MoOs in the literature. The dominant band at 860 cm™ is associated with the Mo-O-Mo
bridging bonds. These results of XRD and FT-IR reveal that the sample shows almost

a single-phase a-MoOs structure.
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Figure 2.3 FT-IR spectra of as-synthesized MoO3z nanorod arrays (2-ME, 0.5:1.5, 1000
rpm/10 s, 673 K/15 min).

Figure 2.4 shows FE-SEM and TEM images of the as-obtained a-MoO3 sample,
which was grown on a silica glass substrate by annealing at 400 °C for only 15 min.
The top-view SEM image of the sample in Figure 2.4 (a) shows that many needle-like
nanorod arrays were grown from the substrate with straight or curved shapes. The cross-
sectional view of the nanorod arrays in Figure 2.4 (b) gives detailed information about
the morphology of the nanorod arrays. The nanorod arrays are grown in random
directions, with random lengths. The lengths of short nanorod arrays are below

approximately 100 nm, and the long nanorod arrays are over 500 nm.
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Figure 2.4 SEM and TEM images of as-synthesized MoQO3 nanorod arrays (2-ME,
0.5:1.5, 1000 rpm /10 s, 400 °C / 15 min): (a) vertical view of SEM image, (b) cross-
sectional view of SEM image, (c) low-resolution TEM image of MoO3 nanorod arrays,

(d) high-resolution TEM image of MoOs3 nanorod arrays.

Figure 2.5 (a) low-resolution TEM image of MoOs nanorod arrays, (b) high-resolution

TEM image of MoOs3 nanorod (inset, selected area electron diffraction (SAED) pattern

of single MoOs nanorod).
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The diameters of the nanorod arrays are approximately 10-20 nm, with a uniform
needle shape. Figure 2.4 (c), (d) and Figure 2.5 show TEM images of the a-MoOs
nanorod arrays. As can be seen in Figure 2.4 (c) and Figure 2.5 (a), the diameters of the
nanorod arrays are also approximately 10-20 nm. The clear lattice fringes show the
single-crystal nature of the nanorod arrays in Figure 2.4 (d) and Figure 2.5 (b). The
spacings of the lattice plane are 0.39 nm and 0.36 nm, corresponding to the (100) and
(001) planes of orthorhombic phase MoOs, respectively. Combined with selected area
electron diffraction (SAED) pattern of the nanorod, shown in the inset of Figure 2.5 (b),
the nanorod arrays grow along the [100] direction. It also suggested that the maximum
exposure side is the (010) facet, which agrees with the XRD results (Figure 2.1) and
the literature[42].
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Figure 2.6 SEM images of as-synthesized samples (2-ME, 1000 rpm/10 s, 400 °C / 15
min) at various molar ratios: (a) 0.5:0.5, (b) 0.5:1.5, (¢) 1.0:0.5, (d) 1.0:1.5, and
TG/DTA (50 °C — 800 °C) curves of precursors with various molar ratios: (e) 0.5:0.5,
() 0.5:1.5.
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Finding that the obtained morphology strongly depended on the synthesis
conditions, the molar ratio, solvents, and annealing parameters were assessed. The
relationship between the molar ratio and the morphologies of the surface of the thin
films was determined using nine different molar ratios of the molybdate source and
citric acid, i.e., molybdate:citric acid ratios of 0.5-1.5:0.5-1.5. All of these precursors
formed a transparent solution. The precursors were prepared using the same conditions,
I.e., spin coating onto silica glass substrates at 1000 rpm for 10 s; then, all of the samples

were sintered at 400 °C for 15 min in a preheated electro-furnace.
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Figure 2.7 SEM images of nanorod arrays (2-ME, 0.5:1.5, 1000 rpm/10 s, 673 K)
sintered for various times: (a) 3 min, (b) 5 min, (¢) 10 min, (d) 15 min, and (e) curve of

mean length of MoO3 sintered at 400 °C for various times.

The SEM images of these samples are shown in Figures 2.6 (a)-(d) and Figure 2.7,
and molar ratios of 0.5:0.5, 0.5:1.5, 1.0:0.5, and 1.0:1.5 are shown in Figure 2.6 (a)-(d).
The morphologies of these samples are extremely different with varying molar ratios.
Comparing Figure 2.6 (a) with 2.6 (b), and 2.6 (c) with 2.6 (d), the number of nanorod
arrays increased with increasing relative amount of citric acid in the precursor (more

detailed information can be seen in Figure 2.8). In particular, the 0.5:1.5 sample resulted
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in long MoO3z nanorod arrays without nanoplates, nanospheres, or other nanoparticles.
This indicated that the relative citric acid molar ratio with molybdate in the precursor
play a crucial role in the competing crystal growth process of nanorod arrays and other
particles. The influence of the molar ratio of molybdate:citric acid on the growth
process of the nanorod arrays was also investigated with TG/DTA. Figures 2.6 (e) and
2.6 (f) show the TG/DTA curves with molar ratios of 0.5:0.5, and 0.5:1.5, respectively.
The DTA plots of the 0.5:1.5 in Figure 2.6 (f) presented two endothermic peaks, one at
approximately 127 °C and a broad peak at 330-400 °C; conversely, there is one
endothermic peak at approximately 127 °C in the 0.5:0.5 DTA data of Figure 2.6 (e).
From the TG/DTA data of citric oxidation [43], the possibility of reactions, given as
equations (2.1) and (2.2):

(NH4)2M00O4 + 3C¢HgO7 — Mo(CsHsO7)3 + 4H.0 + NH3 (2.1)
2Mo(CeHsO7)3 + 2702 — 2M00Os3 + 18H,0 + 36CO- (2.2)

occur at the molar ratio of molybdate to citric acid of 1:3 during the synthesis process.
The broad endothermic peak of the 0.5:1.5 sample (Figure 2.6 (f)) imply that the molar
ratio of citric acid influences the nanorod growth process, and the growth temperature
is consistent with the literature at around 400 °C [17, 44].

The influence of annealing time on the nanorod growth process was evaluated using
spin-coated precursors with a molar ratio of 0.5:1.5 at 400 °C. Figures 2.7 (a)-(d) show

the cross-sectional SEM images and the XRD patterns of samples annealed at 3—15 min.
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Figure 2.8 SEM images of nine types of samples (2-ME, 1000 rpm/10 s, 400 °C / 15
min) synthesized using solutions with various molar ratios of molybdate to citric acid,
(a) 0.5:0.5, (b) 0.5:1.0, (c) 0.5:1.5, (d) 1.0:0.5, (e) 1.0:1.0, (f) 1.0:1.5, (g) 1.5:0.5, (h)
1.5:1.0, (i) 1.5:1.5.

The top-view SEM images of samples annealing from 1 min to 180 min are seen

in Figures 2.8 and 2.9. From these SEM images, it is clear that the lengths of the

nanorod arrays change with annealing time.
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Figure 2.9 SEM images of MoOz nanorod arrays (2-ME, 0.5:1.5, 1000 rpm /10 s, 673
K) sintered at 673 K for various times: (a) 1 min, (b) 3 min, (c) 5 min, (d) 7 min, (e) 10
min, (f) 15 min, (g) 20 min, (g) 180 min.

The mean lengths of the nanorod arrays were collected from Figure 2.7 (a)-(d) and
Figure 2.8 and plotted with standard deviation in Figure 2.7 (e) with respect to
annealing time from 1 min to 180 min. There are two stages in the curve of Figure 2.7
(e). The lengths of nanorod arrays increase in the range from 0 min to 15 min as the
first stage, then the lengths descend to zero at 180 min as the second stage. One possible
reason for the increasing nanorod lengths at the first stage in Figure 2.7 (e) is that the
nanorod arrays will nucleate and grow with the assistance of high temperature and citric
acid as aforementioned. However, the process in the second stage will not react after
15 min because the molar ratio of the remaining citric acid could unsustain the growth
of the nanorod arrays, resulting in the growth of the other particles, because of the citric
acid decomposition and evaporation at high temperatures. These results suggest that the
citric acid molar ratio in the precursors play a critical role in the growth of nanorod

arrays.
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Figure 2.10 The schematic of growth mechanism for MoO3 nanorod: (a) complex of
Mo®* and citric acid in precursor, (b) MoOsg octahedra grow along the [100] direction
at the assistance of citric acid, (c) B-MoOs3 nanorod, (d) a-MoOs nanorod, (e) nanorod

change into nanoplate shape.
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Figure 2.11 XRD patterns of MoO3z (2-ME, 0.5:1.5, 1000 rpm/10 s, 400 °C) annealed
for various times: (a) JCPDs card information 01-073-1537. (b) 3 min, (c) 5 min, (d) 7
min, (¢) 10 min, (f) 15 min, (g) 20 min, (h) 180 min, (i) JCPDs card information 05-
0508.
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2.3.2 Mechanism of growth of a-Mo0O3 nanorod arrays

The mechanism of the growth process of the nanorod arrays is presented from the
above analysis, as shown in the Figure 2.10. During the entire course of the synthesis
process citric acid should play multiple roles due to its chelating ability, provided by
three carboxylic acid and one hydroxyl functional groups.

