University of the Western Cape
Faculty of Natural Sciences
LOW TEMPERATURE TUNGSTEN TRIOXIDE
NANO/MICRO-SYSTEMS FOR APPLICATIONS IN GAS
SENSING AND ELECTROCHROMISM
By

SONE BERTRAND TUMBAIN
B.Sc (UB), B.Sc Hons, M.Sc (UWC)

A dissertation submitted in partial fulfilment of the requirements for the degree of
Doctor of Philosophy in the Department of Chemistry

Supervisor: Prof. M. Maaza
Co-supervisor: Prof. E. I. Iwuoha
December 2013

ABSTRACT
In this work we primarily set out to investigate the technique of Aqueous Chemical Growth as a
means of producing WO3 thin films that find applications in gas sensing and electrochromism. For
the first time we demonstrated in this work, the heterogenous nucleation and growth of WO3 thin
films on plain glass substrates and F-doped SnO2-glass substrates. This was achieved without the
use of surfactants and template directing methods, using as a precursor solution Peroxotungstic
Acid generated from the action of 30% H2O2 on pure W powder. The substrates used needed no
surface-modification. On the plain glass substrates (soda lime silicates) a variety of micronanostructures could be observed prime of which were nanoplatelets that acted as a basic building
block for the self-assembly of more hierarchical 3-d microspheres and thin films. On FTO a wide
variety of micro-/nanostructures were observed dominant amongst which were urchin-like
microspheres. The dominant crystallographic structure observed (through X-ray diffraction
analysis, SAED, HRTEM) for the WO3 thin films on both substrate types post-annealing at 500 ˚C
for a period of 1 - 2 h, was hexagonal-WO3. Next was monoclinic WO3. On rarer occasions the
formation of triclinic and cubic WO3 was observed. The thin films produced showed a fairly high
degree of porosity and had thicknesses in the range of 900 nm - 3.5 μm. I-V characterisation
measurements using a 4-point collinear probe Keithley source alongside photoluminescence was
used to establish the insulating nature of some of the films as well as their sub-stoichiometric
nature. X-ray Photoelectron Spectroscopy was used to confirm the substoichiometric nature of
some of the films.
The thin films on glass showed ability to sense, unaided, H2 at 200 ˚C. Sensor responses were
observed to be 1 - 2 orders of magnitude high. The films also demonstrated ability to sense CO gas
albeit at 1 order of magnitude less than they could H2. This property is one that could be used to
selectively detect hydrogen in the presence of CO gas. The films also demonstrated potential to
sense CO2 even though this could only be achieved using high concentrations of CO2 gas at
temperatures of 300 ˚C and above. The sensor responses at 300 ˚C were estimated to be less than 1
order of magnitude large. When doped with Reduced Graphene Oxide (RGO) via the method of
Aqueous Chemical Growth the WO3 thin films posted enhanced sensing performances compared to
the undoped thin films and were able to detect H2 at 100 ˚C. When compared to the RGO-doped
ii

and undoped WO3 thin films grown by ACG, highly porous WO3 powders prepared from WO3PVP polymers posted a much higher sensitivity about 3 orders of magnitude higher than that of the
WO3 thin films, at 350 ˚C. The superior performance of the highly porous WO3 powders at this
temperature could be ascribed to their high surface area, porosity and their small grain sizes
between 8 - 20 nm.
Cyclic voltammetric and Electrochemical Impedance Spectroscopy probing of the WO3 thin films
on FTO showed the H+ intercalation/deintercalation redox processes to be largely diffusioncontrolled with diffusion coefficients in the order of 2 x 10-11 cm2/s being posted. A comparatively
slower kinetics of diffusion was obtained from highly crystalline WO3, densified through
annealing. Coloration efficiencies of 9.85 - 23.99 cm2/C derived from ex-situ measurements of
transmission in the bleach and colored stated were obtained for optical modulations in the Vis–NIR
region that range from 7 - 20% correspondingly. From in-situ spectroelectrochemistry
measurements carried out in absorbance mode at fixed redox potentials of ± 0.7 V and ± 1.0 V in
0.1M H2SO4, the optical band gap of the WO3 thin films on FTO was estimated to be 3.59 eV
which is in agreement with values reported by other workers and is line with the values of 3.18,
3.91 and 4.1 eV calculated for ACG grown WO3 thin films on glass.
WO3 nanofibres prepared via electrospinning of WO3-PVA polymers were also employed for
electrochromism and gas sensing. Due to their comparatively smaller loading their sensing and
electrochromic performances were inferior to that of the WO3 thin films produced by ACG. Their
performance however deserves attention and should be the object of a better and broader
investigation.

Keywords: Semiconductor metal oxides; Tungsten Trioxide; Aqueous Chemical Growth;
Electrospinning; Gas Sensors; Cyclic Voltammetry; Electrochemical Impedance Spectroscopy;
Electrochromism; Coloration Efficiency; Gasochromism.
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CHAPTER ONE
1.1. Introduction
In this work I set out to investigate H2 sensing and electrochromism in WO3 thin films deposited on
Plain Glass microscope slides and F-doped SnO2-coated glass via the methods of Aqueous
Chemical Growth and Electrospinning. In the course of the work I later expanded the investigation
of gas sensing capability for the WO3 thin films by Aqueous Chemical Growth to include CO and
CO2 sensing. I also prepared highly porous WO3 powders from WO3-PVP polymer, investigated
them for H2 sensing and compared their sensing performance to that of the WO3 thin films
produced by Aqueous Chemical Growth and Electrospinning. The results obtained make the
subject of this thesis.

1.1.1 Background to the need for H2, CO and CO2 Gas Sensors
Why Hydrogen, CO and CO 2 gas sensing?
Hydrogen is a colourless, odourless and tasteless gas with reductive properties that finds
numerous

applications in the food, semiconductor processing, metal extraction, steel

manufacturing, petrochemicals, and fine chemicals industries [1-5]. Its lightweight (much lighter
than air, density: 0.0899 kg/m3 at 0 ˚C) in combination with a high heat of combustion (142 kJ/g)
[6,7], a low minimum ignition energy (0.017 mJ), a high burning velocity, an ignition temperature
of 560 ˚C and a wide flammable range (4 - 75 %) [7,8] has made it a fuel of choice in the defence
and aerospace industries [3] where it has been used as rocket fuel. With its combustion product
being water it is considered the ideal energy carrier a n d is being investigated as the next
generation fuel in a hypothetical Hydrogen Economy [3,6] in which fuel-cell engines will replace
the fossil-fuel dependent internal combustion engines known to be a major contributor to air
pollution and the huge CO, CO2 and NOx footprints that are a leading cause of global warming. As
an ideal energy carrier, it is targeted to be the primary feedstock in automotive, stationary and
portable energy fuel cells where it is electrochemically split to produce electrical energy. In order
to ensure its safe and efficient use in these fuel cells as well as in industries cited above, low
temperature, highly sensitive, remotely controlled sensors will be needed that assist in
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monitoring/controllin g the H2 feed stock so as to prevent dangers associated with H2 leaks.
This is because once H2 reaches critical levels of concentration in the surrounding atmosphere, its low
ignition energy and wide flammable range make it highly inflammable and explosive [8]. As such,
sensors for detecting H2 need to be designed so that they are capable of rapidly and accurately
determining points where H 2 leaks (at ppb-ppm level) occur in and around existing H2
production, storage, transportation and distribution facilities [2,3]. The engineering of such
highly sensitive, robust, reliable, portable and relatively inexpensive gas sensing devices with
remote sensing capabilities will be necessary to monitor and ensure the safe use of H2 in all such
facilities [9-13].

Of gas sensing devices for hydrogen, there exists already numerous types of commercially
available units such as ionization gas pressure sensors, gas chromatographs, etc, some of which are
limited in widespread use as a result of their large sizes, high cost, slow response, high power usage
and sometimes high operating temperatures [2,7,8,14]. Sensors with lower sensing temperatures
(near room temperature), smaller sizes, faster response and more accurate sensing, low power
usage and compatibility with micro-electronic circuitry are of necessity and are therefore the
subject of numerous research efforts [2,8]. Of the wide variety of sensor types that exist metal
oxide, solid state, conductometric gas sensors are those that offer greater possibilities for meeting
up with the above requirements as they generally offer very fast responses (short response times),
excellent sensitivity, comparatively low power usage hence low operating cost, possibility of low
temperature gas sensing when doped, comparatively easy preparation, amenability to microelectronic platforms, thus making them suitable for portable detector systems as in alarm systems
and electronic noses [15,16,50]. It is here that nanoscale/nanostructured materials especially those
in 2, more so 1-dimension, offer a distinct advantage as they offer higher surface-to-volume ratio
for interaction with analyte gases, higher porosity, greater volume fraction involved in gas sensing
than their bulk counterparts hence improved sensing performance at lower temperatures [17-24].

Like H2, CO is another colourless, odourless gas that cannot be detected by humans. When inhaled
by humans it binds irreversibly to the iron centre in haemoglobin, hindering red blood cells from
being able to take up, then transport oxygen to other parts of the body where it is needed, ultimately
leading to cell death and consequently physical death. It is on record the leading cause of poisoning
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in the United States of America and is responsible for about 50% of fatal poisonings in many
industrialised nations. Being a by-product of inefficient combustion it is also abundant in large
industrial areas and large cities where there are large volumes of traffic and is widely responsible
for smog and poor air-quality in many of the world’s biggest cities, hence the need for tight
regulations and sensors that help monitor CO levels.[50] It is also an important gas in many
industrial processes either as a precursor to other compounds of importance (water-gas shift
reaction and Fischer Tropsch) or as a by-product of many industrial processes e.g fermentation,
hence the need for highly sensitive, fast and affordable sensors able to help in monitoring and
controlling CO levels in such environments [14].

As for CO2, despite its usefulness in many industrial applications (beverage industry, laser
technologies, fine chemicals, etc) and its role in keeping balanced the eco-system, it needs to have
its concentrations in air monitored because at high levels of concentration it can lead to
asphyxiation. It also absorbs infra-red energy resulting in an increase in temperatures in
environments in which it is substantially present. It is this ability to absorb infra-red energy from
incoming sunlight that makes it a major suspect in the case for global warming. Recent estimates,
put its concentration in the earth’s atmosphere at 388 ppm. Greater increases in its atmospheric
concentration could result in temperature rises which would have devastating effects on the earth’s
eco-system thus the need to continuously monitor and control the levels of CO2 being released into
surrounding atmospheres. Sensors able to detect CO2 will play an important role in this [14].
Looking at the mining industry particularly that of underground coal mining numerous accidents
have being recorded that can be traced to the presence of explosive and toxic gases such as H2,
carbon monoxide and methane in the surrounding environments [46, 51]. For the purpose of
minimising the occurrence of such explosions that can be ignited by electricity leakages, sparks,
friction or cave fall-ins [46] it is important that research and development activities such as those in
this research be pursued that will enable the development of more reliable, more robust, less costly
chemical gas sensors able to assist in providing better air quality and ensuring safer working
environments for all operating in mines.
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1.1.2. Background to the need for Electrochromic Smart Windows
Why Electrochromism?
Of the total energy produced worldwide from various sources such as coal and petroleum, 30-40%
goes into heating, cooling and ventilating buildings. [25]. In a bid to cut down on these rather high
energy consumption in public buildings, offices, homes and automobiles, one of the solutions that
has been proposed and is been intensely researched for reducing the costs of heating and cooling in
such spaces is that of glazing and the use of ‘smart’ windows [26]. Smart windows are windows
which allow for the control of solar energy particularly infrared radiation into and out of buildings
and spaces while affording for users, when and where desired, the possibility of adequately viewing
their surroundings. [26] [25]. Smart windows consist basically of core/float glass material arranged
as sheets on which are added highly durable thin films that have switchable transparency [26-29].
When the switchable transparency (capacity to modulate optical transmission) of these thin films is
electrically controlled via an electrochemically assisted redox process, this is known as
electrochromism [30].
The thin films used are generally made of single/multilayers of inorganic materials/organic
polymers, alternately laid or arranged as hybrids. Many of the inorganic materials now commonly
known or used as thin film coatings in these smart windows are metal oxides of transition metals
amongst which is NiO2, MoO3, TaO3, V2O5, IrO2 and WO3. [27,30,31,34]
Electrochromism (optical transmission/absorbance modulation due to simultaneous electron and
H+, Li+ injection/extraction under an applied voltage) as a phenomenon was first extensively
reported in WO3 by S.K. Deb in 1969 [32, 33]. WO3 has since then undergone intense investigation
as a material for producing smart windows and still remains the material of choice for devices
employing the electrochromic effect [25, 29]. Already the technology is in the market [25,33]. The
material (WO3) however continues to enjoy wide-scale interests in the search for better performing
electrochromic

platforms produced as mono-layers through more cost-effective methods of

synthesis and preparation or employed as components in hybrids that make up newer
electrochromic materials altogether.
It is in this light that WO3 thin films prepared by Aqueous Chemical Growth on conducting glass
substrates will be investigated for electrochromism in this research. This is particularly so since
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WO3 thin films grown by Aqueous Chemical Growth [35-39] as a method of synthesis have not
been seriously investigated, if at all, as materials for electrochromic smart windows and devices.

WO3 as a material for gas sensing and electrochromism
In this research I will also be employing as gas sensing material thin films of WO3 which is a wide
band gap (2.7 eV), n-type semiconductor metal oxide (SMO), well known in addition to its
electrochromic and gasochromic properties for its conductometric properties (change in electrical
resistance) upon interaction with reductive and oxidative gases [7,8]. The method of Aqueous
Chemical Growth will be the principal method used to prepare the WO3 thin films used.
In electrochromism which occurs in an electrochemical cell, H+ ions present in the electrolyte and
electrons are simultaneously inserted cathodically into a WO3 electrochrome giving rise to a dark
blue coloured bronze which reverts to a semi-transparent state upon oxidation.
In gasochromism (optical transmission/absorbance modulation in the presence of a gas) H2 gas
reacts with WO3 (a reduction process) to form a greenish sometimes blue coloured bronze that
reverts upon oxidation in air to its original colour; greenish yellow for thick films or opaque for
thin films. Both colour changes can be monitored optically.
The equations denoting this gasochromic and electrochromic reaction are written in eqn (1) and (2)
as follows:
2WO3 (pale yellow) + xH2 + xe-1 → 2xHads + WO3 → 2HxWO3 (green-blue)

(1)

WO3 (transparent) + xH+ + xe—  HxWO3 (blue/grey)

(2)

The reduction process in which H2 gas interacts with surface bound WO3 as in gasochromism is
usually accompanied by an injection of electrons at the surface of the sensing WO3 giving rise to
increases in conductivity of the WO3 sensor material. The reverse process of oxidation results in a
decrease in conductivity of the WO3 sensor material. The monitoring of these changes is used for
conductometric gas sensing in semiconductor metal oxides like WO3.