At the precursor forming stage, the citric acid coordinate as ligands with Mo®* ions
to form citrate complexes, shown in schematic Figure 2.10 (a), suggested by the
transparent yellow solutions. At this stage, containing the citric acid in the precursors
is very important. Only citric acid added into the mixtures can the molybdate powder
be dissolved by organic solvents and can the transparent precursors form without the
precipitate. Moreover, only the transparent precursor solutions can result in the nanorod
arrays growth. After being sintered, Mo®" will bond with oxygen resulting form into
oxide. W. Di et al. maintained citrate ions can selectively bind to specific
crystallographic facets, which will modify the nucleation rate and effectively restrict or
promote the growth along specific directions, leading to dramatic modifications on the
final shape of the crystals [45]. In the experiment on this study, MoO3 nanorod arrays
grow up along the direction of [100] at the action of citric acid and high temperature
gradient (Figure 2.10 (a)-(b)). From XRD and SEM results of the annealing time, the
phase of MoOz nanorod arrays change from B-phase to a-phase as seen in Figure 2.9
and 2.11. The part of citric acid around MoOg octahedra decompose and form the f-
phase nanorod arrays in the step of Figure 2.10 (b) to Figure 2.10 (c). Then progressive
citric acid decomposing, the B-phase nanorod arrays change to the a-phase nanorod
arrays as shown in the Figure 2.10 (b) to Figure 2.10 (d). When the a-MoO3z nanorod
arrays continue to be annealed, the MoOs crystal will continue to grow up in terms of
its inner bond strength, due to the vanish of citrate. The growth speed in the direction
of [001] will exceeds the direction of [100], at the action of its stronger covalent force.
While the growth speed in [010] direction is too low to grow in this direction, due to its

weak Van der Waals force. Hence the growth in the direction of [001] and [100] results
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in the flat square shape of the a-MoO3, as shown in Figure 2.10 (e) and Figure 2.9 (h).
This mechanism imply that not only the amount of the citric acid in the precursor but
also heating time dependence of the citric acid decomposition during film annealing is
important factor in the anisotropic growth and phase transition of MoO:s.

To postpone the decomposition and evaporation of the citric acid to achieve much
longer nanorod arrays, the solvent of the precursor is controlled. Three types of solvents,
i.e., ethanol (C2HsO, Wako Pure Chemical Industries, Ltd., 99.0 %, boiling point 79 °C,
Osaka, Japan), dimethylformamide (DMF, C3sH;NO, Wako Pure Chemical Industries,
Ltd., 99.5 %, boiling point 153 °C, Osaka, Japan), and dimethylacetamide (DMAC,
CsHoNO, Wako Pure Chemical Industries, Ltd., 98.0 %, boiling point 167 °C, Osaka,
Japan), were chosen to prepare the precursor solution because of their high solubilities
and different boiling points. The three precursors from the different solvents all formed
transparent solutions, in which the molar ratio of molybdate and citric acid is 0.5:1.5.
After stable sol-solutions formed, they were treated at the same condition as the 2-ME
solution (1000 rpm, 10 s, 400 °C, 15 min).

Figures 2.12 (a)-(d) show SEM images of the nanorod arrays synthesized using
the four solutions: (a) ethanol, (b) 2-ME, (c) DMF, and (d) DMAC. The lengths of the
nanorod arrays are quite different under the same synthesis conditions. The lengths of
nanorod arrays in the ethanol sample are only about 100 nm, while those in DMAC are
up to 600 nm, indicating that the solvent is also one of the determining parameters in
nanorod synthesis [46, 47]. Foon et al. stated that the boiling points of solvents greatly
influence the morphology of metal oxides [48]. The relationship between the mean
length of the nanorod arrays and the boiling points of these four solvents is plotted in
Figure 2.12 (e). As demonstrated in the curve, the lengths of nanorod arrays show an
approximate linear dependence on the boiling points of the solvents. These results
suggest that the solvent with higher boiling point will obviously postpone the
evaporation of the precursor in the high-temperature conditions. The remnant excess
precursor will provide further Mo ions to sustain the growth of MoO3 nanorod arrays.

Hence, solvents in the precursor act as an indirect factor during the growth process of
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nanorod arrays by altering the velocity of the decomposition and evaporation of citric
acid in the precursor, which finally dominate the growth of the nanorod arrays up to
600 nm. As a consequence, this research study demonstrates a growth method for a-
MoOs nanorod arrays by optimizing the relative molar ratio of citric acid, annealing

time, and boiling temperature of the solvent, achieving a mean nanorod length of 500

nm.
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Figure 2.12 SEM images of MoOs nanorod arrays (0.5:1.5, 1000 rpm/10 s, 400 °C / 15
min) synthesized by using various solvents: (a) ethanol, (b) 2-ME, (c) DMF, (d) DMAC,
and (e) curves of the relationship between the mean length of as-synthesized nanorod

arrays and boiling points of these four solvents.

2.4 Conclusion

In this research, a simple sol-gel method was developed for synthesizing single-
crystal a-MoOz nanorod arrays. Various synthesis conditions were examined to obtain
the best criteria for producing longer nanorod arrays. The experiments indicate that the

morphology of the obtained samples depends on the molar ratio of molybdate:citric
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acid, solvents, and annealing time. The molar ratio of citric acid is the key factor for the
growth of the nanorod arrays. The lengths of the nanorod arrays increase with
increasing relative molar ratio of citric acid. The controllable annealing times were
optimized for the growth of nanorod arrays. According to the XRD results and TG-DTA
analysis, the mechanism of MoO3 anisotropic growth and phase transition from 3 to a.
with the decomposition timing of citric acid complex is derived. Moreover, the solvents
also influence the morphologies of the nanorod arrays greatly by adjusting the rate of
decomposition and evaporation of citric acid during the synthesis process of the
nanorod arrays. The optimal growth conditions for long nanorod arrays are as follows:
molar ratio of molybdate:citric acid = 0.5:1.5, DMAC as a solvent, and annealing at
673 K for 15 min. The mean length of the obtained a-MoO3 nanorod arrays was about
500 nm, and the maximum nanorod arrays lengths can be extended up to approximately
600 nm. The knowledge which the decomposition rate of citric acid affect in growth of
MoO3 nanorod arrays can be applied to the material development for several electronic
devices such as field emission, photo voltaic solar cell, lithium batteries, and gas

Sensors.
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Chapter 3

VOC gas sensing devices based on

molybdenum trioxide nanorod arrays
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Abstract

Nanorod arrays gas sensors are attracting much scientific and engineering interest
because of their excellent sensing performance arising from their unique nanostructures.
In this work, large-scale random 3D networks of ultra-fine single-crystal a-MoOs3
nanorod arrays were synthesized and were applied as gas sensors. The arrays as sensor
are spontaneously grown by a simple single-step solution route. A response and
screaning capability of ethanol, methanol, isopropanol and acetone vapors at 300 °C are
investigated via the modulation of the resistance of the gas sensors. The sensitivity,
response time and recovery time of the sensors strongly depend on the specific
morphologies of the nanorod arrays, such as length, number and coverage of nanorods
in the 3D network. A reaction mechanism, in which the 3D-network nanorod arrays
adsorb and react with the target molecules more readily than the seed layer, is proposed
to explain the different response and recovery times of the sensors. These random 3D-
network nanorod arrays with functionally tunable morphology are promising for
universal application as gas sensors for detecting various vapors, and will provide
valuable insights for the production of fast, large-scale, low-cost and simple synthesis

of sensing devices.
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3.1 Introduction

To fabricate electronic devices with high performance through simpler and faster
processes is an objective of technological evolution [1-3]. In particular, the limitations
of cost-effectiveness, time consumption and energy conservation in the synthesis of
advanced functional materials and device fabrication are the main problems that need
to be overcome for the mass production of electronic devices [4-7]. Over the past
decades, semiconductor metal oxide (SMO)-based gas sensors for toxic and explosive
volatile organic compounds (VOCs) have drawn much attention from researchers
because of their advantages of sensitivity, rapid response and inexpensive production
[8, 9]. Recently, considerable effort has been devoted to developing much simpler
routes to control the shape and grain size of SMO to achieve a higher surface-to-area
ratio and unique surface chemistry behavior to improve sensing performance [10-12].