5

Gas sensing and electrochromic behaviour have been widely investigated in different types of WO3
structures whose particle sizes range from the micro-, meso- down to the nanoscale. Reduction of
particle size from bulk to nanoscale has been shown to enhance amongst other things the gas
sensing and electrochromic behaviour of WO3 [24].

1.2. Background to WO3 synthesis and Problem Statement
In order to synthesize WO3 thin films of different morphologies and particle sizes for applications
in gas sensors and electrochromic devices, a wide range of techniques have been used some of
which are physical vapour deposition techniques based on high vacuum technology such as radio
frequency magnetron sputtering, pulsed laser deposition, electron-beam evaporation, thermal
evaporation, molecular beam epitaxy, etc. These high vacuum-dependent techniques which tend to
be costly in terms of acquisition and use are also often limited in the size of substrates they can
accommodate. There is need therefore for less expensive techniques able to accommodate larger
substrates. Methods of synthesis involve chemical vapour deposition techniques, spray pyrolysis,
electrospinning, electrodeposition, hydrothermal synthesis and sol-gel based techniques more easily
fit this bill but are sometimes limited by the fact the ability of the user to control the structural and
morphological characteristics of the films produced is quite limited. For these latter set of
techniques adaptable to synthesis over large surface areas, there is therefore need to come up with
improved modification or adaptations that allow for more user-control on the morphology and
structure of thin films produced. The sol-gel related methods of Aqueous Chemical Growth and
Electrospinning offer such possibility. The method of Aqueous Chemical Growth in particular
allows for the intelligent design and fabrication of functional metal oxide thin films and coatings
through a bottom-up approach by thermodynamically and electrostatically controlling, in aqueous
solutions, the precipitation, nucleation, growth and adhesion of metal oxide particles unto various
substrates. The method of electrospinning somewhat also offers more user control over the
parameters influencing the synthesis of 1-d nanofibres.

In this research we will investigate and use to a greater extent the sol-gel related synthesis method
of Aqueous Chemical Growth [35,36]; to a lesser extent Electrospinning [40,41] to prepare thin
films/coatings of WO3 that are made up of 3, 2, and 1-dimensional micro-/nanostructures. It is our
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intention through this research to show that the methods of Aqueous Chemical Growth (ACG) and
Electrospinning are cost-effective methods of producing as thin films/coatings 3, 2 and 1dimensional forms of WO3 that find application in gas sensing and electrochromism. The versatility
of Aqueous Chemical Growth technique in particular, for producing semiconductor metal oxide
thin films with micro and nanoparticles of varying size, shape, porosity allows for the possibility of
producing nanostructured WO3 thin films that should demonstrate improved performances for gas
sensing and electrochromism.

1.2.1. Thesis Statement
Aqueous Chemical Growth, an alternative simple and cost-effective sol-gel method for producing
large arrays of micro-/nanostructured WO3 thin films and coatings applicable for low temperature
gas sensing and electrochromism.

1.3. Rationale and Motivation for Research Study
With semiconductor metal oxides, differences in structural characteristics such as surface
morphology, particle size, surface area, crystallinity and porosity influence significantly influence
the manner in which these oxides interact with gaseous species such as H2, CO and CO2 [3,7,1416].
Reducing the size of semiconductor metal oxides from bulk to nanoscale has been shown to have
an enhancing effect on a wide variety of properties amongst which are gas sensing and
electrochromism [3,24,29]. Reduction of particle size from bulk to nanoscale for the same amount
of material results in an increase in surface area to volume ratio for more gas/surface interactions
with regards to gas sensing, Reduction of size to nanoscale also brings about in metal oxide sensor
materials an increase in grain boundaries; a reduction of intergrain potential energy barriers
resulting in enhanced electron transport across grains; an increase in active sites for H adsorption;
and a reduction of gas diffusion path lengths [3], factors which all allow for easier and faster
adsorption of H atoms [3,17,24]. With regards to electrochromism size reduction to nanoscale
results in greater surface areas which means greater electrode/electrolyte interactions as well as
faster ion insertion and de-insertion in and out of WO3 thin films due to increased porosity and
shorter ion diffusion pathways [29-31,54].
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In this research, as already mentioned, we therefore aim at synthesizing novel nanostructures of
WO3 in the 1, 2 and 3-dimensions with the purpose of taking advantage of the enhancements that
come in the gas sensing and electrochromic behaviour of WO3 particles when these are reduced
from bulk to nanosize. We will also attempt to probe, where possible, what impact differences in
size/shape/morphology will have on the sensing and electrochromic properties of the WO3
nanostructures produced.

To achieve the above we will carry out the synthesis of novel nanostructured WO3 thin films unto
conducting and non-conducting glass substrates using the low temperature, growth concept of
Aqueous Chemical Growth (ACG) [35-39]. By reducing the grain and particle size of the WO3 thin
films to nanoscale through the sol-gel based method of Aqeuous Chemical Growth we hope to
bring about a reduction of the gas sensing temperatures to temperatures lower than 300 ˚C, closer to
room temperature. It is also expected that reducing the grain and particle sizes to nanoscale will
result in the enhancement of the electrochromic properties of WO3.
In order to reduce WO3 to 1-dimension we will also be preparing WO3 nanofibres through
electrospinning of tungstate-containing polymers on conducting and non-conducting glass
substrates. It has been shown that 1-d metal oxide nanostructures have certain advantages over thin
films of metal oxides for gas sensing applications [40-42], such as their high surface-to-volume
ratio that results in a greater number of active sites being made available for sensor/gas
interactions; the occurrence of less grain boundaries opposing interaction with analyte gases, and
the minimisation of agglomeration at high operating temperatures, all of which contribute to
reducing sensor response times to analyte gases. [20,22,42-50]

Why reduce particle size from bulk to nanoscale
For a given solid the bulk material with particle sizes in the microrange will have 1% of its atoms
exposed to the surface, When reduced to 10 nm about 15% of the atoms become exposed to the
surface. A net increase in the surface area to volume ratio is thus observed for the same amount of
material. This massive increase in surface area when compared to an equivalent mass of the bulk is
one of the two main advantages of reducing the particle size of solid materials to nanoscale
(between 1 - 10 nm). This very significant increase in surface area generally has an enhancing
8

effect on the reactivity of such materials with other species. This reduction of particle size to
nanoscale in many materials has also been observed to give rise to new physical phenomena not
previously observed with the bulk such as in their electrical, optical and magnetic properties. A
good example for the impact of reducing particle size from bulk to nanoscale will be gold which
when in bulk form appears yellow but when reduced to sizes of 1 - 10 nm appears red or purple.
[52]
In bulk semiconductor metal oxides like WO3 overlap of numerous bonding and antibonding
molecular orbitals of discrete energies give rise to large continuums of degenerate energy bands
separated by forbidden energy levels known as band gaps. When these solids are reduced to
nanoscale (< 10 nm) fewer atoms and molecules contribute to orbital overlap within the solid so
that non-forbidden energy levels within the continuous bands separate into even more obvious
discrete energy levels. [53] This reduction of particle size to nanoscale in semiconductor metal
oxides results in an increase in band gap (Fig.1.1) between the lowest unoccuppied molecular
orbitals (Conduction Band) and the highest occuppied molecular orbitals (Valence Band). With the
number of atoms/molecules in such nanoparticles being limited to one or several atoms/molecules
the electrons tend to be confined to the atom and thus no longer possess the same freedom of
movement as in bulk solids. This state of quantum confinement of the electron as it is known gives
rise to new electrical and optical properties governed no longer by the laws of classical physics but
by the laws of quantum mechanics.

This reduction to nanoscale tends to have not only significant impact on the intrinsic electrical and
optical properties of the metal oxides but also on their chemical properties and other physicochemically related phenomena like gas sensing.

A nanoparticle can be defined as a particle having at least one dimension less than 100 nm. The
definition for nano- is however not rigid and dimensions of several 100 nm have been accepted as
being in the nanoscale. In this research nanosize will apply to dimensions within the range of 2 500 nm.
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Figure 1.1. Schematic representation of the impact of size reduction to nanoscale on the band
gap of a semiconductor material. [53]

1.4. Research aim and objectives
1.4.1. Research Aim
The primary aim of this research is to show that the method of Aqueous Chemical Growth can be
an alternative, simple and cost-effective method of synthesis used to grow on non-conducting and
conducting glass substrates, 3 and 2-d micro-/nanostructured WO3 thin films that are highly
applicable for gas sensing and electrochromism. While the WO3 thin films on non-conducting
plain glass microscope slides will be investigated to find out if they can provide platforms for
sensing with improved sensitivity, response and stability H2, CO and CO2 gas at temperatures close
to room temperature, the films on F-doped SnO2 conducting glass substrates (FTO) will be
principally investigated for electrochromism. As secondary aim WO3 thin films made of 1dimensional nanofibres will be prepared on non-conducting and conducting glass substrates via the
method of Electrospinning, and will be subsequently investigated respectively for their H2 sensing
behaviour and their applications in electrochromic smart windows.
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1.4.2. Research Objectives
1. Synthesis of WO3 nano-structured thin films unto plain glass glass microscope slides and
FTO substrates using Aqueous Chemical Growth (ACG).

2. Determination of the parameters of pH and time influencing the nucleation, growth, and
adhesion of thin films of WO3 micro-/nanostructures unto Plain glass microscope slides
and FTO substrates.

3. Synthesis of porous thin films of WO3- nanofibers on plain glass and FTO substrates via
electrospinning.

4. Structural, optical and electrical characterization of WO3 thin films synthesized on plain
glass and FTO substrates prepared by Aqueous Chemical Growth using standard
characterization techniques outlined under the section describing methodology.

5. Structural and optical characterization of electrospun WO3 thin films on FTO and glass
using standard techniques as outlined under methodology.

6. Electrochemical characterization of ACG and electrospun WO3-coated FTO samples using
Cyclic Voltammetry (CV), Electrochemical Impedance Spectroscopy (EIS) and UV-VisNIR in-situ spectroelectrochemistry to evaluate their display of electrochromism and
investigate the electrochemical processes that take place at the electrode/electrolyte
interface during electrochromism.

7. Evaluation as conductometric sensors of WO3 films grown on plain glass by ACG and
Electrospinning in other to determine their H2, CO and CO2 gas sensing behaviours within
the 100 - 450 °C temperature window.

1.4.3. Methodology
Pure WO3 nanoplatelets and WO3 hierarchical nanosphere films supported on
plain glass microscopic slides and FTO substrates will be prepared as mentioned above.
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Post synthesis, before and after annealing at high temperatures of 500 ˚C, the samples
prepared will be structurally characterized using:
-

Scanning Electron Microscopy (SEM) to determine their morphology.

-

X-Ray Diffraction (XRD) to evaluate their crystallinity, the existing phases in the films,
their crystal structures and grain size.

-

Atomic Force Microscopy (AFM) to evaluate their surface roughness, surface
morphology and determine thickness of the deposited WO3 layers/films after annealing.

-

Electron Dispersion Spectroscopy (EDS) to qualitatively estimate the elemental
composition of the WO3 structures prepared.

Further structural characterization will take place using:
-

Profilometry or Rutherford Backscattering Spectroscopy (RBS) to confirm/determine
the thickness of the WO3 films deposited.

-

BET measurements to determine changes in specific surface area and porosity of the
different deposited WO3 layers.

-

Thermogravimmetric analysis (TGA) and Differential Scanning Calorimetry (DSC) to
help determine the accompanying physical and chemical changes that take place when
the sample is subjected to rising temperatures. To certify the elimination of waters of
hydration and solvents where present.

Structural Characterization using optics-based techniques such as:
-

FT-IR spectroscopy to establish purity of samples, determine existing bond types based
on vibration modes,

-

Raman spectroscopy as complimentary technique in identifying the bonding and
establishing the symmetry of the WO3 nanostructured films (fingerprinting).

-

X-ray Photo-electron Spectroscopy (XPS) will be employed to determine valence states,
oxidation states of WO3 films.

- Photoluminescence will be employed to help evaluate the existence of surface chemical
states and defects within the WO3 thin films.
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Opti cal C haract eriz at ion invol vi ng irradiating WO3-FTO/Plain Glass substrates with light
in the UV- Vis-NIR range will be carried out to measure their Absorbance/Transmission spectra
and obtain using these, the electronic band gap of WO3 found in the thin films. Data collected for
absorption/transmission of these thins films post cyclic voltammetry will be useful in evaluating the
electrochromic behaviour of the films.

Electrochemical and optical characterization of Electrochromism will be carried out on the FTO
supported samples using:
-Cyclic voltammetry for hydrogen intercalation and evaluating t h e stability of the FTOsupported films over repeated charge-discharge cycles.
-Electrochemical Impedance Spectroscopy for measuring electron/ion transport and parameters
that control diffusion; evaluate electrochemically the surface porosity of the WO3 films on FTO
and the integrity of the WO3 metal oxide films.
-UV-visible spectroelectrochemistry will be used to observe what changes take place in the UV
and Visible region of the electromagnetic spectrum when electron/cation insertions/de-insertions
take place within the WO3 films deposited on the optically transparent FTO glass electrodes. Via
spectroelectrochemical analysis it would also be possible to determine the optical band gaps of the
WO3 thin films during cation insertion/de-insertion.
Gas sensing capabilities of the different WO3-nanostructured films on Plain glass will be
tested for H2, CO and CO2 sensing at temperatures ranging from room temperature to 350 ˚C.
-Performance of the ACG-based WO3-sensing platforms at fixed temperatures and varying
concentrations of H2 will also be measured.
-Optimal conditions for H2 and CO sensing in terms of temperature will be established for the
ACG-based WO3 platforms.

1.4.4. Research Outcomes
● Synthesize, via hydrothermal synthesis, novel highly porous WO3 nanostructure t h i n f i l m s
on FTO and Plain glass substrates.
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● Synthesize, via Electrospinning, novel highly porous thin films of 1-dimensional WO3
nanofibres on FTO and Plain glass substrates.
● Establish the reaction conditions that govern the formation of thin films of WO3
nanoplatelets and hierarchical microstructures via the method of Aqueous Chemical Growth and
establish the mechanism of nucleation and growth of both nanostructures.
● Evaluate WO3-thin films produced by Aqueous Chemical Growth on Glass for their H2, CO
and CO2 gas sensing capabilities

1.4.5. Work Plan
o Evaluate the parameters that govern the formation of films of WO3 nanoplatelets and
films of hierarchical microspheres.

For WO3 films on F-doped:SnO2 on glass (FTO)
o Structurally characterize these before and after annealing to determine their crystallinity,
morphology, particle size distribution, purity, bond types, electronic structure using the
various techniques mentioned above.
o Optically characterize these before and after annealing.
o Electrochemically characterize the FTO supported WO3 films, this after intercalating with
H+ ions. Evaluate them for their electrochromic behaviour.
o Evaluate them for their hydrogen sensing behaviour as conductometric sensors.

For WO3 films on plain glass
o Structurally characterize these before and after annealing to determine their crystallinity,
morphology, particle size distribution, purity, bond types, electronic structure using the
various techniques mentioned above.
o Optically characterize these before and after annealing.
o Determine their electronic band gap and evaluate the influence that their differences in
shape and crystallinity have on the change in electronic band gap making attempts to
correctly correlate this to changes in electronic structure and crystal structure.
o Evaluate them for their gas sensing performance as conductometric sensors.
14

1.5. Research Frame work and Methodology
Figure 1. 1. Schematic Representation of Research Methodology

A. Methods of Synthesis for Components of Composites.
Synthesis of WO3 micro-/nanostructured thin films by Aqueous Chemical Growth.
Synthesis of 1-dimensional nanostructures of WO3 by Electrospinning.

B. Structural Characterization of prepared Composites.
X-Ray Diffraction analysis (XRD). Atomic Force Microscopy (AFM).
Scanning Electron Microscopy (SEM), FIB-SEM. Transmision Electron Microscopy
(TEM), High Resolution TEM (HRTEM).
Electron Dispersive Spectroscopy (EDS). Selected Area Electron Diffraction (SAED).
Surface area and Porosity analysis using BET N2 adsorption isotherms. X-Ray
Photoelectron

Spectroscopy.

Raman

Spectroscopy.

Rutherford

Backscattering

Spectroscopy. Fourrier Transform-Infrared Spectroscopy (FT-IR) in Transmission and
Attenuated Total Reflection (ATR) mode.

C. Optical Characterization of micro-/nanostructured thin films
of WO3 by Aqueous Chemical Growth and Electrospinning.
UV-Vis-NIR Spectrophotometry. Photoluminescence.
Optical Band Gap Calculations.
D. H2, CO and CO2 sensing behaviour of micro/nanostructured WO3 thin films by
Aqueous Chemical Growth.
H2 sensing behaviour of Electrospun WO3 fibres on glass, and WO3 powders from WO3PVP polymer melt.
E. Electrochemical/Electrochromic Characterization of thin films produced.
Cyclic voltammetry. Electrochemical Impedance Spectroscopy. Chronoamperometry.
Coloration Efficiency. Optical Density.
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1.6. Thesis Outline
Chapter One details the why and how of this research project. In it the importance of this research
project, why it was designed, why WO3 is used in this research is discussed. The importance of
using materials in the nanoscale is also outlined and the rationale behind the methods used in this
research are also presented. A brief outline of the subsequent chapters is also given.

Chapter Two will consist of an overview of gas-sensing fundamentals, techniques and theory,
particularly gas sensing in solid state, nanocrystalline materials. Parameters governing the
evaluation of gas sensing will be outlined and very briefly discussed. A brief review of previous
methods of synthesis of WO3 will be carried out with emphasis laid on sol-gel based synthesis
methods of Aqueous Chemical Growth and Electrospinning.

Chapter Three will consist of details on the synthetic procedures employed in synthesis of WO3
nano/micro-structured thin films by Aqueous Chemical Growth and Electrospinning. Mention will
be made of the different techniques used for structural, optical, I-V characterization, gas sensing,
and electrochemical/electrochromic characterization of the thin films produced.

Chapter four will consist of the structural and optical properties of a number of WO3 thin films on
plain glass microscope slides synthesized at low pH.

Chapter Five will consist of the H2, CO and CO2 gas sensing properties as analyzed on a number of
different films prepared by aqueous chemical growth. Attempts will be made at correlating the gas
sensing performance of the different thin films to their micro/nanostructures. The H2 sensing
performance of a graphene modified WO3 surface prepared by Aqueous Chemical growth will be
reported and compared to the H2 sensing behaviour of non-graphenated WO3 samples.
Chapter Six will consist of an account of the structural and optical properties of WO3 thin films
grown on F:SnO2–glass substrates, alongside an evaluation of their electrochromic properties using
standard evaluation techniques such as cyclic voltammetry, UV-Vis-NIR spectrophotometry, insitu spectroelectrochemistry and chronoamperometry.
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Chapter Seven will give an account of the synthesis, structural and optical characterization of
electrospun 1-dimensional WO3 nanofibre thin films on plain glass microscope slides and F:SnO2glass substrates. Results on the evaluation of the electrochromic effect on the thin films on FTO
substrates as well as the gas sensing results of electrospun WO3 thin films on plain glass will be
reported.

Chapter Eight will consist of a summary on the work done during this research, highlighting major
outcomes of the work and giving recommendations for future research work intended to expand on
the work presented in this thesis.
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CHAPTER TWO
LITERATURE REVIEW

2.1. Introduction
Since in this work I set out to evaluate gas sensing and electrochromism in WO3 thin films
prepared by Aqueous Chemical Growth and Electrospinning, it becomes necessary to give a brief
account of underlying principles and factors that influence gas sensing and electrochromism in
Tungsten trioxide. In this chapter a brief review will therefore be given of the crystallographic
structures of WO3, as distortions and defects in these structures play a determinant part in the gas
sensing and electrochromic behaviour of WO3. An overview of the band theory of solids will be
given with emphasis on the semiconductors. Next, will be given a brief account of fundamentals in
sensor technology and basic theories governing gas sensing in semiconductor metal oxides as well
as factors influencing gas sensing. After this a review on some recent work made in the use of WO3
as a H2, CO and CO2 sensor will be attempted. This will be followed by a basic account of
electrochromism in WO3 with a report on some recently published work. Lastly, mention will be
made of the underlying factors that govern synthesis of metal oxide thin films by Aqueous
Chemical Growth (ACG). To make it easier for the reader, a brief review on the underlying factors
governing the synthesis of nanofibres by Electrospinning (ES) and why this method was employed
for thin film preparation as in the case of this research, will be discussed in chapter 7.

2.2. Crystallographic Structures of Tungsten Trioxide
2.2.1. WO3: Basic crystallographic unit
Tungsten Trioxide has a perovskite-like cubic structure made from corner-sharing WO6 octahedra,
in which 6 equivalent Oxygen atoms (1s22s22p4) occupy the corner of the octahedron (see Fig.
2.2.1B) and one W metal atom with electronic configuration [Xe] 6s24f145d4 occupies the centre of
the octahedron. [1,2,3]
24

Figure 2.2.1. Ideal cubic structure of WO3 (A). Representation of WO6 octahedron (B). [1]
The arrangement of the octahedra in the crystal lattice network follows the perovskite ReO3 cubic
model in which the O and WO2 planes are alternately arranged, with their normal in the [001]direction. The relative positions of the in-plane tungsten and oxygen atoms are fixed at the origin
and half way along each planar axis as can be observed in Fig. 2.2.1A above [1, 2]. The oxygen
atoms in the perovskite-like structure can be described as being 2-fold coordinated, lying in a
bridging position between adjacent W metal atoms to form W-O-W bonds. The crystal structure
can be viewed as alternating planes of O and WO2. [1-4,24]

Polymorphism in WO3
2.2.2. Monoclinic WO3
Distortion of the symmetry of the cubic perovskite-type ReO3 structure by the off-centre
displacement of the W atom from the centre of the octahedron (oxygen sub-lattice) and the tilting
of the WO6 octahedron results in the pseudo-cubic distorted ReO3 structure. [2,3,25]
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At room temperature, ferroelectric displacement of the tungsten atoms and consequent rotation of
the WO6 octahedra results in distortions in which the W-O bond lengths and W-O-W bond angles
are slightly altered giving rise to the monoclinic phase [2,4]. It is the variations, with changing
temperatures, of these distortions of WO6 octahedra and the displacements/tiltings of W metal
atoms from their original postions in the octahedra that give rise to several phase transitions
observed in WO3 [5]. Thus between

-273 ˚C and 1427 ˚C WO3 has at least five distinct

crystallographic structures, with the phase transitions going in the direction of decreasing
temperature from Tetragonal-Orthorhombic-Monoclinic-Triclinic-Monoclinic [6]. The different
temperature ranges within which these phases exist are listed in Table 2.2.1 below.

Table 2.2.1: Showing the five different phases in which WO3 exists and their temperature
ranges of occurrence.
Phase

Symmetry

Space

Neighbouring Temperature

group

atoms (Z)

Reference

range

α-WO3

Tetragonal

P4/mm

2

773 ˚C – 1427 ˚C

[26]

β-WO3

Orthorhombic

Pmmb

8

327 ˚C – 740 ˚C

[27]

γ-WO3

Monoclinic

P21/n

8

17 ˚C – 327 ˚C

[28,29]

δ-WO3

Triclinic

P1

8

- 50 ˚C – 17 ˚C

[30,31]

ε-WO3

Monoclinic

Pc

4

-140 ˚C – -50 ˚C

[32]

From this table one observes that WO3 can exists in both the monoclinic and triclinic phase at room
temperature. This has been reported by Woodward et al [7] and has also being experimentally
observed by A. Souza et al [8].
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Figure 2.2.2. Arrangement of [W-O6] octahedra in the structure of monoclinic WO3. [9]

In chapter four of this study we also report the co-existence of monoclinic and triclinic phases of
WO3 in one of our samples. With regards to phase transitions in WO3 thin films prepared by Pulsed
Laser Deposition Ramana et al [1] also report the stability of the monoclinic phase from room
temperature to 330 ˚C at which a transition to the orthorhombic phase takes place. A subsequent
transition to the hexagonal phase between 400 and 500 ˚C also takes place. The distorted cubic
ReO3 structure manifests itself, in monoclinic (Pc), triclinic (P1), monoclinic (P21/n), orthorhombic
(Pmnb), and tetragonal (P4/nmm) phases at various temperatures ranging from -263 to 900 ˚C, in
increasing order of symmetry. Figure 2.2.2 shows a crystallographic representation of WO6
octahedra that make up monoclinic WO3. The red spheres represent Oxygen atoms. The in-plane
centrally located W atoms within the octahedra are hidden from view in this representation. The
octadreha share the corner-bound O atoms in the equatorial and axial positions to form a highly
ordered arrangement of WO3 structures. By selectively bonding with H2O or other molecules
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(surfactants) and ions (OH-, Na+, etc) in the axial or equatorial positions ordered structures as in
nanowires or nanoplatelets may be formed.
2.2.3. Tetragonal WO3
In tetragonal WO3, obtained generally at higher temperatures 740 ˚C, there is the existence of
trigonal, square and pentagonal tunnels. The structure in this polymorph of WO3 is made of a
framework of corner-sharing three, four and five-membered rings of WO6 octahedra (Fig. 2.2.3b)
lying along the crystallographic a-b or x-y plane. This when stacked along the crystallographic caxis (vertical direction, z-axis), by the sharing of axial oxygen gives rise to the formation of
trigonal, square and pentagonal tunnels oriented along the c-axis. A shear operation in the a-b plane
involving the central four octahedra of a block of 4 x 4 octahedra of a ReO3 type crystal is
sufficient to generate tetragonal WO3 with its trigonal, square and pentagonal tunnels. [5,10,11]

Figure 2.2.3. (a) Stoichiometric Cubic WO3 based on the ReO3 structure (b) Tetragonal WO3
projected onto the ab-plane. [12]
Though Tungsten trioxide is most stable in a pseudo-cubic distorted ReO3 structure as encountered
in monoclinic, triclinic, orthorhombic and tetragonal structures it can also form metastable
hexagonal, and pyrochlore structures. [13]
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2.2.4. Hexagonal WO3
Hexagonal WO3 (space group, P6/mmm) is generally known to be metastable reverting to
monoclinic WO3 at temperatures between 500 - 600 ˚C [5]. It is made up of three and sixmembered rings of WO6 octahedra that share equatorial oxygen in the ab or xy plane (horizontal
plane). The 2-dimensional sheets/layers formed stack up by sharing axial oxygen that lie in the c or
z-axis (vertical direction) giving rise to the formation of hexagonal and trigonal tunnels (Fig. 2.2.4)
formed respectively from the 3- and 6-membered WO6 ring octahedra. [14] It is only stabilized
when insertion/intercalation of a metal cation such as Na+, Li+, K+ takes place in the interstitial
sites of a WO3 crystal lattice forming a WO3 bronze [15]. Shien X. et al [16] report the observation
of hexagonal-WO3 stabilized by the insertion of Co2+ into WO3 interstitials. This hexagonal phase
of WO3 has also been found to form from partial dehydration of tungstate hydrates primarily
obtained through sol-gel methods of synthesis [5,17,18,19] and to a lesser degree vacuum-based
methods of WO3 synthesis such as Pulsed Laser Deposition [1]. A. Al Mohamad and M. Gillet [20]
make mention of the similarity in crystal structure between hexagonal-WO3 and partially hydrated
WO3, WO3.1/2H2O.