Among the metal oxides, molybdenum trioxide (MoO3) is one of the most
desirable for use in gas sensors because of its indirect wide band gap of 3.5 eV [13-15].
MoOs-based gas analyzing devices show excellent gas sensing properties for several
kinds of gas species [16-21] because of their special quantum size effect, surface effect,
high reactivity and the polyvalency of molybdate. In particular, MoO3 nanostructures,
such as MoO3z nanobelts, flower-like microstructured MoOs, and net-like MoOs porous
architectures synthesized by the hydrothermal route, exhibit appealing sensing
properties for VOC vapors [22-24]. The gas sensing properties of MoO3 thin film
fabricated by radio-frequency (RF) sputtering have also been investigated [25]. These
reports showed the nanostructures possessed typical sensing performance for VOC
vapors; however, these nanostructures need to be processed with two or more steps,
which is time consuming. For instance, these nanostructures need to be transferred or
arranged on a ceramic substrate and then annealed to obtain substantial
growth/adhesion on the substrate. To increase the VOC gas sensing performance of
nanostructures, they needed to be loaded with noble metal particles (e.g., Au, Pt, Pd)

by further sputtering or solution processes, which increased the fabrication time and
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cost of the gas sensor [26, 27]. Compared with other nanostructures, nanorod arrays are
very promising for use as gas sensors because of their high surface-to-volume ratio and
reaction rate with surface-adsorbed species resulting from the 3D structure that is less
agglomerated than the bulk material [28-30]. SMO nanorod arrays composed of WOs3,
Zn0O, and SnO; have been demonstrated to be very sensitive to VOC vapors [31-33].
However, few MoOs nanorod arrays gas sensors have been reported. This is because it
is difficult to grow MoOs nanorods in the vertical direction by simple methods. MoOs
nanorod arrays have been synthesized by several methods, such as thermal evaporation
[34], pulsed electron beam [35], RF sputtering [36], and chemical vapor deposition [37],
all of which are time consuming and require complicated vacuum systems. Recently,
Zhang et al. [38] reported a two-step solution-based route to synthesize MoO3z nanorod
arrays by firstly depositing a seed layer and subsequent hydrothermal treatment to
directly grow well-aligned MoO3s and MoOz nanorods on metallic substrates. However,
this process was time consuming with multiple steps, and involved a high pressure
environment. The aforementioned complicated methods seriously restrict the
application of MoO3z nanorod arrays in gas sensing. Recently, a simple one-step metal-
organic decomposition (MOD) route was developed by our group to fabricate 0-MoO3
nanorod arrays [39]. The MOD route involves a facile, inexpensive, and one-step sol-
gel process, making it attractive for the production of a-M0O3 nanorod arrays for use
as gas sensors.

In this work, a-MoOs nanorod array gas sensors were fabricated using a simple
MOD method and their sensing properties for VOC vapors were investigated. The a-
MoO3z nanorod arrays consist of nanorods with a diameter of about 10 nm grown in
random directions to form a 3D network structure by simply annealing in air for several
minutes. The lengths and densities of the a-MoOs nanorods are controlled by
modulating the synthesis conditions. The dependence of the sensing properties of the
a-MoOs3 nanorod array gas sensors on structural parameters such as the length, number,
and area of a-Mo0O3 nanorod arrays is investigated. The relationships between the

nanostructure and sensing properties of the a-M0oOz nanorod arrays are established in
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detail along with the reaction and sensing mechanism. The knowledge garnered from
this study can greatly contribute to the research and development of gas analyzer

electronics devices.

3.2 Experimental

3.2.1 Fabrication of a-Mo0Os nanorod arrays gas sensors

All reagents were purchased from Wako Pure Chemical Industries, Ltd., Osaka,
Japan. The a-MoOs nanorod arrays used for gas sensors were synthesized with the
method narrated in chapter 2. In a typical process, ammonium molybdate (HsN2OsMo)
and citric acid (CeHgO7) were dissolved in EtOH, 2-ME, DMF or DMAC at room
temperature. Following aging at room temperature for 24h, clear and transparent
solutions were obtained. These precursor solutions were spin coated onto square silica-
glass substrates (20>20 mm) to form uniform thin films, which were annealed at 400
°C in a preheated furnace for 15 min (DENKEN KDF-P90, Kyoto, Japan) in air for 15
min to produce thin a-MoOs nanorod arrays. Top and cross-sectional views of the
morphology of these samples were observed by field-emission scanning electron
microscopy (FE-SEM: Hitachi SU8020, Tokyo, Japan) at 5 kV and 10 mA, before
observation, the thin films were sputtered with Pt to reduce charging and obtain clear
images at the condition of 20 mA, 10 s (ION SPUTTER: Hitachi E-1045, Tokyo, Japan).
Silver contacts were pasted on the two opposite edges of the as-prepared nanorod array
samples after FE-SEM observation to fabricate typical gas sensors. The silver paste
[40] electrodes were about 3 mm wide. After contact formation, the nanorod arrays

were sintered at 200 °C for 30 min in air to obtain a substantial ohmic contact.

3.2.2 Characterization methods of a-MoOs nanorod arrays used for gas sensors

The gas sensing characteristics of the a-MoOs nanorod array devices were

investigated using a specialized gas sensor testing system composed of a source meter
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(2110 5 1/2 Digit multimeter, Keithley Instruments Inc., USA) combined with a quartz
glass tube, which were surrounded and preheated to 300 °C by a tubular electric furnace.
Two small vents were included at the two ends of the tube to introduce the target vapors
and air. After the a-M0O3 nanorod array gas sensor reached its thermal equilibrium
state at 300 °C, a controlled volume of VOC was injected into the hot chamber by a
pipette. The VOCs were immediately vaporized and completely filled the tube to react
with the a-M0Os3 nanorod arrays. The concentrations of the target vapors were adjusted

from 25 to 500 ppm calculated by equation (3.1).

107°Vo M Ceg
22.4pp

Vig = (3.2)
Here, Vo is the volume of the chamber (4.71 L); p, M, p, Vig and Cyy are the density;,
molar mass, purity, volume and vapor concentration of the VOC liquid reagents [41].
The sensitivity was defined as the ratio of the normalized resistances of the a-
MoOs3 nanorod gas sensor exposed to the air and VOC vapor. The normalized resistance
of the gas sensor was the percentage of the real-time value to the initial resistance value
of the sensor during the testing process. The response time was defined as the time
when the resistance of the sensor reached 90 % of the stable value of the resistance in
the target gas. Similarly, the recovery time was defined as the time at which the

resistance returned to 90 % of its initial value as ambient air flowed into the glass tube.

3.3 Results and discussion

3.3.1 Characterization of a-M0O3 nanorod arrays

First, a-MoO3 nanorod arrays were fabricated, as shown in chapter 2, using four
different solvents: ethanol (EtOH), 2-methoxyethanol (2-ME), dimethylformamide
(DMF) and dimethylacetamide (DMAC). The four kinds of a-MoO3s nanorod arrays
using different solvents, i.e., EtOH, 2-ME, DMF and DMAC, are denoted as NR-A,
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NR-B, NR-C, and NR-D, respectively. Ag contacts were pasted on the two opposite
edges of the as-prepared each nanorod array samples to fabricate typical gas sensors

and a schematic image of the gas sensing process., as shown in Figure 3.1a and 3.11b.
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Figure 3.1 (a) Photograph of the a-M0O3z nanorod arrays gas sensor; silver electrodes
were pasted at the two opposite edges. (b) Schematic diagram of the gas sensing process
of the a-MoO3 nanorod arrays gas sensor. (c) Top-view scanning electron microscopy

(SEM) images of NR-D. (d) Cross-sectional SEM images of NR-D.

Figure 3.1c shows a top-view field-emission scanning electron microscopy (FE-
SEM) image of a typical NR-D. The nanorods grew from the substrates with different
orientations to form random 3D network structures. Figure 3.1d depicts a cross-
sectional FE-SEM image of the same a-MoO3 nanorod arrays. The a-MoO3s nanorods
grew from the substrate in random directions, and had a diameter of about 10 nm and
length of about 100 - 700 nm. The single-crystalline and single a-phase nature of the

nanorods were confirmed in the previous chapter. In addition, a seed layer was observed
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about 200 nm above the substrate under the nanorod array layer, which provided a tight

contact between the nanorods and substrates.

Figure 3.2 Top-view SEM images of a-M0QOgz nanorod arrays: (a) NR-A; (b) NR-B; (c)
NR-C (d) NR-D.

The nanorod arrays synthesized using different solvents possessed different
morphologies, as shown in Figure 3.2. NR-Aexhibited the shortest and fewest nanorods.
NR-B nanorods were longer and somewhat more numerous than NR-A, but shorter and
fewer than NR-C ones. NR-D possessed the longest and most nanorods of the samples.
Four specific morphological factors of the nanorods, i.e., mean length, number,
coverage area and their product were obtained from the SEM images in Figure 3.2 a—d
within an area of 112 um? and are depicted in Figure 3.3. When the four specific
morphological factors were quantified, 7 lines of latitude and longitude with fixed
interval distance were drawn across the area of Figure 3.2. Then the number and length

of nanorods, which came across with the lines, were counted and averaged. The
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coverage area of nanorod arrays were calculated using the total area of SEM image in
Figure 3.2 minus the total uncovered area. The total uncovered area was calculated from

the product of uncovered area near the lines of latitude and longitude.
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Figure 3.3 Specific structural parameter distributions of the nanorods in the four kinds
of a-MoOs nanorod arrays, which was calculated from Figure 3.2: (a) Mean length
distributions; (b) Number distributions; (c) Areas covered by the a-MoOz nanorods

arrays; (d) length x number X area of the a-M0QOz nanorod arrays for each sample.

3.2.2 Gas sensing properties of a-Mo0O3 nanorod arrays to VOCs

The gas sensor performance of a-MoOz nanorod arrays was evaluated by detecting
resistance variation at an operating temperature of 300 °C. Figure 3.4a presents the
normalized resistance response of the nanorod gas sensors to 500 ppm EtOH. The
resistance of all the nanorod arrays immediately decreased when exposed to EtOH
vapor and increased in ambient air. This behavior is typical of an n-type SMO-based

sensor [10].
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Figure 3.4 (a) Normalized resistance curves to 500 ppm ethanol for a-MoO3 nanorod
array gas sensors NR-A, NR-B, NR-C, and NR-D at 300 °C. (b) Length-dependent
response times of a-MoOz nanorod array gas sensors. (c) Recovery times plotted
against area coverage. (d) Comparison of sensitivities with the product of the specific

morphological factors: length <number > area.