Figure 2.2.4. Crystal structure of Cubic WO3 (left). Crystal structure of hexagonal WO3
(right). [1]
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Arrangement of [W-O6] octahedral in the structure of hexagonal WO3. Cross-section in the abplane perpendicular to the c-axis. Large and small open circles refer to positions in hexagonal and
triangular tunnels, respectively.
A simple description of bonding in pure stoichiometric WO3 by de Wijs et al [4] account for it as
being of strong ionic character with all six valence electrons in orbitals of 6s2 5d4 subshells of W
metal atoms being transferred to the 3 O atoms that can accommodate 2 electrons each in empty
orbitals of their partly filled 2p4-subshells, thus giving rise to a compound with strong insulatory
properties [4]. A more detailed picture of bonding in WO3 by F. Cora et al [2] describe WO3 as
having partially covalent partially ionic character with greater pull towards a strong ionic character
rising from electrostatic interactions between the W metal centre and O2- ions in the sub-lattice.
Based on the Ligand Field Theory the covalent character stems from the fact that O2- ions may act
as ligands back-donating a pair of electrons to the central W metal ion. [2]

2.2.5. Formation of Conduction and Valence Bands in WO3
In WO3 of all phases there exists a Conduction and Valence Band. The Conduction Band is formed
primarily from contributions of 5d orbitals in W metal atoms/ions while the Valence Band is
formed primarily from contributions of 2p orbitals in the O atoms/ions. For the formation of the
Conduction band, on the basis of the Ligand Field Theory, the repulsive interactions of electrons in
the nearest-neighbour O atoms with electrons in 5d orbitals of W atoms in the x-y plane takes away
degeneracy in the 5d subshell causing seperation of the 5d orbitals into 3 degenerate t2g (5dxy, 5dyz,
5dxz) orbitals with lower energy and non-bonding character and 2 degenerate eg (dx2-y2, dz2) orbitals
with higher energy and anti-bonding character. The empty d-t2g orbitals make up the lower part
(lower energy) of the conduction band while the d-eg orbitals make up the upper part (higher
energy of the conduction band [2] From the point of the Crystal Field Theory the eg (dx2-y2, dz2)
orbitals point directly to the oxygen ions as opposed to the t2g (5dxy, 5dyz, 5dxz) orbitals which lie
between the nearest-neighbour O ions, and are thus repulsed farthest by O2p electrons to higher
energy levels than the t2g orbitals. The Valence band is formed primarily from O 2p orbitals and is
composed of 9 levels 3 from each of the 3 oxygen atoms that make up a basic unit of stoichiometric
WO3. At one level O2p orbitals pointing directly to the W metal atom overlap with W 5d orbitals
giving rise to  bonds between O atom and W metal atoms that form the W-O-W bond. The
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remaining O2p atomic orbitals perpendicular to the plane in which the W-O-W bonds lie overlap
forming pi bonds which lie at a higher energy level than the  molecular orbitals. These Π-bonds
containing delocalised electrons contributed from the lone pair on O atoms constitute the upper
levels of the valence band. In the conduction band as in the valence band hybridization takes place
between the oxygen and W metal orbitals with dominant contributions coming respectively from
the W 5d orbitals and the O2p orbitals. [21]

2.3. The role of Defects and Interstitials in WO3
2.3.1. Role of Oxygen Vacancies
Like many metal oxides, Tungsten trioxide is likely to hosts several types of defects, most common
of which is oxygen vacancies in the crystal lattice, formed by the absence of an oxygen atom/ion in
any one of its original lattice sites. The presence of an oxygen vacancy results in an increase in the
electron density around the surrounding central W metal cation of the corresponding octahedron. In
WO3 crystal lattice this results in the formation of donor-like states slightly below the edge of the
conduction band of WO3. The formation of donor-like states just below the Conduction Band (CB)
convey to sub-stoichiometric WO3 a semiconductor like character. The existence of these oxygen
vacancies convey to WO3 like many other semiconducting metal oxides its n-type characteristic
consequence of the excess electrons in the lattices [1-4]. In bulk WO3, edge-edge sharing of
octahedra results in a deficiency of oxygen in the lattice sites resulting in an excess of electrons and
the formation of crystallographic shear planes in the WO3 crystal along the [1m0] [1]. The
existence of this crystallographic shear planes can be confirmed by the observation of streaking in
the Electron Diffraction patterns of WO3 single crystals obtained through Transmission Electron
Microscopy (see Chapter 6).

Traditionally stoichiometric WO3 is highly insulating at room temperature [4]. This is so, as large
energy requirements are needed (implying a wide energy band gap) for electrons in the Valence
Band Maximum (VBM) to undergo promotion to the unoccupied lowest energy levels of the
Conduction Band Minimum (CBM). In sub-stoichiometric WO3 semiconductor and semi-metallic
character become possible as energy requirements for electron excitation have been reduced
(decrease in energy band gaps) with electrons requiring less energy to be promoted from the
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occupied energy levels of the Valence Band Maximum to the donor-like states just below the
Conduction Band Minimum. The semiconducting property in WO3 conveyed by the presence of
oxygen vacancies is widely exploited for gas sensing as well as photochromism and photocatalysis.
[14,22] Changes in the band structure and hoping from one donor state to the other of excess
electrons or holes left behind through the formation of oxygen vacancies is also known to have
significant impact on the optical properties of WO3-x films, coatings and powders with colours
ranging from blue-green to yellow as the oxygen vacancies increase in number. [3,23]

2.3.2. Role of Interstitials in Monoclinic, Tetragonal and Hexagonal WO3
The existence of vacancies and interstitial sites encountered in monoclinic, cubic (tetragonal
interstitials/tunnels) and hexagonal WO3 (triangular and hexagonal interstitials/tunnels) allows for
the insertion/de-insertion or intercalation/de-intercalations of alkali metal cations such as H+, Li+,
Na+, K+, Rb+, Cs+,

forming what is commonly known as ‘tungsten bronzes’ represented by

MxWO3, where 0 < x ≤ 1 and M = H+, Li+, Na+, K+, Rb+, Cs+ . The comparatively small size of
these metal cations to that of the interstitial sites/tunnels theoretically allows them to be inserted
into the interstitials encountered in the crystal structures of the different WO3 phases. This
phenomenon is particularly exploited in electrochromism and to a lesser extent in low temperature
gas sensing. In monoclinic WO3 cations (Fig.2.3.1) such as H+, Li+, fill the square interstitial sites
or tunnels.
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Figure 2.3.1. Monoclinic WO3 with metal cation (encircled R) in the square tunnels
/interstitials.
In tetragonal WO3 (Fig.2.3.2) the square and pentagonal tunnels can serve as sites for various
cation intercalations, making tetragonal tungsten bronzes quite versatile. The hexagonal WO3 with
its larger hexagonal tunnels is able to host larger ions than the cubic/tetragonal WO3 with its
smaller tetragonal tunnels, making it a prime candidate for electrochromism and somewhat gas
sensing.
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Figure 2.3.2. Left Hand Side: Intercalated Tetragonal WO3 with filled pentagonal and
tetragonal tunnels/interstitials; Right Hand Side: Intercalated hexagonal WO3 with filled
hexagonal tunnels/interstitials. Circles represent metal cations. [5].
For all the alkali metal ions only Na is able to form stable bronzes with cubic WO3 in which the
value of x = 1. K, Rb and Cs because of their larger ionic radii cannot form bronzes with cubic
WO3 in which x =1. Under high-pressure K can form bronzes with cubic (tetragonal) WO3 that
have high x content. Rb and Cs cannot. Because of their small ionic size H+ and Li+ can occupy
even the triangular (trigonal sites) adjacent to hexagonal tunnels in hexagonal WO3. Because of
their very small ionic radii H+ and Li+ are highly mobile with H+ being more mobile because of its
smaller ionic radii. This high mobility makes HxWO3 bronzes highly unstable as the H tends to
diffuse out of the interstitials. This instability should be more pronounced in hexagonal WO3 than
cubic WO3 since the interactions between the inserted ion and WO3 lattice are smaller in the
hexagonal lattice than in the cubic lattice. This implies bronzes formed from the insertion of H+
into cubic WO3 are more likely to be stable than bronzes formed from H+ insertion into hexagonal
WO3 [13]. This suggests that for the electrochromism parameter known as the memory effect,
(state in which electrochromic materials retain inserted charge in open circuit), bronzes formed
from intercalation of H+ and Li+ into tetragonal (cubic) WO3 will be better candidates.
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2.4. Band Structure of WO3
Gas sensing in solid-state sensors and metal oxides in particular is a phenomenon widely accepted
to be surface-related. Underpinning the phenomenon of gas sensing in metal oxides is the band
theory of solids. Metal oxides, WO3 inclusive are well known for their interesting optical and
electrical properties, much of which rise from peculiarities in their energy band structure. All
solids, metal oxides inclusive can be characterized based on their energy band structure.
The notion of band structures is based on the fact that all solids are constituted essentially from
atoms which consist of electrons revolving around nuclei at fixed energy levels from the nuclei. At
atomic level these energy levels are quantized yet distinct. However when in bulk these distinct
quantized energy levels, as a result of interatomic interactions tend to overlap forming molecular
orbitals of very similar energy that appear as a continuum of energy levels known as energy bands.
[32]

These continuous bands made of molecular orbitals of similar energy occupy a discrete

energy range and are seperated from the next band of a distinct discrete range of energy values by
regions in which there exist no orbitals. These regions are known as band gaps.

Band theory of solids (Fig. 2.4.1) holds that within any given solid lattice there exists a valence
band and conduction band for which the extent of separation is a function of energy. This
separation in energy levels gives rise to varied and interesting optical and electrical properties
characteristic of that solid. [33] Based on this separation in energy levels, materials can be divided
in to three classes: insulators, semiconductors and conductors. Most solid substances are insulators
at room temperature. In insulators a large forbidden gap to the order of 10 eV exists between the
valence band and the conduction band in which electrons can run freely. The amount of energy
required to promote an electron in the valence band to the conduction band, at room temperature, is
much higher than thermal energy can supply at this temperature and so electronic conduction is not
recorded when an electrical field is applied as no electrons are promoted into the conduction band.
The Fermi level defined as the highest energy level electrons can occupy at 0 K in a given solid is
found just above the Valence Band Maximum or coincides with it, in this class of materials. The
higher the Fermi level the more conducting the material is. [33] With semiconductors, the energy
difference between the conduction band and the valence band is lower ranging from 0.5 - 5.0 eV.
So while semiconductors may be non-conducting at room temperature, by increasing the thermal
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energy of the valence electrons whether through heating or by irradiation or photonic excitation the
valence electrons can be excited to energy levels in the conduction band resulting in the
observation of a conducting effect. In conductors the conduction band merges with the valence
bend with the Fermi level lying within the conduction band, so that at room temperature without
the need for thermal or photonic excitation this class of materials are conducting. [35]

Figure 2.4.1. Schematic representation of band theory model in insulators, semiconductors
and conductors. [34]

In n-type materials such as WO3 there are electron energy levels just below the lowest energy level
(bottom end) of the conduction band, near the top of the band gap, such that electrons there can
easily be excited into the conduction band.
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Figure 2.4.2. The band structure of (a) monoclinic WO3, (b) monoclinic WO3 containing
oxygen vacancies, (c) cubic WO3, and (d) density of states in amorphous WO3 with two
oxygen removed and two sodium added. [21].

In Fig. 2.4.2 (a) which represents stoichiometric WO3 the Fermi level (Eigenenergy = 0) is just
above or coincides with the valence band maximum which implies that electrons can occupy states
within these energy levels. There is however a forbidden band gap region of at least 1.8 eV. [36] In
Fig 2.4.2 (b) which represents the electronic structure of sub-stoichiometric WO3-x the presence of
oxygen vacancies has allowed for energy level rearrangements which have caused the Fermi level
to now be promoted as it were into the conduction band minimum of the WO3-x. A reduction in the
size of the forbidden gap is also observed. The existence of the Fermi level at the Conduction Band
Minimum facilitates the extraction and injection of electrons out of this region depending on
whether electron donating or electron withdrawing interactions with other species take place at the
surface of the sub-stoichiometric WO3. This phenomenon arising from the band structure in substoichiometric WO3 is primarily exploited in resistance-based gas sensing.
37

In cubic WO3 (which does not readily exist in nature except when WO3 lattice is stabilised with a
dopant) (Fig.2.4.2 (a) the Fermi level is just above the Valence Band Maximum implying electrons
are not readily available for transport in the conduction band. However W atom shifts in the zdirection produce distortions in the crystal lattice such that rearrangements of the energy level
bands take place that reduce the forbidden gap between the Valence Band Maximum and the
Conduction Band Minimum (CBM), making WO3 semiconducting. Based on first principle
calculations G.A de Wijs et al[4], report that anomalous behaviour of this forbidden band gap for
WO3 in the tetragonal phase can see it reduced to as small as 0.4 eV [37]. Based on their
calculations also WO3 in the monoclinic phase has a band gap energy of 2.5 eV. This implies that it
requires much less excitation energy for electrons to be promoted from the Valence Band
Maximum (VBM) into the conduction band in cubic WO3 (existent only in theory) than in
monoclinic WO3. With experimental values for bulk WO3 generally being observed to be higher
than calculated values yet in close agreement (2.6 eV - 2.92 eV) [14, 38] this suggests that
stabilized cubic WO3 is more likely to absorb energy over a broader range from sunlight (1 eV – 3
eV) i.e further into the visible spectrum (longer wavelengths), than monoclinic WO3. This can be
good for photochromic/photoelectrochemical applications of WO3 (not the subject of this study).
Huang et al report the observation of such light induced coloration in sub-stoichiometric WO3 [39].
Janaky et al [38] give a succint review on the use of WO3 derivatives as photocatalysts.
Structural distortions in WO6 octahedron that lead to off-center displacement of W metal atom/ion
in the octahedron can also lead to a raising of the conduction band and lowering of the valence
band thus an increase in the energy band gap of WO3 [21]. This can be experimentally observed in
amorphous systems where the band gap is significantly larger. With band gap also being sensitive
to changes in the W-O bond length, introduction of oxygen vacancies into the lattice structure of
WO3 can bring about structural relaxation within the crystal structure such that the W-W distance
increases resulting in changes in W-O interactions and splitting that increase the energy band gap.
[21]
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2.5. Fundamentals of Gas Sensor Technology
2.5.1. Gas Sensor Types and design functions
There exists a wide range of gas sensor technologies today based on different sensing principles,
which involve changes in [41-43]:
i.

Optical

properties

(infra-red,

refractive

index,

fluorescence,

phosphorescence,

absorption/transmission; interferometry, etc)
ii.

Electrochemical behaviour,

iii.

Chemo-resistivity (also known as conductometric, based on changes in resistance),

iv.

Gravimetry (change in mass),

v.

Catalytic combustion (pellistors),

vi.

Calorimetry (heat changes upon gas/sensor interaction),

vii.

Acoustic wave-based properties,

viii.

Capacitance-based properties,

ix.

Work-function based properties, etc.