The resistance modulation amplitude and response times of these four samples
exhibited obvious differences. NR-D exhibited the biggest and fastest decrease of
resistance, followed by NR-C, and NR-A had the lowest response. These results
indicate that NR-D was the most sensitive device to EtOH vapor, followed by NR-C,
NR-B and then NR-A. Interestingly, the recovery speed following EtOH removal in
Figure 3.4a showed obvious differences for the four kinds of nanorods. The recovery
regions can be divided into two categories; one of NR-C and NR-D with fast recovery
times of about 30 s, similar to their response times, and the other was NR-A and NR-B

with slow recovery times of over 150 s. These results indicate that the sensitivity and
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response of the sensors depended on the geometrical aspect of nanorod arrays. Values
of the sensitivity, response time and recovery time calculated from Figure 2a are
summarized in Table 3.1. NR-D showed a sensitivity of 12, response time of 32 s, and
recovery time of 23 s, which represented the highest performance of the random 3D

nanorods arrays investigated here.

Table 3.1 Gas sensing performance of four a-M0oO3 nanorod arrays gas sensors to 500

ppm EtOH vapor.

Device Sensitivity Response time Recovery time
Ra/Rg S S

NR-A 3 77 159

NR-B 5 45 156

NR-C 7 36 30

NA-D 12 32 23

Gas sensor performance is very sensitive to morphological parameters such as
surface area and porosity[42]. The relevance of the sensitivity, response time and
recovery time of these nanorods to morphological factors is illustrated in Figure 3.4b,
c and d, respectively. The sensitivities of sensors increased linearly with the values of
the combined factors of length, number and coverage area of the nanorods (Figure 3.4d).
This implies that the total sensor performance, that is, sensitivity, strongly depend on
all the morphology factors of length, number and coverage area of nanorods.
Meanwhile, the response and recovery times showed strong correlations with only some
of the morphology factors. The response time of the sensors exhibited an inverse
proportional relationship with the mean length of the a-MoO3 nanorods (Figure 3.4b),
suggesting the length of the nanorods is the major factor influencing the response time.
In contrast, the recovery time of the a-MoOs nanorods was inversely linearly

proportional to the area covered by the a-M0O3 nanorods (Figure 3.4c). These results
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imply the different adsorption and desorption abilities of gas molecules for specific
nanorod shapes.

As mentioned above, the random 3D nanorod array samples were composed of
two parts: an upper layer of nanorods and lower seed layer. The sensor performance
might be affected by the different adsorption/desorption abilities of these two parts for
target molecules due to the nanorod arrays provided much more active sites, compared
with the dense seed layer. When exposed to EtOH vapor, the much higher adsorption
of the nanorod layer than the seed one gives rise to the faster change and more induced
charges in the nanorod layer [43]. Rath et al [44]. stated that the response process can
be considered as the adsorption rate increase with the increase of reaction frequency
with the expanding surface area and rising VOC gas pressure. If the active layer of a
gas sensor is covered with nanorods, the resistance variation of the nanorod layer
represents the resistance variation of the whole sensor during the response process. The
longer nanorods substantially shorten the carrier transportation routes because of the
many junctions between the 3D nanorod networks. Therefore, the response time
considerably decreases with increasing length of the nanorods (Figure 3.4b).

In contrast to the response process, Rath et al.[44] proposed that the desorption
rate is determined by the strength of gas molecule—surface bonding with oxide (MoO3
in this case) and the surface area. In this experiment, the MoO3 nanorods showed almost
the same molecule—surface bonding force, but the bulk MoOs, such as the dense seed
layer, possesses a different molecule—surface bonding force because the surface
potential energy of nanorods is higher than that of the bulk layer [45], as seen in Figure
3.5. Because the lower surface potential energy results in a stronger bonding force
between the oxide surface and gas molecules, the desorption ability becomes weak
when exposed to the gas during the recovery process, which suggests that recovery time
can be delayed in the dense seed layer compared with that of the nanorods.

For NR-A and NR-B, the surface coverage of nanorods are only about half that of
NR-C and NR-D; i.e., half the surface area required EtOH to be desorbed from the

dense seed layer in NR-A and NR-B. The porous, randomly distributed 3D nanorods
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with much higher surface potential energy than that of the seed layer display rapid
desorption of EtOH vapor and readsorption of oxygen, leading to a rapid increase in
resistance. Conversely, the dense seed layer area can retain comparatively more
remnant charges, because of the slow desorption/readsorption process, which are
caused by the strong bonding of VOC molecules. The slow decrease of charges in the
dense seed layer results in the slow increase of the whole sensor resistance, which
explains the slow recovery times of NR-A and NR-B. This mean that the nanorod-
covered surface area dominate the recovery process of the VOC gas sensing devices.
The detailed mechanism of the NR-C and NR-D-based sensors is outlined in Figure 3.6.

Moreover, the random 3D nanorod array samples are composed of an upper
layer of nanorods and lower seed layer. The sensor performance are influenced by the
different adsorption and desorption abilities of these two layers to target molecules.
Compared with the dense seed layer, the nanorod array layer provided much more
active sites to allow the quicker and increased adsorption of target molecules[43]. The
nanorod arrays possess much higher surface potential than the seed layer[45], which
cause more induced charges to generate and combine more quickly in the nanorod
arrays layer than in the seed layer. Surface energy band variation of the nanorods and
seed layer in air and EtOH are shown in Figure 3.5a and b.

When exposed to EtOH vapor, the much higher adsorption velocity gives rise to
the faster and greater number of induced charges in the nanorod layer than in the seed
layer. The rate of resistance decrease of the nanorod layer was therefore much higher
than that of the seed layer ({dR/dt}nanorods >> {dR/dt}seed). At a certain applied voltage,
the induced charges in the gas sensor would preferentially transport along the nanorod
layer, as shown in the schematic diagrams in Figure 3.6 a-c. The resistance variation of
the nanorod layer represented that of the whole sensor. The longer nanorods will shorten
the transportation routes because of the many junctions in the 3D nanorod networks.
Therefore, the response time shortened considerably as the nanorod length increased,

as illustrated in Figure 3.4b.
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Figure 3.5 Surface energy band bending of the nanorods are higher than that of the seed
layer because of their higher surface potential. (a) Surface energy band bending of
nanorods when exposed to oxygen and ethanol; (b) Surface energy band bending of the

seed layer when exposed to oxygen and ethanol.

When the sensor is exposed to air again, the target gas will be desorbed and oxygen
would be readsorbed to recover the initial higher resistance of the sensor. For the NR-
A and NR-B sensors, the surface coverage of nanorods was low. The porous random
3D nanorods with high surface potential underwent rapid desorption of EtOH vapor
and readsorption of oxygen, leading to a rapid increase in resistance. In contrast, the
dense seed layer with much lower surface potential would retain comparatively more
remnant charges because of its slow desorption/readsorption process. The slow
decrease of charge in the seed layer resulted in the slow increase of the sensor resistance,
which explains the slow recovery time of the NR-A and NR-B sensors. A schematic
illustration of the charge variation in the NR-A and NR-B sensor is provided in Figure
3.6 d-f. In contrast, for the NR-C and NR-D sensors, the nanorod arrays covered almost
the whole surface of the sensors, unlike the cases of NR-A and NR-B, as depicted in
Figure 3.2 and 3.3c. When exposed to air, the nanorod arrays would also quickly adsorb
numerous oxygen ions and then deplete the charges in the nanorods. At the same time,
the large oxygen density gradient between the nanorod layer and seed layer caused the
oxygen to transport from the nanorod array layer to almost all the surface of the seed
layer. The abundant oxygen at the surface of the seed layer would quickly deplete the

charges in the seed layer, which led to the rapid increase of the resistance of the seed
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layer, like that of the nanorod layer. The quick depletion of charges in both the nanorod
and seed layers caused the resistance of the NR-C and NR-D sensors to increase
promptly when exposed to air. Schematic diagrams of the charge variation in NR-C and
NR-D are shown in Figure 3.6 g-i. Overall, the sensors with higher coverage of
nanorods showed a quicker recovery time, while those with a lower coverage of

nanorods exhibited a slower recovery time.
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Figure 3.6 Schematic diagrams of the charge variation in the nanorod arrays when
exposed to ethanol (EtOH) and oxygen: (a - c) charges generation process of the
nanorods and seed layer when exposed to EtOH; (d - f) charges depletion process in
NR-A and NR-B sensors, when exposed to the air; (g - j) charges depletion process in

NR-C and NR-D, when exposed to air.
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Figure 3.7 (a) Normalized resistance modulation in the NR-D gas sensor to four types
of VOC vapors with different concentrations at 300 °C. (b) Sensitivity-dependent
concentration of four types of VOC vapors for the NR-D sensor. Purple, blue, red and

green indicate EtOH, MeOH, IPA and ACE vapors, respectively.