Of the sensors listed above (by no means exhaustive of possible sensor types) the first five are
amongst the most present on the market with optical sensors being comparatively adequate in terms
of sensitivity, selectivity, accuracy and durability. They are however not suitable for portable
applications; are expensive, costly to maintain and are poor in response times. A major advantage
of such sensors is that they are considerable immune to electromagnetic interference. When made
compatible with optical fibres they can be used for gas detection at multiple points. When
compared to optical sensors electrochemical sensors offer a better alternative in terms of production
and maintenance cost with sufficiently good performances in terms of sensitivity, selectivity and
accuracy but suffer from a heavy set-back in terms of stability of the response signals and the
durability of the devices. Chemo-resistive (based on solid-state semiconductor metal oxides) and
gravimetric sensors are less successful on the market in terms of available products than optical and
electrochemical sensors. They however offer lower cost of production and maintenance, with
greater amenability to portable instruments, and except for poor selectivity show just as good or
even better performances when measuring sensitivity, response time, accuracy, stability and
durability [43]. With regards to sensitivity, response time and stability chemo-resistive
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semiconductor metal oxide gas sensors show even better performances than catalytic combustors
and electrochemical sensors. Because of this they are currently amongst the foremost class of
materials investigated for new materials applicable to gas sensing in the expanding fields of
nanoscience and nanotechnology. WO3 a member of this class of materials will be the main sensor
material investigated in this research [43].

Physically, gas sensors can themselves be divided into three basic/main parts (Fig. 2.5.2) which are
i.

The receptor and sensing element

ii.

The transducer

iii.

The signal acquisitor and processor (booster)

Figure 2.5.2. Schematic representation of the basic components of a gas sensor unit [40].

Sensing response is controlled by three main functions, viz [43,44];
i.

Receptor function

ii.

Transducer function

iii.

Utility function

The receptor function involves the ability of the sensor material’s surface to interact with the
analyte gas. The chemical properties of the surface of the sensor material is critical in this regard.
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In metal oxides the chemical behaviour of oxygen atoms at the surface layer of the metal oxide
materials play a critical role in the interaction with analyte gases at the surface of the metal oxide.
By modifying the nature of the sensor surface significant changes in the response of the sensor
material can take place [44].

The transducer function involves the ability to convert the changes caused by chemical
intereactions at the surface of the sensing material to electrical or other signals that can be
measured. The changes caused could be in refractive index, in temperature, in electrical properties,
in mass or in mechanical deflections. Depending on what type of sensor was used, the measured
values are obtained via electrodes, transistors, surface wave components, thickness-mode
transducers, diodes, and other optical contraptions [43]. In chemo-resistive semiconductor metal
oxide gas sensors the use of a double-Schottky barrier model (to be explained later) in the design of
the sensor electrodes can aid in improving the conversion of changes in response into measurable
electrical signals [44].

The utility function depends on what environment (analyte gas, humidity, temperature, mixed gas
environment, etc) the sensor material is expected to operate in and the level of performance
expected of it. This generally influences what type of sensor is chosen, which sensor material is
employed in the sensor and the manner in which the sensor material is prepared and assembled.
[43,44]

2.5.2. Basic parameters considered for evaluating gas sensor performance.
To measure gas sensing capability in any potential gas sensor some basic parameters are evaluated,
viz include:
Sensitivity: Sensitivity is one of the main parameters apart from response time and selectivity that
is used to evaluate gas sensors. There is no uniform definition for sensitivity in literature on gas
sensing. Bochenkov et al [45] define it as the change in the measured signal per unit concentration
of an analyte gas. Xu C.H. et al [40] define it as the ratio of a given measured parameter after (or
before) exposure to the target gas divided by that of the same parameter before (or after) exposure
to the target gas. The latter definition is that commonly encountered in many reported studies on
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sensitivity in gas sensors. For n-type semiconductor gas sensors some papers define sensitivity as
(Ra-Rg/Ra) x 100 for reducing gases or Rg. Others define it as Ra/Rg for reducing gases and Rg/Ra
for oxidizing gases. For all of these Ra = Resistance in air, and Rg = Resistance in gas. In this work
we will use Ra/Rg and Rg/Ra for determining sensitivities in the thin films evaluated for gas
sensing. [46]

Selectivity: This is the ability of a sensor to selectively detect an analyte gas in the presence of
other gases. In a mixed gas environment cross sensitivity is a problem usually encountered in many
sensor types. When carrying out gas sensing in a mixed gas environment it therefore becomes
necessary to employ gas sensors that show high selectivity towards intended analyte gases.
Selectivity in many gas sensors is however a little bit more difficult to achieve and would vary
depending on the type of sensor and material used as well as the ratios in which the gas mixtures
are tested. To remediate the problem of cross-sensitivity sometimes selective gas filters that control
the gas type reaching the surface of the sensor material or sensor arrays made up of different gasspecific sensor material types are used. [40, 41]

Response times: The time taken for a sensor to undergo 90% change in its resistance at the steadystate (equilibrium) after the introduction of an analyte gas.

Recovery time: The time taken for a sensor to recover 90% of its original resistance possessed
before an analyte gas was intoduced.

Limit of detection: Lowest concentrations of gas the sensor can detect (in parts per billion/parts per
million)

Stability: Ability of the sensor to maintain baseline performance over mulitiple sensing cycles.

Durability: Capacity of the sensor to maintain in its sensing performance or reproduce results over
a long time (8 - 10 years) is a highly desirous attribute. Parameters particularly monitored over time
to evaluate durability include sensitivity, selectivity, response and recovery times. [40, 41]
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Drift: Signal Drift in electrical measurements takes place in sensor materials especially over long
shelf-lives or extensive usage. This often a result of slight modifications in the sensor surface as a
result of environmental factors (humidity, temperature) or substantial changes such as sintering,
agglomeration that take place in the sensor material over multiple sensing cycles. To compensate
for drift recalibration of the sensor before reuse is generally advised. [40, 41]
Other parameters evaluated are the:


Cost of Maintenance,



Cost of production,



Amenability to portable instruments,



Recovery method: The method used for the sensor to regain its original state after sensing.
This could be through heating in air, N2 or Ar, O2, or using UV or IR irradiation depending
on the sensor material and the. [47]

In the search and design for new sensor materials primarily important parameters for sensor
characterization are those related to performance (sensitivity, selectivity and response) and
reliability (stability, durability, drift, repeatability). Consideration of parameters such as cost of
production, cost of maintenance and amenability to portable instruments come in secondary [40,
43].
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2.6. Semiconductor Metal Oxides for Resistive/Conductometric Gas Sensors:
2.6.1. Background
As previously mentioned this research will focus on studying a semiconductor metal oxide which
has been employed as a conductometric or resistive gas sensor. Semiconductor metal oxide gas
sensors have an advantage over other sensors listed above (section 2.5.1) in that they are smaller in
size, less costly to develop and so are lower in price; they are easy to maintain, easy to intergrate
with control-circuits and signal-conditioning, have a high sensitivity and possess a long life cycle
(~ 10 years) when compared to other sensor types such as the electrochemical sensors (1 - 2 years).
Korotcenkov reports them as having excellent sensitivities, having comparatively short response
times to analyte gas, and being of low cost [43].

The use of semiconductor metal oxides for gas sensing was first reported by Seiyama and coworkers and patented by N. Taguchi in 1962 [44,48]. Sieyama et al reported the use of ZnO thin
films as gas sensors based on the adsorption and desorptions of gases [49].A semiconductor metal
oxide gas sensor when heated at the appropriate temperature in air changes it resistance
significantly when it comes into contact with small concentrations of reducing or oxiding gases.
Charge transfer processes induced by analyte gas interactions with adsorbed species at the surface
of the semiconductor metal oxide determine its resistance. The changes in resistance can be
converted into electrical signals which can be collected and displayed appropriately on a data
processor [44].

2.6.2. Semiconductor metal oxide gas sensors sub-types
Semiconductor metal oxide gas sensors can be classified into two sub-types [44]:
- Those in which gas sensing takes predominantly at the surface. These operate typically at low
temperatures below 500 ˚C.
- Those in which gas sensing takes place predominantly in the bulk of the material. These operate
generally at high temperatures greater than 700 ˚C (mostly 800 ˚C).
In this research a semiconductor metal oxide which operates at low temperatures will be used for
gas sensing.
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2.6.3. Structural Factors influencing sensing in semiconductor metal oxide gas sensors
Grain-size and grain-boundary effects: It has been shown that a decrease in grain size beyond a
certain critical value, dc, gives rise to sharp changes (increase/decrease) in the resistances of
semiconductor metal oxides, so too increases in their sensitivies [40,50,51]. This is based on the
fact as the grain size becomes smaller than dc the greater bulk of the grain tends towards complete
charge depletion. In otherwards the surface-charge depletion layer (space-charge layer caused by
ionisation of metal oxide surface-adsorbed oxygen) extends throughout the whole grain and is not
just limited to a small region immediately below the grain surface, so that small insertion of electric
charges resulting from interactions between target gases and metal oxide surface-adsorbed oxygen
anions give rise to significantly enhanced sensing responses [52]. By such reductions in size the
surface/volume ratio of the grains that make up the bulk of the semiconductor metal oxides are
greatly increased so that a much larger amount of atoms or molecules that constitute the metal
oxide are brought to the surface, increasing the number of possible sites available for interaction
with analyte gases. This increase in the area over which sensing occurs, results in stronger
responses and sensitivities.

Though reducing grain size as one moves from microstructured to nanostructured materials results
in enhanced sensing performance for most sensor materials, the high temperatures often required
for activating gas sensors or carrying out repeated cycles of gas sensing result in grain growth by
coalescence. This often has a negative impact (drift in electrical measurements) on the stability of
the sensor materials over many gas sensing cycles.

Nanostructured materials in 1-D show higher sensitivity, lower operating temperatures, broader
limits of detection and faster response times than thin films [41]. Gas sensing essentially being a
surface effect with interaction between analyte gases and the surface of the sensing materials used,
synthesis/preparation techniques that increase the amount of surface atoms and surface active sites
with which the gaseous analytes interact are highly desired [53].

For this reason grain size

reduction in sensing materials is of particular importance. M.-H. Seo et al [54] propose a model
which supports the fact that gas sensitivity increases with decreasing crystal size. They too agree
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that with increasing reduction of crystallite size an increasing proportion of the sensing material is
actively involved in the sensing phenomenon as more of the particles that make up the bulk of the
material are now exposed at the surface. These are hence able to actively interact with the target
gas thereby experiencing in greater numbers the depletion/repletion of their surface-charge layers
giving rise to enhanced resistance changes. [55]

High Surface-Volume aspect ratio: This is particularly visible in gas sensors made from 1dimensional structures (nanobelts, nanorods, nanowires, nanorings, nanofibers) and allows for a
greater volume ratio of the sensor material to be involved in the gas sensing process than can be
observed in corresponding bulk powders and thick films of the same sensor material. Greater
surface charge depletion of carriers in these structures results in significantly enhanced electron
transport properties in these materials. The use of 1-dimensional semiconductor metal oxide with
high surface-to-volume ratios improves both the structural stability of the sensor material and its
sensing properties.

Porosity of the films: Increase in porosity of the films is observed, generally, to positively enhance
gas sensing since this allows for analyte gases to penetrate the bulk of the sensor material.
This is particular so if there is sufficient percolation between the grains/particles that make up the
sensory material, allowing for rapid and efficient electron transport across grain boundaries,
vacancies and defects. Often the sensor materials are in the forms of thick or thin films possessing
some degree of porosity which gives to the sensing materials a high surface-to-volume ratio
offering greater possibilities for gas/sensor material interactions [43]. Figure 2.6.1 below shows a
schematic representation of how increase in porosity allows for greater interaction of the analyte
gas with the sensor material. In (a) the particle sizes are much larger and the sensor material is less
porous while in (b) the particle sizes are much smaller and the sensing layer more porous allowing
for the greater penetration of the analyte gas into the bulk of the sensor material. M.H. Seo et al
[54] make mention of the fact that porosity of thin films facilitates diffusion of analyte gases deep
into the films allowing for high gas sensitivity. Particulate films with large porosity such as those
made up of nanotubes and nanowires which are loosely held together allow for greater penetration
of gas molecules. With thin films gas diffusion into the films can be expected to reduce with
increasing depth if the thin films are not sufficiently porous.
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Figure 2.6.1. Schematic representation of gas/sensor surface interactions in a compact and
porous layer. [47]

Thickness of the films: Since gas sensing is primarily a surface phenomenon in semiconductor
metal oxide gas sensors operating at < 500 ˚C, the greater the thickness of the films the less access
the analyte gas has to the bulk of the sensory material and so gas sensitivity is observed to reduce
with increase in thickness. This observation has been reported by Basu et al in their review paper
[47].

Catalytic Doping: Doping of semiconductor metal oxides with Platinum Group Metals (Pd, Pt, Rh),
nobel metals (Au, Ag), some transition group metals and a number of metal oxides has been carried
out for the purpose of improving gas sensing performance. These PGMs and nobel metals act as
catalysts lowering the activation energy of the surface reactions between adsorbed chemical
species, the analyte gases and the sensor surface [47]. They can be incorporated on the surface of
the sensor metal oxides as a dispersed phase or as electrode contacts. Analyte gases such as H2 and
O2 undergo surface adsorption on the surfaces of these catalytic dopants, are dissociated to yield H
and O atoms that spillover, gain electrons from the surface of the semiconductor metal oxide
sensing surface producing further surface charge depletion and giving rise to more interactions
analyte gas/sensor material interactions which are recorded as improvements in sensitivity, quick
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response and recovery times at lower operating temperatures. Pd, Pt doping are known to
drastically reduce operating temperatures for H2 sensing from the 250 - 400 ˚C to the 25 - 50 ˚C
range. [46]

Figure 2.6.2. Metal Catalyst (coloured solid black) on surface of metal oxide grain, over
which Oxygen molecules undergo dissociation and spillover to contribute to rapid subsurface space charge depletion [47].

Figure 2.6.3 Effects of PGM doping on a semiconductor metal oxide sub-surface [46].

Figure 2.6.3 above shows how doping with PGMs such as Pd further enhance electron depletion at
semiconductor metal oxide subsurface [40,46].
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In (1) surface adsorption and subsequent ionisation of O2 at defects on the semiconductor metal
oxide’s surface give rise to an initial surface-charge depletion effect which is further enhanced in
scheme (2) by the promotion of O2 dissociation by the dopant (PGM Pd/Pt/Rh or nobel metal Ag,
Au) and ionisation at the metal oxide surface. Scheme (3) represents a further enhancement of
surface-charge depletion that takes place as weakly adsorbed O2 molecules migrate to the vicinity
of the metal catalyst where it undergoes dissociation and subsequent adsorption and ionisation.

In the dispersed phase a draw back with Pd as a electrode contacts for sensing a gas such as H2 is
that irreversible formation of β-phase Pd- hydride takes place which leads to blistering (for thicker
metal contacts) and consequent detachment/lift-off from the sensor surface (metal oxide). This
renders the Pd unsuitable for repeated cycles of H2 sensing. The use of PGMs and nobel metals
however such as Pd, Pt, Au, Ag, etc to surface modify SMO materials results generally in improved
sensitivity and fast response and recovery times [47].