The above results reveal that the dependence of the response and recovery times
of the sensors on different morphological factors, i.e., the length and surface coverage
of the nanorods, respectively, originated from the different adsorption/desorption
abilities of the 3D-network of nanorods and dense seed layer. The sensitivity of the
sensors was controlled by the whole surface area-to-volume ratio, i.e., the integration

of the length, number and area coverage of nanorods in the sensor.
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To demonstrate the response of the NR-D to various gases, methanol (MeOH),
ethanol (EtOH), isopropyl ethanol (IPA) and acetone (ACE) were selected as target
substances to evaluate the selectivity of the NR-D sensor at 300 °C (Figure 3.7a). The
NR-D sensor showed a change in resistance upon exposure to all the target vapors, and
the change had different magnitudes. The largest response was to EtOH vapor, with
smaller responses to MeOH, IPA and ACE vapors. The mean sensitivities of the sensor

to VOC vapors at 25-500 ppm are presented in Table 3.2.

Table 3.2 Sensitivities of the a-MoO3z nanorod arrays gas sensors to different

concentrations of four gas species.

Concentration  Sensitivity to  Sensitivityto  Sensitivity to  Sensitivity to

ACE IPA MeOH EtOH
ppm Ra/Ry Ra/Ry Ra/Ry Ra/Ry
25 1.0 2.1 3.1 48
50 1.0 2.3 3.6 5.3
100 1.1 2.4 3.8 6.9
200 1.2 2.5 4.7 7.9
400 1.3 2.8 6.2 10.1
500 1.5 3.1 7.8 11.8

Figure 3.7b shows the relationship of mean sensitivity of the sensor to different
concentrations of these VOC vapors. The fitting line for the sensitivity for each kind of
vapor was plotted using the least squares method. The sensitivities of the sensor
increase linearly with concentrations of all the VOC vapors. At any determined
concentration of VOC vapors, the sensor showed sensitivities with a decreasing order
of EtOH > MeOH > IPA > ACE vapor. The sensor was about 8 times more sensitive to
EtOH than MeOH. It shows the same sensitivity of 4.8 for 25 ppm EtOH and 200 ppm
MeOH. The sensor demonstrated 20 times higher sensitivity for MeOH than IPA, with
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the same sensitivity of 3.1 for 25 ppm MeOH and 500 ppm IPA. These results indicate
that the sensor possessed good discrimination of the four kinds of VOC vapors at any
concentration, which represents one of the most important characteristics as gas sensors.

The ability of the a-MoOs nanorod arrays sensor to discriminate among VOC
vapors can be attributed to the different abilities of these vapors to decrease resistance
and undergo adsorption/desorption. The discrimination of alcohols (EtOH, MeOH and
IPA) from ACE vapor results from the lattice oxygen at the MoOs surface layer
preferentially oxidizing the hydroxyl group of the alcohols into the carbonyl group of a
ketones through a catalytic process, as shown in equation 3.6. As for the distinction of
the three kinds of alcohol, the lower reduction ability of IPA will lead to lower
sensitivity than those for EtOH and MeOH, because EtOH and MeOH molecules
contain fewer carbon atoms than IPA. The higher sensitivity of the sensor to EtOH than
MeOH could probably result from the different adsorption ability of the nanorods for
EtOH and MeOH. The nanorod arrays showed the same sensitivity (about 4.8) for 25
ppm EtOH and 200 ppm MeOH, which suggests that the nanorods can adsorb EtOH

vapor 8 times more readily than MeOH vapor.

3.2.3 Mechanism of gas sensing process of a-MoOz nanorod arrays to VOCs

On the basis of the experimental results and the reported mechanism of nano-
structured MoQs, a reasonable gas sensing mechanism for the 3D hierarchical MoO3
nanorod arrays structure was proposed. Figure 3.8a—c presents schematic diagrams of
the gas sensing mechanism of the MoOs nanorod arrays. The gas sensing mechanism
of MoOs involves initial state (Figures 3.8a-1), adsorption state (Figures 3.8a and 3.8a-
2), reduction state (Figures 3.8b and 3.8b-1,-2), desorption state (Figure 3.8c), and
oxidation state (Figures 3.8c and 3.8c-1) processes.

Different from other typical metal oxide semiconductors (SnO2 or ZnO), the gas
detection process of MoO3z dominated mainly by the surface lattice oxygen rather than

the chemisorbed oxygen, as shown in the schematic Figure 3.8a. Alsaif et al, [46, 47]
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pointed that hydrogen ions etc. can be intercalated into van der Waals’s gaps of a-MoOs3,
accompanied with the lower oxidation state. As confirmed in Chapter 2, the orientation
direction of the ultra-fine nanorods in this work is [100][39]. The (010) facet lies in the
side of the nanorods, which is very readily for the intercalation of H* ions, as shown in
Figures 3.8a and 3.8a-2. When the VOCs, e.g. EtOH, were adsorbed onto the surface
of the MoOs nanorod arrays, the O-H bond of the adsorbed EtOH dissociated

heterolytically to yield ethoxide groups and hydrogen as follows [48].

CoHsOHgadsy — CaHs0" (ads) + H' (ads) (3.2)

Subsequently, the H* ions will spill over the (010) plane of the MoOs3 [49-51], are then
interact with the lattice corner-sharing oxygen atoms, forming the theoretical OH>
groups and HxMoOs structures. At elevated operating temperatures, H.O molecules are
eventually formed, through leaving the oxygen vacancies, i.e. MoOsx. Each of the
possible reactions was described by the following reactions and schematic of Figures

3.8a-2 and 3.8b-1, respectively.

MoOs + xH* +xe- — HxMo0O3 (3.3)
2H,M00z — XH;0 + 2M0O3.2 (3.4)

Besides the H* ion intercalation, the ethoxide groups C2HsO™ can form an ionic bond
with the unsaturated metal site. The adsorbed hydroxyl groups then undergo
dehydrogenation with subsequent proton donation to the cation, due to the reducible

cationic nature of Mo, as illustrated in equation (3.5, 3.6) [52]

C2HsOads) + Hads) + -O-M0-O-Mo — -OHags) + C2Hs0-Mo-0O-Mo (3.5
C2HsO-Mo-O-Mo — CH3CHO + Mo-O-Mo-H (3.6)
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The acetaldehyde undergoes subsequent oxidation to form H>O and CO». The adsorbed
hydroxyl groups are assumed to be desorbed as H>O, leaving a surface oxygen vacancy;,

shown in Figure 3.8b and 3.8b-2.
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Figure 3.8 Schematic diagrams illustrating the mechanism of the gas sensing process
of the a-M0O3z nanorod arrays gas sensors detecting alcoholic vapors: a and a-1. initial
state of the MoO3 nanorod arrays, a and a-2. beginning of the adsorption state the MoQO3
nanorod arrays to VOCs, the hydrogen decomposed from VOCs intercalated into the
van de Waals’s gaps of layered a-Mo0O3; b. reduction state of the MoOs nanorod arrays,
b-1. MoOsz was reduced by the intercalated hydrogen reacting with cornered oxygen
into H>O and non-stoichiometric MoOs.x, b-2. oxygen defects at the surface and inter-
layer of the MoO3 nanorod arrays resulted from the remained the ethoxide group; ¢ and
c-1 desorption process to the VOCs and reoxidation process when air reflowed onto the

surface of the MoOz naonrod arrays.
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When the 3D-network nanorod arrays were exposed to air again, the reduced film
surface returned to its original fully oxidized state, shown in Figure 3.8c and 3.8c-1, as

described in the equation (3.7):

(x/4)02 + M0Osx2 — MoO3 (3.7)

The MoO3 nanorod arrays were involved in the whole gas sensing process; for
instance, the adsorption/desorption of oxygen and VOC vapors, the interaction with the
VOC vapors, and oxygen vacancy transportation. When exposed to different types of
VOC vapors, different amounts of vacancies formed at the surface of the nanorods. The
resulting vacancy gradient led to different amounts of oxygen anions being transported
from the seed layer to the nanorod arrays to give different contents of induced carriers.
In this work, the more numerous and quickly induced carriers in the seed layers
observed for EtOH vapor > MeOH vapor > IPA vapor > ACE vapor resulted from the

different adsorption and reduction abilities of these vapors.

3.3 Conclusion

In summary, a prototype alcoholic gas analysis device made from a-MoOs3 nanorod
arrays was developed. The ultrafine a-Mo0O3 nanorod arrays with 3D network structures
were synthesized by a simple sol-gel route. Gas sensing performance for VOC vapors
were quantitatively studied by adjusting the specific nanostructures of the nanorod
arrays. The 3D nanorod arrays showed excellent sensitivity and discrimination of the
various vapors at 300 °C, with considerable dependence on the structure of the 3D
network nanorod arrays. The hydrogen decomposed from VOCs intercalated into the
van de Waals’s gaps of layered a-MoOs which subsequently was reduced by the
hydrogen reacting with cornered oxygen into H>O, and the remained ethoxide group
resulted in the conductance of the oxygen defect non-stoichiometric MoOs.x. The sensor

with more numerous and longer nanorods showed a larger and quicker response to the
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VOC vapors than that of the sensors with fewer and shorter nanorods. The different
morphological factors dominated the different facets of the sensing performance,
illustrating that the 3D nanorod arrays possessed much stronger adsorption ability than
the underlying dense seed layer, which was attributed to their different active sites and
surface potential. The development of gas sensors based on a-MoOs nanorod arrays
with the ability to functionally control morphology opens the door to realize a low-

power-consumption, low-cost fabrication process for VOC gas sensors.
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Chapter 4

Solution processed molybdenum oxide buffer

layer for organic solar cell
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Abstract