Crystallinity/amorphicity of the substrate: Crystallinity plays an important role in the sensitivity of
semiconductor metal oxides. Monocrystalline materials show a small` response to analyte gases
whereas polycrystallline show a much higher response to analyte gases. This is because of the
grain-boundary effect in which charge transport processes are particularly enhanced across the
space charge layers and the potential barriers between interconnected grains. [51] It has been
shown that certain crystallographic planes favour the reactivity of specific gases with the crystal
surface.

Defects (Vacancies and Interstitials): In semiconductor metal oxides in which there is no doping
sometimes deviation from stoichiometry can occur when (a) excess metal cations with an
equivalent number of electrons, occupy by migration interstitial sites within a metal oxide; (b)
oxygen ion vacancies are formed within a metal oxide by the possible evaporation or migration of
O ions leaving behind electrons (Fig 2.6.4). These left behind electrons resulting from the
formation of these interstitial metal cations and oxygen vacancies known as point defects are
localized in surface states whose energies lie close to the conduction band. Electrons in these
surface states can be easily donated to the conduction band giving rise to an increase in the
conductivity of the metal oxides [40,56 ]
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Figure 2.6.4. (a) Interstitial cations and excess electrons (b) Oxygen ion vacancies and excess
electrons [40].

An increase in the amount of point defects in a semiconductor metal oxide therefore allows for an
increase in the concentration of intrinsic free charge carriers (excess electrons (n-type) or holes (ptype)) which play a critical role in resistance-based gas sensing since depletion and repletion of
charge carriers gives rise to a corresponding increase and decrease in resistance for n-type metal
oxides and vice versa for p-type metal oxides [40]. Too high a concentration of point defects will
result in high electro-conductivity. The adverse effect of this however is that the ability of small
changes in the surface charge layer to significantly alter the overall conductivity of the sensing
metal oxide, as is necessary for resistance-based gas sensing, is seriously compromised due to a net
surplus in free charge carrier concentration. Too low a concentration of free charge carriers (n <
1016cm-3,  < 10-4 to 10-5 Sm/cm) will not favour either the use of semiconductor metal oxides as
resistance-based gas sensors. [43] Oxygen vacancy sites act as good adsorption sites for molecular
oxygen (O2) especially. Surface adsorbed molecular oxygen is ionized to O2ads- or Oads- giving rise
to surface charge depletion of the metal oxide. In the absence of an oxygen environment gas
molecules such as CO and CO2 also tend to adsorb at oxygen vacancy sites. In the presence of an
oxygen environment CO will react with Oads- to give off CO2 while repleting surface charge
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through the injection of electrons into the conduction band. This is observed as increase in
conductivity (drop in resistance), thus signalling the presence of CO gas. [40,51,56].

2.6.4. Other factors influencing gas sensing performance in semiconductor metal oxides
Thermodynamic stability: Materials meant to be employed for sensing at high temperatures should
have a high thermodynamic stability, especially if they have to operate in an atmosphere of
reducing gases such as (H2, CO, etc). As a semiconductor metal oxide WO3 has a fairly high
thermodynamic stability (-∆Hf (298K) = 280.3 kJ/mol) that allows it to operate in reducing
atmospheres without being reduced at temperatures no more than 544 ˚C. [43]

Thermal Stability: The material employed for gas sensing should be thermally stable especially if it
is targeted for use at high temperatures. Polymer-based gas sensing materials are thus unsuitable for
gas sensing at high temperatures due to their low thermal stability at temperatures greater than 150
˚C. Semiconductor metal oxides many of whose melting points are higher than 650 ˚C make for
good sensors at high operating temperatures. WO3 has a melting point of 1470 ˚C which is way
above the temperature range in which WO3 is employed as a gas sensor. [43]
Chemical Stability of the sensor materials: In gas sensors for which optimal, repeatable
performance is expected over a long operating life span, materials employed should be chemical
stable in the environment of the gas that is being sensed. Semiconductor metal oxides are known to
be more stable in a wide range of reducing, oxiding and humid atmospheres than their covalent
semiconductor counterparts like as Si, GaAs, InP and GaP. These covalent semiconductors in the
presence of oxygen can undergo significant amounts of surface oxidation that eventually lead to
changes in their electronic, catalytic and adsorptive properties that compromise their ability to
deliver repeatable, optimal performance over long periods. [43]

Band gap: Semiconductor metal oxides with wide band gaps tend to have higher operating
temperatures. This has been experimentally proven with metal oxides having band gaps, Eg, > 2.5
eV operating at temperatures, T, > 300 ˚C [43]. For sensors meant to work at room temperature the
energy band gaps, Eg, should be considerably smaller. Operating at high temperatures is however
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preferable for semiconductor metal oxide gas sensors as this reduces the influence of humidity on
the gas sensing performances.

Humidity: Air humidity tends to have a considerable negative influence on gas-sensing
performance. This influence is particularly greater at lower operating temperatures where hydroxyl
groups from water molecules found in ambient atmospheric moisture partially replace surfaceadsorbed oxygen molecules responsible for the redox reactions that make possible chemo-resistive
gas sensing. [46] Because these hydroxyl groups cannot propagate or initiate these redox reactions
they tend to passivate the semiconductor sensor surfaces thereby limiting gas sensing. Sensing at
high operating temperatures as in semiconductor metal oxides helps to limit the influence that
humidity has on their gas-sensing performances. [43]

Operating Temperature: For n-type semiconductor metal oxides operating at low temperatures it
becomes sometimes necessary if optimal performance is to be attained to activate the sensor by
prolonged heating or aging before using. At such low temperatures sensing performance which has
a strong dependence on ambient air humidity can be seriously compromised especially as too high
air humidity results in surface adsorbed water molecules hindering surface adsorption of oxygen, a
species critical in resistance-based gas sensing. At such temperatures though the threshold of
sensitivity in these metal oxides tends to be low the response and recovery times can be much
longer, which is not what is desired for optimally operating sensors. Sensors operating at low
temperatures however have a long life time, use less power and are particularly compatible for use
in Si-based micro-electronic circuits. For accuracy and optimal performance they however need to
be regularly calibrated if not used for a while. Activating by initial heating at increasingly high
temperatures (120 - 450 ˚C) aids in facilitating the desorption of surface adsorbed water giving
room for the adsorption at the surface the oxides of oxygen.

In gas sensing using semiconductor metal oxides, sensors sensing at low temperatures typically
operate in the 25 < T < 400 ˚C window. High temperature operating semiconductor metal oxide
sensors operate at T > 500 ˚C with typical operating temperatures being the the 800 - 1200 ˚C. [43]
It is appropriate to mention here that depending on the chemical stability (bond-energy related) of
the analyte gases some gases will have higher sensing responses and sensitivities at certain
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temperatures than others. Example can be made of H2S and C2H5OH which respectively have a
bond-energy of 381 kJ/mol and 452 kJ/mol. Because of its lower bond energy H2S can easily have
its bonds broken at low temperatures whereas C2H5OH will require higher temperatures to have its
bond broken. Bond breaking and ionisation being a necessary step in the sensing of such gases, a
ZnO sensor will show higher responses to H2S at low temperatures and C2H5OH at low
temperatures [40].

Electronic Conductivity: Gas sensing semiconductor materials interact with gases at their surfaces
(often through surface adsorbed Oxygen atoms), inducing changes in charge carrier concentration
at their surfaces. Based on their charge-carrier type these semiconductor materials can be classified
in two types, n-type and p-type. In n-type materials the majority carriers are negatively charge
electrons, whose concentrations increase when reacting with a reducing gas (H, CO) since this
reaction injects more electrons into the surface depletion layer just immediately under the
conduction band giving rise to an increase in conductivity (a drop in the resistivity of the sensing
material. An oxidising gas (SO2) will bring about depletion of electrons resulting in a decrease in
conductivity translated as an increase in resistance from the baseline resistance of the material
when there is no oxidising gas present. Examples of n-type semiconductor materials are WO3,
SnO2, TiO2, ZnO, MoO3. [43]
In p-type semiconductors the majority carriers are the holes; a reducing gas will bring about an
injection of electrons into the surface charge depletion layer which will combine with the holes
leading to a decrease in hole concentration. An oxidising gas will in its interactions at the surface
bring about the depletion of electrons from the surface charge layer resulting in an increase in hole
concentration which will be measured as increase in conductivity or a drop in the resistance of the
p-type material due to the increase in the positively charged-carrier [57]. Examples of p-type
semiconductor materials are PdO, CuO and a number of rare-earth based binary metal oxides
(La2O3, CeO2) and some perovskite-like rare-earth based ternary oxides (ReCoO3, Re = La, Nd)
[43].
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Gas sensing has also been observed to take place across a p-n heterojunction this occurs when
sensing takes place at the interface of n- and p-type semiconductor materials that are in contact
with each other. The sensor response encountered with such sensors is enhanced over that of either
semiconductor type.
[58, 59] In a similar case called the n-n type heterojunction, two n-type semiconductor materials
with slightly different band gap energies e.g. WO3 (2.7 eV) and SnO2 (3.6 eV) show higher gas
sensitivity than for either component on its own. [58]

Concentration/Partial Pressure of the analyte gas: Generally an increase in the concentration of the
analyte gas is observed to result in an increase the sensitivity of the sensor material. If the
concentration of the analyte gas is lower than the total number of active sites present at the surface
of the metal oxide the sensitivity increase linearly with the concentration of the gas. If the
concentration becomes much higher so that all the active sites at the surface of semiconductor
metal oxide are completely covered a saturation point is reached where sensitivity no longer
increases linearly with an increase in the analyte gas concentration. This relationship is said to obey
a linear law, a power law or saturation represented by the equation (1) below
S = K[C]N

(1)

Where is S is the Sensitivity (Ra/Rg), K denotes a proportionality constant, [C] the concentration of
the analyte gas and N = 1 or ½. When N = 1 the linear law is obeyed as in Fig ..(a). When N = 1/2
the power law is obeyed as in Fig. 2.6.5 (b). In Fig 2.6.5 (c) the saturation point is reached
sensitivity no longer increases with increasing concentration.
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Figure 2.6.5. showing the variation of sensor response (sensitivity) with increase in
concentration of the analyte gas. [40].

2.7. Theory of gas sensing in Semiconductor Metal Oxides
Generally it is a little difficult to propose a unified theory on gas sensor behaviour largely because
there are numerous factors which influence gas sensing, many of which largely depend on the type
of semiconductor material chosen for sensing, the method of synthesis and the experimental
conditions in which the sensor materials or devices are prepared [44]. These have a strong
influence on gas sensing properties as they impact heavily on the surface morphology, particle size
and shape, crystallite size, contact geometry between the crystals, surface areas available for gassolid interactions, porosity and film thicknesses, etc of the respective sensor materials [44].
However simply put, gas sensing in semiconducting metal oxides takes place through monitoring
changes that take place in the surface conductivity of these oxides when they interact at their
surfaces with analyte gases such that there is a net transfer of electrons between them and the
adsorbed gases, resulting in a measurable change in overall charge carrier concentration (whether
electrons or holes) at their surfaces. [58]

In air the surface of the semiconductor metal oxide (SMO) interacts with atmospheric O2 so that it
is covered, at least partially, with a monolayer layer of adsorbed oxygen. This process of gas
adsorption takes place because atoms and ions at the surface of the SMO that possess incomplete
valence electrons and coordination numbers try to satisfy these requirements by forming bonds
with surrounding gases. [40] This process of adsorption takes place to a large extent by
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physisorption (whose energy requirements are about a maximum of 15 kcal/mol) at lower
temperatures (< 100 ˚C) and to a lesser extent chemisorption at higher temperatures (> 250 ˚C).
The adsorbed O2 molecules capture electrons from the near surface region of the conduction band
of the semiconductor metal oxide forming anionic species O2-, O2-, and O- ions that interact with
incoming target gases at different temperature regimes. [52,60] The adsorption of an oxygen
molecule at the surface can be represented by the sequence below in which O2 is physically
adsorbed at the surface then ionised to a superoxide O2-, then O-, and then the oxide O2- which can
also be incorporated into a lattice site of the semiconductor metal oxide (eqn 2). [61]
O2(gas)  O2(ad)  O2- (ad) O- (ad) O2- (ad) O2- (lattice)

(2)

The stability of the oxygen molecule as it goes through physisorption, chemisorption to
incorporation in a vacant metal oxide latttice site is shown in Fig 2.7.1 below.

Figure 2.7.1. Energy diagram for various oxygen species in the gas phase adsorbed at the
surface and bound within the lattice of a metal oxide semiconductor. [62]

The process of adsorption, electron capture and ionisation at different temperatures can be
represented by the equations below.
O2(g)   O2 (ads) (Top < 100 ˚C)

(3)

O2 (ads) + e-   O2-(ads) (Top < 100 ˚C)

(4)
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½ O2- (ads) + O(ads)   2O- (ads) (100 ˚C < Top < 300 ˚C)

(5)

O- (ads) + e-  O2-(ads) (Top > 300 ˚C)

(6)

As a result of this capture of electrons a depletion layer known as the surface-charge depletion
layer is formed at the surface of the metal oxide in which the concentration of electrons is less than
in the bulk. This depletion of electrons caused by electron capture in surface-adsorbed oxygen
atoms is recorded as an increase in the resistance (reduction in conductivity) of the sensing material
and is represented in an energy band diagram as the upward bending of the Conduction Band
Minimum (CBM). The thickness of the surface-charge depletion layer is the length of the band
bending region denoted Λair in Fig. 2.7.2 below. In this figure eVsurface represents the height of the
energy potential barrier, EC the energy of the conduction band, EV the energy of the valence band,
EF the energy of the Fermi level. [46]

Figure 2.7.2. shows a representation of band bending on the surface of an n-type doped
semiconductor after surface adsorption and ionisation of oxygen molecules [46].

When an analyte gas with reducing properties (e.g. H2, CO) is let into the sensor system their
interaction with surface adsorbed O- ions in the sensor material results in their oxidation to H2O
and CO2 and the simultaneous release of electrons back into the surface-charge depletion layer of
the Conduction Band. This re-injection of electrons into the depletion-layer results in a drop in
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resistance (an increase in conductivity) to a steady state. When the sensor surface is again reexposed to oxygen in air/Nitrogen electronic depletion of the surface space-charge layer results in
the rise of resistance and a return to the previous levels of resistance encountered before sensing.
This stage is known as the recovery stage.

Mechanistically in the case of hydrogen sensing as molecular H2 is brought in contact with the
surface of the sensor material, it undergoes dissociation then adsorption to the sensor surface where
it reacts with surface adsorbed oxygen anionic species and lattice oxygen to form hydroxyl ions.
These hydroxyl species further react with adorbed H atoms/ions giving rise to H2O molecules that
are quickly desorbed from the surface of the metal oxide sensor materials especially when
operating temperatures are greater than 100 ˚C. [43]
H2 (g)  2Hads

(7)

Hads + O-(ads)  OH-

(8)
-

Hads + HO  H2O + e
2-

(9)
-

2Hads(g) + O  H2O + 2e

(10)

As for CO sensing, incoming CO gas interacts with adsorbed O2- at temperatures below 100 ˚C to
yield CO2. Further oxidation takes place at higher temperatures through intearactions with O- and
O2- to yield more CO2 which volatilizes off the surface. [60,63]
2CO + O2-  2CO2 + e- (Top < 100 ˚C)

(11)

CO + O-  CO2 + e- (100 < Top < 300 ˚C)

(12)

CO + O2-  CO2 + 2e- (Top > 300 ˚C)

(13)

CO can also undergo surface adsorption especially at oxygen vacancies after which interactions
with surface adsorbed oxygen anions result into the formation of CO2 and space-charge layer
electron repletion. [40,60]
COgas COads

(14)

2COads + 2O-2ads  2CO2 + e-

(15)

2COads + 2Oads-  2CO2,gas + e-

(16)
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A typical profile of the variation of surface resistance with time at a fixed operating temperature is
shown in Fig. 2.7.3 below with the curve (a) (solid line) typically representing gas sensing of an ntype semiconductor metal oxide in the presence of a reducing gas and the curve (b) (dashed line)
representing gas sensing of the same metal oxide type in the presence of an oxidizing gas. For a
reducing gas (solid line) the time and resistance before (t1, R1) denotes the period before
introduction of the gas and the baseline resistance. It represents a steady-state in clean air/N2 and is
also synonymous with a period in which a reducing gas which has just been introduced into a
sensing chamber adsorbs to the surface. Between the points (t1, R1) and (t2, R2) the reducing gas
interacts with the sensor surface releasing electrons into the surface-charge depletion layer, thus the
drop in resistance.

Figure 2.7.3. Profile showing the variation of resistance with time in an n-type semiconductor
metal oxide for both reducing (solid line) and oxidizing (dashed line) gases [64].

The region between (t2, R2) and (t3, R3) marks the steady-state in reducing atmosphere in which the
presence/inflow of the analyte gas no longer has any impact on the sensor resistance as all surface
active oxygen anions have been effectively reduced. At the point (t3, R3) supply of the reducing gas
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has been cut-off and introduction of air/N2 till the point (t4, R4) takes place marking the recovery
period in which the sensor surface undergoes surface charge-depletion to return to the initial or
baseline resistance before introduction of the reducing gas.
For an oxidizing gas the region before (t1, R1’) marks the period before introduction of the
oxidizing gas and the baseline resistance (steady-state in clean air). At (t2, R2’) the oxidative gas has
been introduced resulting in a charge depletion of electrons which gives rise to an increase in
resistance that continues unto a steady-state between (t3, R3’) and (t4, R4’). At this point the system
further inflow of the analyte gas no longer has any net influence on the overall conductivity of the
sensor surface. Upon cut-off the oxidative gas supply and the introduction of air/N2 the sensor
surface undergoes electron repletion of the surface-charge layer so that the resistance drops to
initial resistance (baseline) measured before the introduction of the oxidative gas.

Gas sensing models
Since semiconductor metal oxide resistance-based gas sensing takes place at the surface of grains
and is influenced by grain size, it is necessary to define here the concept of grain structure that
supports the models generally used to explain gas sensing.

A grain here is defined as consisting of an outer surface layer just beneath which (sub-surface) is an
inner space charge layer in which charge separation can occur (Fig. 2.7.4). This space charge layer
is bounded by an inner boundary defined by some as a particle/grain boundary that separates the
space-charge layer from the bulk of the grain to which gases have no access. The distance spanning
the space-charge layer, between the surface of the grain and the particle boundary is conventional
defined as the Debye Length, DL. [57]
In semiconductor metal oxide gas sensing the space-charge layer undergoes charge depletion at the
surface as a result of interactions between the adsorbed gaseous species and surface bound atoms
and ions. Thus the space-charge layer is also described here as the surface-charge depletion layer.
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Figure 2.7.4. Schematic representation of different regions that make up a grain: the outer
surface layer; the sub-surface space-charge layer bounded by a particle boundary which
seperates if from the bulk of the grain. [50,57]

In the case where the sensor material is made up grains inter-connected to each other by grain
boundaries, adsorbed oxygen anions induce the creation of the surface-charge electron-depleted
layer on the boundary of each particle forming an energy potential barrier to electron migration or
tunneling across the grain boundaries known as a double-Schottky barrier. This barrier height plays
a determinant role in determining the resistance of the sensing material. In thin films, main form of
the metal oxides investigated in this research, the average grain size is often greater than the
surface charge depletion layer such that the transport of electrons in thin films is primarily
governed by the barrier height between inter-connected grains. [65]

The height of the potential barrier has been found to be co-dependent on the concentration of
adsorbed oxygen atoms (anions). Migration of electrons across the energy potential barrier known
as double Schottky barrier follows the double Schottky barrier model. The double Schottky barrier
model is however not consistent with the temperature independent sensing observed in certain
SMOs like SnO2. [44] For this reason an alternative model (b) known as the Tunneling transport
model has therefore also being proposed by Yamazoe et al that suggests that the electrons located
at the boundary-edge of two grains just touching each other are tunneled through a small gap (00.1nm) separating their respective charge depletion layers. Tunnelling across the grain boundary of
two disconnected particles is also possible when the gap between the two particles is in the order of
a few nanometres. [44] The magnitude of conductivity here is dependent on the number of
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electrons found at the periphery of the grain boundaries and their tunneling across these boundaries
is independent of changes in temperature. No activation energy is required for the tunneling process
provided the potential barrier heights at the boundaries remain the same.
A third model based on the assumption that interconnected grains have a conduction channel across
their core regions through which electrons migrate is proposed by Yamazoe et al. [44]

Impact of grain size on electron trasport across interconnected grains

When individual grains/crystallites interconnect they form larger aggregates denoted here as
interconnected grains, seperated from each other by grain boundaries. [66] For large grains in
which the grain size D is much greater than twice the Debye Length, D >> 2L, the contribution of
the surface reactions (and the surface-charge depletion layer) to the overall conductivity of the
grains when compared to that of the bulk is very small. Small changes in electrical charge as
induced by surface interactions do not have a significant impact on the conductivity of the sensor
material. In this instance electron transport takes place principally across the grain boundaries
where the interconnected grains come in contact with each other and is thus limited by the energy
potential barrier known as a Schottky barrier at the boundaries. Sensitivity is practically
independent of the size of the grains and is large dependent on the height of the the energy potential
barrier at the grain boundary. Gas sensing in such sensor materials is said to be boundarycontrolled (Fig. 2.7.5 (a)).

For smaller grains in which the grain size is comparable to twice the Debye length, D >/= 2L the
surface charge depletion layer in the neck region between interconnected grains form a sort of
conducting channel large enough to improve electron transport across interconnected grains and so
the overall conductivity of the sensor material. Because of the large number of neck regions
amongst grains of this dimension, gas sensing here is said to be largely neck-controlled (Fig. 2.7.5
(b)) [45]. When the grain size is less than twice the thickness of the surface-charge depletion layer,
D < 2L, the grains become fully involved in the space-charge layer and are almost completely
depleted of electrons (mobile charge-carriers here). The energy barrier height between the
interconnected grains is thus greatly reduced (rendered almost flat) making allowance for easier
transport of electrons across the grain boundaries of interconnected particles leading to a highly
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improved sensitivity largely determined by the grains. [55] A few electron charges acquired from
gas-surface interactions will lead to large changes in conductivity. Gas sensing with sensor
materials of such dimensions is said to be grain-controlled (Fig. 2.7.5(c)).

Figure 2.7.5. Schematic representation of the effect of grain size on the sensitivity of
semiconductor metal oxide gas sensors: (a) boundary-controlled; (b) neck-controlled; (c)
grain-controlled [47,62].

Summary
In summary a typical sensor material is a porous assembly of tiny grains/particles of an n-type
oxide interconnected to each other through their grain boundaries. When the sensor material is
exposed to air, oxygen molecules are adsorbed at the surface of the sensor material forming anionic
species, giving rise to a surface-deep electron-depleted layer. This results in an increase in the
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surface potential and the work-function that must be overcome for electrons to hop from one
particle to the next interconnected particle. This rise in the surface potential and the work-function
occurring at the boundary between any two interconnected particles constitutes a potential barrier
commonly known as the double Schottky barrier. It is this barrier that primarily determines the
resistance of a solid state metal oxide gas sensor material. When a reducing gas like H2 or CO is
brought to the surface of the sensing metal oxide material the oxygen anions present are taken up in
the reaction releasing electrons into the surface-charge depletion layer resulting in a decrease in the
potential barrier opposing electron hopping from one grain to the next. This gives rise to a
reduction in resistance which can be measured. When an oxidizing gas like NO2 or CO2 interacts
with a sensor material’s surface a competing reaction takes place with the surface adsorbed oxygen
anions such that if the concentration of the analyte gas being sensed at the surface becomes greater
than that of oxygen anions being adsorbed at the sensor surface, an increase in the resistance of the
sensor material is observed. [46,50,56,67 ]

Overview of Semiconductor Metal Oxides as Sensor Materials

Metal oxides can produce a diverse range of crystal structures, complex and varied in electronic
structures. These variations are related to the multiplicity of oxidation states in which metal oxides
are found, their coordination numbers, their ligand-field stabilization energies, their acid-base
properties, crystal symmetry, and stoichiometry [68]. The variations are known to enable metal
oxides demonstrate a wide range of applications based on their chemical, optical, semiconductor,
superconductor, ferroelectric and magnetic properties [68,69] In gas sensing as a whole advantage
is taken primarily of their chemical, optical and semiconducting properties. In chemo-resistive or
resistance-based gas sensing advantage is taken principally of their semiconductive properties.

As we have now shown by this review of previously carried out work, resistance-based gas sensing
which is principally a surface-related phenomenon is dependent on a wide number of parameters
which include among others the grain size and shapes of the metal oxides used for sensing; the
surface architecture of the sensing layers, the charge carrier-type of the semiconductor metal
oxide, their intrinsic conductivity as enabled by the presence of vacancies and interstices, their bulk
conductivity as influenced by doping if any, the crystallinity and crystallographic structure of the
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metal oxide, the number of surface sites available for interaction of the material with the analyte
gas, the band gap of the semiconductor metal oxide employed and the thermodynamic, chemical
and thermal stability of the metal oxide. These parameters can be said to be intrinsic to the prepared
metal oxide and are not initially/primarily dependent on external factors such as the sensor
operating temperature, the analyte gas concentration, ambient humidity and packaging.

Other parameters such as the thickness of the sensing layers, the effective area of intergrain
boundaries and inter-agglomerate contact, the porosity of the sensing layers, the diffusion rate of
the analyte gas in and out of the sensor material, the extent of cross-sensitivity in the presence of
other gases, the resistance to agglomeration/sintering especially after repeated cycles of sensing can
be said to be extrinsic of the metal oxide and more dependent on the external factors of sensor
operating temperature, analyte gas concentration, ambient humidity, packaging and the operating
temperature[70].

Ambient humidity plays a significant impact on the sensing properties of semiconductor metal
oxide gas sensors as this determines to what extent surface adsorption and subsequent ionisation of
ambient oxygen and water species takes place. Sensing is dependent on the reactions between the
gases to be detected and the surface adsorbed oxygen anions and hydroxyl ions formed from the
ionisation of adsorbed O2 and H2O.
As a rule an improvement of one parameter is countered by the worsening of another. For example
the smaller the crystallite size the higher the sensitivity but the greater the possibility of seeing the
thermal stability of the gas sensing material reduced.[70] No one material has the capacity to meet
all the requirements for optimal gas sensing. In the design and manufacture of gas sensors it is
therefore of importance to have an appropriate balance of sensing parameters as per the
environment in which the sensors are being designed to operate.
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2.8. Overview of WO3 as a H2, CO and CO2 Gas Sensor
2.8.1 Advances in the use of WO3 as a H2 gas sensor
While a lot of work has been reported in the literature of the use of WO3 based structures as
platforms for nitrous oxides especially (NO2, NO, N2O) [71-76] as well as H2S [77], NH3 [78], CH4
[79,82], ethanol [80,81], ethylene [80,82], literature is surprisingly not as replete with unmodified
WO3-based platforms for H2 sensing. A substantial amount of work has been done however and a
wide variety of 1,2 and 3-d WO3 structures especially those modified with Pd/Pt have been used for
H2 sensing over the last 10 - 15 years.Many of the Pd/Pt-modified WO3 platforms have been
employed in optical gas sensing and a few as conductometric gas sensors. Table 2.8.1 which
follows gives a brief overview of some of the WO3 platforms employed in H2 sensing particularly.
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Material
WO3
nanowires

Au-doped
WO3
WO3
film

thin

WO3
films

thin

Method of
Synthesis
Oxidation
of Sputter
deposited
W
on
SWCNT
Colloidal
Chemistry
Pulsed
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Deposition
Pulsed
laser
deposition

WO2.72
nanowire
Porous
WO3 thin
films
Pd-doped
WO3
MWCNTdoped WO3
Pt-doped
WO3
WO3
nanoparticl
es

Pt-doped
WO3 thin
films

WO3
films

thin

Pt and Audoped
WO3

Pd/WO3
Thin film
On optical
fibre

Hot
wire
thermal
evaporatio
n
Sol-gel
annealing
Electron
beam
evaporatio
n
RF
magnetron
sputtering
High
voltage
Heating of
W wire in
O2

Sensin
g
mode
Resista
ncebased

Gas
sensed

Operating
Temperature

Response
time
(s/min)
16s
7s
15s

Sensitivity

Recovery
time

Detection
limit

NH3

200 ˚C
250 ˚C
300 ˚C

Resista
ncebased
Optical
wave
guides
Resista
ncebased
Resista
ncebased
Resista
ncebased

NO2

150 ˚C

S=Rg/Ra=
425

NH3

25 ˚C

S=Rg/Ra=
4.2

[85]

NO2

200 ˚C

S=Rg/Ra=
4.2

[86]

H2

25 ˚C

40s

S=22
at
1000ppm

H2

300 ˚C

30-50s

Resista
ncebased
Resista
ncebased

H2

20-350 ˚C

<100s

S=1.05 at
10000 ppm
S=1 at 1000
ppm
S=104

H2

350 ˚C

Resista
ncebased
Resistance
based

H2

200 ˚C

H2

200 ˚C

16s
8s
13s

Ref

[83]

5 ppm

[84]

<100ppm

[87]

1000ppm

[88]

1000-1300
ppm

[89]

S=3

1000 ppm

[90]

42s

S=9.5

200 ppm

[91]

500s

--------

200ml/mi
n

[64]

100
ml/min
50ppm

[92]

1200s

RF
magnetron
Sputtering
&
electroless
plating
Sol-gel
&
spin
coating

Resistance
based

H2

150 ˚C

452s

Resistance
based

H2

13 ˚C

<120s

RF
magnetron
Sputtering

Resistance
based

H2

70 ˚C

<180s

R.F.
Magnetron
Sputtering

Optical
sensing

H2

100 ˚C

<30s

35-55s

750s

2000s
S=209%

0.125-1%

660s

1% H2 in
99% N2

[93]

<360s

0.125-1%

[94]

<60s

0.06-1%

[95]

Table 2.8.1: Depicting NO2, NH3, and H2 sensing in a WO3 structures produced by different
methods of synthesis
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A survey of the literature even as represented in this brief overview suggests that there is still room
for the research of WO3 unmodified thin films and powders, particularly those derived from a solgel technique like Aqueous Chemical Growth, that find application in low temperature sensing of
H2 gas.