Molybdenum oxide (MoOxy) films show great potential in various electrical devices via
displaying diversity of valence state of Mo cation. In this work, a simple and mild sol—
gel route was developed for the synthesis of MoOx hole transport layers (HTLs) for the
organic solar cells (OSCs) to substitute the traditional vapor process of MoOx film,
which restricts the fabrication of OSCs in large-scale and low-cost. The oxygen vacancy
and valence of the molybdenum in the MoOx HTLs can be well controlled as high
conductivity, transparency and well-aligned band structure with the HOMO of the
active layer by introducing and adjusting the amount of the hydrogen peroxide (H20>)
in the precursors. The molar ratio of Mo to citric acid in the precursor solution and
annealing temperature also play important roles and were optimized as
Mo:citric=0.025:0.075 mol/l, and 200 °C to fabricate the more efficient solar cells. The
performance of the OSCs containing this solution-processed MoOx HTL is comparable
with that of the reference devices with the evaporated MoOx HTLs or the poly (3,4-
ethylenedioxythiohene):poly(styrenesulfonate) (PEDOT:PSS) HTLs. HTL from this
route are very promising for universal application of variety of solar cell, and provide
valuable insight for the production of fast, large-scale, low-cost and simple synthesis of

renewable energy.
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4.1 Introductrion

Interesting electrical properties of Molybdenum oxide (MoOy,) [1-4], recently, are
attracting more and more attention from the material and the device researchers,
because the semiconductor state of p- and n-type are existence with different material
synthesis and device fabrication processing of MoOy [5-7]. The crystal structure of
MoOx displays variety phases such as alpha-, beta- and h-phases of MoOs with wide
range of the oxygen stoichiometry (e.g., M01gOs2, M0gO26, M0gO23, M05014, M017047,
Mo4O11, and M0O>) and valence state (e.g. 4+, 5+, 6+ etc.) of Mo cation, which makes
molybdenum oxide’s physical properties controllable from insulator to metal by
changing band structure, density of states and band gap[8, 9]. Moreover, the Femi level
can also change with the doping of different deponents, such as Sr [10], Al [11] (n-type)
and In (p-type) [12] allow for the development of modified carrier density and
conduction type, meaning tunable charges transport ability for various electronics
devices. In such background, the MoOx can be used as buffer layer e.g. electron
transport layer (ETL) and hole transport layer (HTL) for the organic electronics devices,
which have been steadily evolving and have begun to penetrate the mainstream
consumer electronics market [13-17]. In particular, MoOx are used for the photo voltaic
solar cells due to its adjustable properties of work function, band gap (3.1-3.8 eV),
lowest unoccupied molecular orbital (LUMO), and highest occupied molecular orbital
(HOMO) level with coating processing by band gap engineering with high transparency
(> 80 %) in the visible and near IR range [18-22].

Nowadays, homogenous and smooth MoOx HTLs have been fabricated with vapor
process (eMoOx) and demonstrated as high performance being applied into organic
solar cells (OSCs) [23-25]. However, the vapor process is time-consuming and very
sensitive to the contaminations [26], which increase the manufacturing cost of the
organic solar cell and incompatible with the large-area processing of flexible OSCs. In

addition, the evaporation process showed the handicap that severe loss of oxygen in the
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oxide, which will change its energy levels, lower its work function and make it less
suitable for extracting holes from the active layer [27].

Recently, the solution processed MoOx (SMoOx) interfacial HTLs are widely
preferred to fulfill the requirements of the entire solution processed OSCs with the
simplified device fabrication process. Several routes for the sMoOx HTLs have been
reported by virtue of precise composition control, high homogeneity, large area, flexible,
and low processing cost [28-30]. However, the solution-processed MoOyx HTLs are still
facing several challenges in fabricating the efficient OSCs. One of the difficulties is to
control the stoichiometry of oxygen and Mo within the intrinsic oxide using a simple
annealing process, which is required to optimize the annealing temperature to convert
the precursors to MoOx to fabricate oxide HTL with abundant polyvalence and high
work function [31-34].

Hydrogen peroxide (H20>) is a strong oxidizer, which can be used to control the
oxidation state of the oxides though simple solution process. Choy et al, [10, 35]
developed a solution process for the efficient MoOx HTLs by using H2O: as the solvents
to dissolve the metallic Mo into the water, which demonstrated that the H.O> can
effectively control the stoichiometry of Mo and oxygen in the MoOx HTLS. However,
this dissolving process will also introduce more excessive oxygen vacancies to lower
the work function and is a violently exothermic oxidation reaction, which needs to be
processed with further step to lower the reaction temperature. Very recently, a much
more mild H20.-based process for the sSMoOx HTLs were developed by our group [36].
The smooth and more conductive sMoOx HTLs were fabricated and a better
performance of the OSCs were achieved, which show a light for achieving the solution-
processed MoOx HTLs with a simple annealing process. However, the function of the
H>0O- for fabricating the HTLs is still far away from entirely clear.

In this work, a mild route for the H>O»-disposed sSMoOx HTLs was developed with
a modified recipe from our previous work [36-38]. The corresponding HTLs and the
referential eMoOy or PEDOT:PSS HTLs was used to fabricate the OSCs. This sSMoOx

HTLs were recently testified by our group as very promising for the CZTSe-based solar

104



cells [39], which requires the high temperature and corrosive environment. Here the
material properties of this SMoOyx HTLs were focused on, by trying to analyze the
function of H,O> in the precursors and by examining the hole transport abilities for the
OSCs. A detailed study to understand the evolution of their structural, chemical, and
electronic properties of the SMoOx were carried out. The knowledge garnered from this
study will greatly contribute to the research and development universal applications for

the organic electronic devices by using the solution coated MoOx buffer layer (or HTLS).

4.2 Experimental

4.2.1 Fabrication process of sMoOy based thin films

For comparison, precursor solutions with and without H>O, were prepared, as
shown in Figure 4.1a. The precursors without H>O> were prepared using a modified
procedure from that in our previous work [37, 40]. Ammonium molybdate (97.0 %,
Sigma-Aldrich, Germany) and citric acid (anhydrous, 98.0 %, Sigma-Aldrich) were
dissolved in 2-methoxyethanol (5 mL, Sigma-Aldrich) with a ratio of 0.025:0.075
mol/L, by magnetic stirring for 4h and then the solution was aged for 24 h in air. This
solution was defined as (A). The precursor with H2O. was prepared as A, except H20:
(30 wt.%, Sigma-Aldrich) was added to 2-methoxyethanol to give a total volume of 5
mL with a volume ratio of H20, to 2-methoxyethanol of 10:90 (vol.%). This solution
was defined as solution (B). After adding H20 into the precursor solution, it instantly
changed from faint to bright yellow, as shown in the inset of Figure 1(c) and (d). This
suggested that the valence of the Mo ions in the solution changed from +5 to +6 and

Mo octahedral formed [36].

4.2.2 Fabrication process of organic solar cells based on sSMoOx HTLs

To fabricate sSMoOx HTLs, patterned ITO substrates were first cleaned with

detergent, and then sequentially sonicated in deionized water, acetone, and isopropyl
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alcohol for 10 min. The ITO substrates were further cleaned by UV/ozone treatment to
improve their wettability for the solutions. The Mo solutions with and without H20:
were then spin coated on the precleaned ITO substrates at 1000 rpm for 30 s, as shown
in Figure 4.1b. Subsequently, these samples were annealed on a preheated hotplate at
about 200 <C for 10 min in air to make the solution-processed MoOx-based HTLs, as
shown in Figure 4.1c. Films synthesized without and with H>O> were defined as
sMoOyx_A and sMoOy_B, respectively. For comparison, 25 nm-thick spin-coated
PEDOT:PSS (Heraeus Clevios 4083, Heraeus, USA) and 20 nm-thick eMoOx layers
were also fabricated on clean ITO substrates as HTLs to compare with the solution-

processed MoOy HTLs. The PEDOT:PSS HTLs were annealed at 110 <C in air.

sMoO, HTL, 10 nm
c

o/ __
Solution A Solution B

X . Annealing
Without H,0, With H,0, Spin coat (200 °C, 10 min)
(NH,),M00, (0.025 mol/L) (1000 rpm, 30 s) '
Citric ( CgHgO;) (0.075 mol/L) sMoO,_A, without H,0, treatment
2-ME (C;H;0,) (solution A) (5ml) sMoO,_B, with H,0, treatment
2-ME : H,0, = 9:1 (solution B) (5ml)
e d
Al electrode ZnO ETL, 20 nm PV,,/PC;eBM, 200 nm
4 4
evaperation Spin coat (5000 rpm, 60s) Spin coat (600 rpm, 60s)

Solution of PV,, (14 mg), PC,,BM (21 mg) in

Thickness: 100 nm ortho-dichlorobenzene

Area: 0.13 cm?

Figure 4.1 Fabrication process of organic solar cells based on solution processed hole

transport layer.

PV1o (14 mg, Polyera, USA) and PC70BM (21 mg, Nano-C, USA) were dissolved
with a weight ratio of 1:1.5 in ortho-dichlorobenzene (1 mL, anhydrous, 99.0 %, Sigma-
Aldrich) by magnetic stirring at 80 <C for 24 h to form a PV10/PC70BM blend solution.
This solution was spin coated on different HTLs (sMoOx_A, sMoOx_B, eMoOy, and
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PEDOT:PSS) to form an active layer with a thickness of 200 nm, and then dried inside
a nitrogen-filled glove box without any heating, as shown in Figure 4.1d. A solution-
processed ZnO ETL layer with a thickness of about 20 nm was spin coated on the
surface of the active layer as reported previously, as shown in Figure 4.1e. Finally, Al
(100 nm) was evaporated onto the active layers through a shadow mask to define twelve

devices with an area of 0.13 cm? on each substrate, as shown in Figure 4.1f.
4.2.3 Characterization methods of sSMoOx based thin film and organic solar cells

XPS (JPS-9010, JEOL, Japan) was performed using monochromatized Mg Ka
photons (1253.6 eV) with a resolution of 0.05eV and input power of 100 W (10 kV, 10
mA). Cross-sectional views of the samples were obtained by SEM (SU8020, Hitachi,
Japan) at 5 kV and 10 mA. Before observation, the thin films were sputtered with Pt to
minimize the electron charging and obtain clear images. The surface morphologies of
the MoOx-based HTLs were investigated by AFM (Nanocute, SII Nano Technology
Inc., Japan) in tapping mode. The examined MoOx thin film were fabricated on silicon
surfaces and annealed at 200 <C for 10 min before imaging. The transparency of the
MoOx-based films was measured by an UV-Vis (V-670, Jasco, Japan) from 200-900
nm with a resolution of 2 nm. The photovoltaic characteristics of devices were
measured under a nitrogen atmosphere inside a glove box using a source meter (2602A,
Keithley, USA) and solar simulator (Sun 3000, Abet, USA) with 100 mW/cm? AM

1.5G illumination.

4.3 Results and discussion
4.3.1 Characterization of solution processed MoOx thin films

Figure 4.2a and b show cross-sectional scanning electron microscopy (SEM)
images of sMoOx_A and sMoOyx B thin films on ITO substrates, respectively

(sMoOy_A is a sSMoOx film fabricated without H20, and sMoOx_B is a sMoOx film
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fabricated with H>O>). Both of the sSMoOx films homogenously covered the surface of
the substrates and had a thickness of about 10 nm. Figure 4.3 depicts the cross-sectional
SEM images of OSCs with a structure of ITO/MoOx/PV10:PC70BM/ZnO from bottom
to top. The boundary of each layer can be clearly observed, especially for the interfacial
ZnO ETL (~20 nm thick) and sMoOx HTL (~10 nm thick), indicating there is no
interpenetration between the solution-processed layers. To further observe the surface
morphology of the thin films, tapping-mode atomic force microscope (AFM) images of
sMoOyx_A and sMoOyx_B on silicon substrates are presented in Figure 4.2c and d,
respectively.

The sMoOy based HTLs showed the amorphous properties. The sMoOx_A and
sMoOy_B films possessed similar surface morphology with root mean square (RMS)
roughness values of 0.27 and 0.24 nm, respectively, and average roughness values of
0.21 and 0.18 nm, respectively. The smooth surfaces of both films will enhance the
contact abilities to the active layer then lengthen the lifetime of photocarriers and
improve the performance of OSCs [41, 42].

To determine the effect of H20> treatment on the electronic structure of the SMoOx-
based films, high-resolution X-ray photoelectron spectroscopy (XPS) measurements
was used to study the chemical characteristics and stoichiometry of eMoOy, SMoOx_A
and sMoOx_B, as illustrated in Figure 4.4. Survey scans were conducted from 0 to 600
eV and were calibrated by the standard peak value of carbon at 284.6 eV. The Mo 3d
peaks for the three films are located at the same position. The fine peaks of Mo 3d were
fitted by Gaussian—Lorentzian curves with a ratio of 3ds,, to 3ds;2 of 3:2 and the spin
orbit splitting of the Mo 3d doublets is fix at 3.13 eV. After being fitted, the MoOx thin
films mainly featured two 3d doublet Gaussian peaks centered at 232.7 and 235.8 eV.
These values are close to those of the 3ds, and 3ds;, Mo®" oxidation states (232.8 and
235.9 eV, respectively) [34]. Two more doublets at 231.6 and 234.7 eV were identified

under the main Mo®" peaks, which were attributed to Mo®*.
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RMS = 0.27 nm RMS =0.24 nm

Figure 4.2 Cross-sectional SEM images of solution-processed MoOx HTLs on ITO
substrates: (a) SMoOx_A, and (b) sMoOx_B. AFM images of solution-processed MoOx
HTLs on silicon substrates (scan area of 2 <2 um): (c) SMoOyx_A, (inset, photograph
of precursor solution without H20>), and (d) sSMoOx_B (inset, photograph of precursor

solution with H20>).

ITO substrate

Figure 4.3 Cross-sectional SEM image of a single OSC.
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The sMoOy_A film exhibited almost the same peaks as eMoOx, with weak Mo®*

peaks. The sSMoOyx_B film showed broad peaks, which contained much more intense

Mo®* peaks than those of sMoOy_A. The higher polyvalence of the sMoOy_B film than

the sMoOx_A one indicated that it contained more oxygen vacancies; that is, H.O>

promoted the formation of oxygen vacancies. Li et al. [34] stated that oxygen vacancies

modified the Fermi level and enhanced carrier transfer in thin films. Therefore, the

sMoOy_B film possessing more vacancies than the sMoOx_A one will decrease the

series resistance of the HTLs and show better performance in OSCs.
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Figure 4.4 (a—c) XPS spectra wide scan spectra in scan range of 0-600 eV and (d-f)

Mo 3d core-level spectra for (a), (d) eMoOx, (b), (€) SMoOx_A, and (c), (f) sMoOx_B.

To investigate the optical properties of the MoOx-based films, the ultraviolet—

visible spectrophotometer light absorption and transmission spectra (UV-Vis) of the



eMoOy, SMoOyx_A and sMoOx_B films on ITO substrates were measured, as shown in

Figure 4.5 a.
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Figure 4.5 (a) Optical transmittance of eMoOy, SMoOyx_ A, and sMoOx_B HTLs on
ITO substrates. (b) Schematic of the OSC layer structure used in this study.

All three films showed high transparency of > 80 % in the wavelength range of
600 — 900 nm. At the shorter wavelength range of visible light of 300 — 600 nm, the
transparency of SMoOy_B was about 80 %, which was a little bit higher than that of the
eMoOx layer. In contrast, the transparency of sMoOx_A was about 70 % in this range,
suggesting undesirable optical properties. A plot obtained via transformation based on
the Kubelka—Munk function versus the energy of light (Figure 4.6) reveals the
estimated bandgaps of the samples to be 3.57, 3.59, and 3.61 eV, corresponding to
sMoOx_A, eMoOx, sMoOx_B, respectively. The different transparencies of these three

films can affect their performance as HTLs in OSCs [43].
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Figure 4.6 Plot of transformed Kubelka-Munk function versus energy of light.

4.3.2 Performance of OSCs based on sMoOx-based HTLs

To investigate the function of the sSMoOx-based HTLs, OSCs with a PV10:PC70BM
polymer/fullerene-based active layer and conventional device structure were used, as
shown in Figure 4.5b. For comparison, reference devices with PEDOT:PSS or eMoOx
as the interfacial layer were also fabricated. The current density—voltage (J-V)
characteristics of the devices under illumination and in the dark are presented in Figure
4.7a and b, respectively. The parameters measured for the devices are summarized in
Table 4.1 The external quantum efficiencies (EQEs) of the OSCs with sMoOx_A and
sMoOy_B are shown in Figure 4.7c.

The device with sMoOyx_B exhibited the highest power conversion efficiency
(PCE) of 7.19 %, a fill factor (FF) of 72.55 %, the highest short-circuit current density
(Jsc) of 13.57 mA/cm?, and a moderate open-circuit voltage (Voc) of 0.73 V, as shown
in Figure 4.7a. The device with sMoOx_A displayed a moderate FF of 69.81 %, and the
lowest PCE of the devices (6.41 %) because of its lowest Voc of 0.71 V. The device
containing PEDOT:PSS showed the lower PCE (7.05 %) than the SMoOx_B one’s even
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though it possessed the highest Vo of 0.82 V, because it had the lowest FF of 68.26 %
and Jsc of 12.61 mA/cm?. Like the device with PEDOT:PSS, the device with eMoOx
achieved an moderate PCE of 6.48 %, because its FF and Jsc were low (70.93 % and

12.51 mA/cm?, respectively) although it showed the same V. as that of the sMoOx_B

device (0.73 V).
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Figure 4.7 J-V curves of HTL-based OSCs (a) under illumination, and (b) in the dark.
(c) EQE curves of the OSCs based on sMoOx_A and sMoOx_B.

The above-mentioned device characteristics were also reflected in the current
curves of the devices obtained in the dark, as illustrated in Figure 4.7b. The device with

a PEDOT:PSS HTL showed the highest leakage current density in both reverse and
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forward bias, implying poor diode properties, which coincides with its low Jsc and FF.
Although the sMoOy_B and sMoOx_A devices showed almost the same low leakage
current, the current density of the H202-modified HTL in forward bias was a little higher
than that of the one fabricated without H.O., indicating that SMoOx_B possesses the
lowest series resistance and thus improved performance compared with that of
sMoOy_A. The reverse-bias current of the eMoOx-based device was higher than that of
the device with sMoOx_B but lower than that of the one with PEDOT:PSS. The EQE
of the sMoO,_B device was also much higher than that of the one with sMoOx_A.

The J-V curves of the sMoOx_A, sMoOy_B, and eMoOx-based OSCs indicate that
Vo Of the three devices are almost the same; however, their Jsc values follow the order
of SMoOy_B >sMoOx_A>eMoOx. Considering the UV-Vis, XPS, AFM, J-V, and EQE
results, the sMoOx_B-based device exhibited the highest performance, which coincides
with its high transparency throughout the visible region, high polyvalence, and smooth
surface.

To optimize the OSCs with sMoOx_B HTLs, the molar ratio of the Mo and citric
acid in precursors was changed to 0.05:0.15 and 0.1:0.3 to study the influence of HTL
thickness on device performance. The HTLs synthesized from these precursor solutions
by spin coating on ITO substrates and subsequent annealing at 200 <C for 10 min were
defined as SMoOx_2B and sMoOx_4B, respectively. The J-V curves of these OSCs are
shown in Figure 4.8a. The Js, Vo, FF, and PCE values of these solar cells are also listed
in Table 4.1 Figure 4.8a revealed that the devices fabricated with various precursor
molar ratios exhibited different performance.

The cells without a HTL showed poor performance with the lowest Vo, Js, FF,
and PCE of 0.14 V, 11.73 mA/cm?, 41.08 %, and 0.67 %, respectively, indicating
mismatch of energy levels at the interface between the electrode and active layer. In
contrast to the device without a HTL, those with sMoOy_B, sMoOx_2B, and sMoOy_4B
HTLs showed improved performance. These three devices displayed almost the same
Voc of about 0.7 eV. Meanwhile, Jsc decreased with the increasing of molar ratio of Mo

in the precursors, which resulted from the non-optimum layer thickness by increasing
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of the series resistance of these HTLs [32]. The sMoOx_B-based device exhibited the
highest FF and PCE of 72.5 % and 7.19 %, respectively.
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Figure 4.8 (a) J-V curves of OSCs with sMoOx HTLs fabricated using precursors with
different Mo molar ratios. (b) J-V curves of OSCs with sMoOyx HTLs fabricated with
different H20. vol.%. (c) PCEs and fill factors of OSCs annealed at different

temperatures.
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Table 4.1 Photovoltaic parameters of PV10:PC70BM devices with different HTLs

Jsc Voc FF PCE Rs
HTLs
(mA/cm?) (V) (%) (%) (Q/cm?)

No HTL 11.73 0.14 41.08 0.67 4.1
SMoOx_A 12.92 0.71 69.81 6.41 4.5
sMoOx_B 13.57 0.73 72.55 7.19 3.9
sMoOyx_2B 12.82 0.71 67.77 6.16 8.0
sMoOyx_4B 12.12 0.71 65.39 5.62 9.9
sMoOx_B_2H 12.12 0.69 65.67 5.49 10.3
eMoOx 12.51 0.73 70.93 6.48 55
PEDOT:PSS 12.61 0.82 68.26 7.05 5.3

To further investigate the influence of H20. on the performance of OSCs with
SMoOx-based HTLs, the volume percentage of H>O> in the precursor solution was
adjusted to 10 and 20 vol.% to fabricate HTLs, which were defined as sMoOx_B and
sMoOyx_B_2H, respectively. The J-V characteristics of OSCs with these HTLs are
shown in Figure 4.8b. The device with SMoOx_B_2H possessed both the lower Jsc and
Voc of 0.69 mA/cm? and 12.12 V, respectively, and corresponding low FF of 65.67 %
and PCE of 5.49 %. The poor performance of the sMoOx_B 2H-based solar cell
indicated 20 vol.% was too much H20O: in the precursor solution.

The annealing temperature of the SMoOx_B-based HTL was also investigated to
optimize the performance of the corresponding OSCs. OSCs containing sMoOx_B
HTLs annealed at temperatures of 100, 200, and 300 T were fabricated; the FF and
PCE of these solar cells are presented in Figure 4.8c. The HTL annealed at 200 <C
showed the optimum fill factor and PCE. The poorer performance of the devices
annealed at 100 and 300 <C can be attributed to the remaining organic components in

the case of the lower annealing temperature of 100 <C, and higher surface roughness
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and discontinuity of the HTL annealed at the higher temperature of 300 <C, as shown

in Figure 4.9.

Ra=1.07 nm
RMS =1.66 nm

Figure 4.9 AFM image of a solution-processed MoOx B film on a Si substrate

following annealing at 300 <C for 10 min.
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4.4 Conclusion

Solution-processed MoOx-based HTLs for OSCs were fabricated by dissolving
(NH4)2Mo00Og4 and citric acid in H20.-modified 2-methoxyethanol. The resulting HTLs
showed a smoother surface (RMS roughness of 0.24 nm), higher transparency (> 90 %),
and lower resistivity (3.9 Q/cm?) than those of ones fabricated without H,O. The
performance of an OSC containing the HTL produced from the H>O.-modified
precursor was higher than that of the device produced without H20,, and comparable
to those of cells with a PEDOT:PSS or eMoOx HTL. The enhancement of device
performance was attributed to the increased polyvalence of Mo in the oxide thin films
attained by introducing 10 vol.% H>O> into the precursors, which resulted in increased
hole transport ability. The influence of the molar ratio of the Mo source and annealing
temperature on the performance of OSCs based on the solution-processed HTLs were
also investigated; optimized values were 0.075 mol/L and 200 <C, respectively. These
results reveal that MoOx HTLs fabricated by the developed route are promising to
replace conventional eMoOx HTLs, and contributed to the mass production of OSCs by

virtue of their simple fabrication and low cost.
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Conclusion and prospect
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As one of the most promising candidates for next generation electronic material,
molybdenum oxide, are attracting more and more attentions from researchers because
of its special crystal and electronic structure. a-MoOs can be designed as low-
dimension nanocrystal with large specific surface area for gas sensors. Moreover, the
MoOx can be tuned as high work function and high conductivity for fabricating the hole
transport layer (HTL) in the organic solar cells. We try to use the simple solution
process to control the nanomorphology and electronic structure of the molybdenum
oxide to fabricate the electronic devices.

The general introduction of this research is presented in chapter one, including the
fundamental characteristics of MoOs, synthesis method for the nanostructure of MoQOs,
gas sensor properties of MoOs and hole transport layer in the organic solar cells. Finally,
the author defined the main objective of this thesis.

In the chapter two, a simple sol-gel method was developed for synthesizing ultra-
fine (about 10 nm) a-MoOs nanorod arrays. The experiments indicate that the
morphology of the obtained samples depends on the molar ratio of molybdate:citric
acid, solvents, and annealing time. The optimal growth conditions for long nanorods
are as follows: molar ratio of molybdate:citric acid = 0.5:1.5, DMAC as a solvent, and
annealing at 400 °C for 15 min. The mean length of the obtained a-MoO3 nanorods was
about 500 nm, and the maximum nanorods lengths can be extended up to approximately
600 nm.

In chapter three, we developed a prototype alcoholic gas analysis device made
from a-Mo0O3z nanorod arrays. The 3D nanorod arrays showed excellent sensitivity and
discrimination of the various vapors at 300 °C, with considerable dependence on the
structure of the 3D network nanorod arrays. The sensor with more numerous and longer
nanorods showed a larger and quicker response to the VOC vapors than that of the
sensors with fewer and shorter nanorods.

In chapter four, solution-processed MoOx-based HTLs for OSCs were fabricated

by dissolving (NH4)2M00O4 and citric acid in H202-modified 2-methoxyethanol. The
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resulting HTLs showed a smoother surface (RMS roughness of 0.24 nm), higher
transparency (>90%), and lower resistivity (3.9 Q/cm?) than those of ones fabricated
without H202. The enhancement of device performance was attributed to the increased
polyvalence of Mo in the oxide thin films attained by introducing 10 vol.% H.O: into
the precursors, which resulted in increased hole transport ability. The influence of the
molar ratio of the Mo source and annealing temperature on the performance of OSCs
based on the solution-processed HTLs were also investigated; optimized values were
0.075 mol/L and 200 <C, respectively.

In the present study, the main focus of the discussion is synthesizing the Mo base
oxide nanorods and corresponding electronic device (gas sensor and organic solar sell).
The key for the research is using a simple and effective solution process to synthesize
the nanorods arrays, gas sensor and hole transport layer. The knowledge garnered from
this study will greatly facilitate the research and development of gas analyzer or organic
electronic devices with universal applications with a relatively simple, inexpensive, and
scalable processing methods.

Further research in this regime is expected to give an explicit answer for the
controversy of the conductive mechanism of MoOs/MoOx-based nanorods/film in
electrical devices. One way is to research the conduction type of MoOs/MoOx-based
nanorods/film in electrical devices. However, the high resistance of MoOs/MoOx-based
nanorods/film make it very difficult to determine the conduction type. To develop an
effective method to confirm the conduction type of MoO3/MoOx-based nanorods/film
can be an intending research interests in the future. A systematic effort is expected to
continue to clarify the nature of MoO3/MoOx-based system and broaden the practical

application in electrical devices.
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