2.8.2. Advances in the use of WO3 as CO gas sensor
While numerous reports exist on the use of doped and undoped metal oxides such as In2O3 [96], Pd
or Pt loaded SnO2[97][98], Cu and Nb-TiO2 [99], ZnO, etc in sensing CO gas, existing literature
shows comparatively less reports on the use of WO3 as a sensor for CO gas. [71]
R.Ionescu et al [101], demonstrated the use of a WO3 sensor created by drop-coating a WO3-based
sol on Si wafers, to successfully discriminate between CO and NO2 in the presence of moisture
using a dynamic signalling process. A-M. Azad et al [102], report the enhancement of the CO
sensing properties of WO3 powders that were annealed at high temperatures in a controlled
variation of oxygen partial pressures that is just below the theoretical line of metal oxide stability.
These variations of oxygen partial pressures result in the depletion of oxgen in the WO3 powders
bringing about new variations in chemical activity at an atomic and submolecular level. By this
method they have come up with better performing WO3 powders for CO sensing in the 14-100 ppm
range. G.E Buono-Core et al [103], report the use of pure and Pt-loaded WO3 prepared by UV
irradiating bis(β-dketonate) dioxotungsten(VI) and Pt(II) complexes on Si (100) substrates to
sense CO gas. The precursor complexes were deposited on the Si substrates by spin-coating after
which they were annealed in air at 500 ˚C to yield monoclinic WO3. At 350 ˚C the Pt-loaded WO3
films showed a higher sensitivity and a better response and recovery time of 10 s and 20 s
respectively for 20 ppm of CO. The unloaded WO3 thin film posted a response and recovery time
of 20 s and 80 s for the same concentration of CO gas, at 300 ˚C. S.Park et al [104], report the
synthesis of WO3 nanowires by a catalyst-free thermal evaporation technique. For 30 ppm of CO
gas the Pt sputtered 1-d WO3 nanowires posted a sensing performance of 230 and 100 s for
response and recovery times respectively while the pristine nanowires posted a better performance
of 200 s and 70 s for the same CO concentration. The sensitivity of the Pt-sputtered nanowires was
however twice that of the pristine nanowires for the same concentration and working temperature.
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Others like A. Ponzoni et al [100], report the use of a 3-d WO3 nanowire network for the sensing of
NO2 at 300 ˚C. The sample is weakly sensitive to CO requiring a CO concentration of 400 ppm at
350 ˚C for optimum performance. J.Kukkola et al [105] report a similar weakness in performance,
for CO sensing, when using porous anodic WO3. The highest best performance they obtained was
sensing 10 ppm of CO at 200 ˚C. Others like M. Ahsan et al [146] report the use of thermal
evaporation to prepare Fe-doped and undoped WO3 thin films that show optimal sensing for CO at
150 ˚C. A response time of 64 s was obtained for 1000 ppm of CO.

From this short review it is clear that not much has been reported for CO sensing on the use of
WO3 prepared by sol-gel techniques more especially the Aqueous Chemical Growth technique. The
work presented in Chapter five of this thesis on the use of WO3 films prepared by Aqueous
Chemical Growth for CO sensing implies progress in this direction.

2.8.3. Advances in the use of WO3 as a CO2 gas sensor
A survey of gas sensing literature shows that very little has been reported on the use of WO3 as CO2
gas sensor. The use of mixed oxides such as BaTiO3-CuO [106] and doped/coated metal oxides
such as Co-doped SnO2, La-coated SnO2, Pd/SnO2 and WO3-doped TiO2 have been reported with
much of the sensing taking place at comparatively high temperatures greater than 300 ˚C and high
analyte gas concentrations. [71] There is therefore a lot of room in the area of gas sensor research
to come up with WO3 platforms able to operate as CO2 sensors particular in the 25 - 300 ˚C
temperature window [107].

Though gas sensing in WO3 as a semiconductor metal oxide is primarily a surface phenomenon
based on the principle of space-charge depletion and band structure alterations caused by the
existence of oxygen vacancies in substoichiometric WO3-x, it is important to note that large
interstitial sites such as in hexagonal WO3 as well as high porosity should have an enhancing effect
on gas sensing as the existence of tunnels within the crystal structure at the nanoscale and the
presence of pores at the macro-scale allow for greater interaction of the analyte gases in the case of
H atoms with surface-bound WO3 atoms. Because of their large size CO2 and CO are not likely to
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have their gas sensing properties enhanced by the use of hexagonal WO3 as they will not be so
easily injected and extracted from the triangular and hexagonal tunnels within the WO3 sub-lattice.
WO3’s sensitivity to these gases can however be aided by porosity which allows for greater
insertion and interaction with WO3 surface-bound atoms.

2.9. Overview of WO3 as an Electrochromic Device
2.9.1. Background
Electrochromism can be defined as a reversible, recurring, change in optical properties
(transmittance, absorbance, reflectance) that takes place in a material (solid or liquid(dyes)) when
ions and

electrons are simultaneously electrochemically intercalated/de-intercalated and

injected/extracted, from the material via an oxidation-reduction reaction. [108] In switching
between different oxidation-reduction states differing electronic absorptions take place in
correspondingly different regions of the visible part of the electromagnetic spectrum. The
complimentary colours transmitted are observed as color changes. These color changes are
traditionally between a bleached state (semi-transparent/transparent state) and a colored state.
Sometimes color changes may take place between two colored states [109]. For a material initially
being investigated for electrochromism it suffices that the material be fixed/deposited/coated unto a
working electrode in the form of thin or thick films.

The electrochemical investigation takes place in potentiostatic or galvanostatic mode within a
three-electrode cell in which typical electrochemical characterization techniques such as cyclic
voltammetry, electrochemical impedance spectroscopy, chronoamperometry and chronocoloumetry
can be employed. The three electrode cell is usually made up of a working electrode which consists
of the electrochromic material on an optically transparent electrode, a reference electrode and a
counter electrode.

For spectroscopic measurements to be carried out (evaluation of optical properties) the working
electrode must of necessity be optically transparent. Commonly used optically transparent
electrodes are F-doped SnO2 on glass written F:SnO2 (FTO) or Indium-doped SnO2 also known as
ITO. When the electrochromic material (electrochrome) is to be incorporated into an
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electrochromic device (ECD) it is usually sandwhiched between two electrodes one of which must
be optically transparent.

Figure 2.9.1. Schematic representation of an electrochromic device in the reflective mode (top
left hand side); an electrochromic display clock (top right hand side); electrochromic display
clock in (i) the colored state (bottom L.H.S) (ii) the bleached state (bottom R.H.S).[21]

In electrochromic devices operating in the reflective mode as in electrochromic displays or
electrochromic rearview mirrors (Fig. 2.9.1 above), the first optically transparent electrode is
coated with the electrochrome and is termed the electrochromic electrode. It is separated from the
second electrode (optically non-transparent, e.g. graphite) which serves as a charge balancing
counter electrode meant to initiate a reversible electrochemical reaction in the electrochrome via a
solid or liquid electrolyte. In the self-darkening rear-view mirror this counter electrode has a
metallic surface that is reflective. [109,112] The electrolyte (solid or liquid) must be able to
conduct ions yet electronically be an insulator. Liquid electrolytes as used in this research can
either be aqueous (to which an acid such as H2SO4 is added) or polar organic solvents such as
acetonitrile (CH3CN) or propylene carbonate (to which a salt such as LiClO4 is added). These
electrolytes provide the counter ion.
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In electrochromic devices in which variable light transmission is expected such as in
electrochromic windows (Figs. 2.9.2 and 2.9.3) both the electrochromic electrode and the counter
electrode must be optically transparent (Fig. 2.9.2) with the electrochemical species in the counter
electrode as well as the electrolyte being colourless in both the reduced and oxidized state or being
of a complimentary colour to the electrochrome.

Figure 2.9.2. Schematic representation of compartments in an optically transparent
electrochromic device [110].

Figure 2.9.3. Electrochromic window in the bleached state (L.H.S) and the colored state
(R.H.S) [111].

Three main types of electrochromic materials (electrochromes) exist.
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Type I electrochromes: Electrochromes are always soluble whatever their redox states. Most
common example of this are the viologens which consist of the diquartenized salts of 4,4’bipyridine. Other Type I electrochromes include Thiazines and phenathiazines a common example
of which is methylene blue; Quinones of which derivatives of naphtaquinone and anthraquinone are
best known; Cynanines of the Spiropyran class. All these classes of electrochromes have as
commonality extended double bond conjugation forming Π-bonding systems which allow for
electron delocalisation and intra/intermolecular intervalence charge-transfer. [109]

Type II electrochromes: This class of electrochromes consists of soluble electrochromes which turn
solid as a result of electron transfers that occur during redox processes. A number of viologens such
as heptyl viologen fall within this category. By careful choice of solvent and electrolyte some of the
Type I electrochromes can be induced to precipitate on the surface on an electrode. [109]

Type III electrochromes: These are electrochromes that are all-solid and remain permanently so in
all redox states. This class of electrochromes are predominantly metal oxides (particularly those of
d-block transition metals) and also electronically conducting organic polymers like polythiophene,
polypyrrole and polyaniline. Phthalocyanine complexes are also good inorganic type III
electrochromes. The metal oxides are for a large part photochemically stable when compared to the
electronically conducting organic polymers which are for a greater part, photochemically unstable.
This makes metal oxides an obvious choice for electrochromic materials. [109]

The oxides of a wide range of d-block transition metals have been shown to be electrochromic with
intervalence charge transfer (IVCT) and polaron formation widely being held accountable for their
colorations. [21] Most transition-metal oxide electrochromes have colors ranging from blue to gray
or black in the reduced state with the oxides of tungsten, molybedenum, nickel and cobalt showing
the most intense color changes. In the oxidized state electrochromes made of these oxides appear
semi-transparent or ‘colorless’. A general equation representing the transition of colourless/semitransparent state to coloured state will be that of equation (17) below:
MOy +x (N+ +e-)   NxMOy

(17)
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where M is commonly a transition metal element, N = H+, Li+, Na+, K+, … is a monovalent mobile
counter ion commonly of the alkali metals group and e- is an electron which allows for maintaining
charge neutrality. An insertion coefficient showing the measure to which metal sites have
undergone electro-reduction is represented by x, with x lying in the range of 0 ≤ x ≤ 0.3 [112]. For
the metal oxide, WO3, insertion coefficients within this range leave the metal oxide non-metallic.
With x > 0.3 a tungsten bronze, HxWO3, which is metallic is formed. [109, 113]
Of the d-block transition metal oxides, WO3, is the most studied for its electrochromic effect. A
large number of reviews have been written on electrochromism in WO3. Some of the most
authoritative by P.M.S Monk et al [114], C.G. Granqvist [111], S.K. Deb et al [21], Bange et al
[116], Faughnan et al [123], and J. Livage et al [115]. Seeing the large volume of work done over
the last forty years with regards to the study of electrochromism in WO3 we will in this review only
bother to mention some key points that are now thought to govern the phenomenon of
electrochromism in WO3 based electrochromes. The novelty in the work we do in this research is
that of investigating the electrochromic effect in thin films prepared by the low temperature,
solution-based method of Aqueous Chemical Growth.

2.9.2. Some Key Parameters Considered in Evaluating Electrochromism
Coloration Efficiency: This can be defined as the ratio of the change in optical density (optical
absorption) per the charge inserted per unit area of the electrochrome. The charge inserted per unit
area, Q, of the electrochromes is also known as the charge density q/A. The change in optical
density is a function of tranmission and can be defined as the log of the ratio of the transmission in
the bleached state divided by the transmission in the colored state.
Coloration efficienty (C.E.), η(λ) = ∆OD(λ)/Q = log (Tb(λ)/Tc (λ))/Q

(18)

Where the change in optical density, ∆OD = log (Tb/Tc) and Tb is the transmission in the bleached
state, Tc the transmission in the colored state. Both the Optical density and Coloration Efficiency
are wavelength dependent. [112] A large (high) coloration efficiency which tells how much optical
modulation is obtained per charge inserted is sought after for electrochromes to be used in
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electrochromic displays and windows. [117] Coloration efficiency has been found to be structure
sensitive, dependent on the methods and conditions of thin film synthesis and post-synthesis heat
treatment. [118] It has also been observed to be dependent on the type of electrolyte used whether it
is an aqueous acidic electrolyte like H2SO4 or a non-aqueous Li-based electrolyte such as
LiClO4/acetonitrile. [118]
Cycle Life: This represents the number of bleaching/coloration cycles the electrochromic device or
system can undergo before suffering any significant degradation of the electrochrome occurs.
Certainly, the objective in the production of electrochromic devices like in gas sensors is to
produce a device with the longest life cycle possible. A working minimum of 105 cycles is often
stated. [109]

A possible cause of low cycle life in Type III electrochromes like WO3 is the degradation of the
working electrode (TCO) as a result of chemical attack. This had been reported in the case of
Indium Tin Oxide (ITO) electrodes when used in the presence of acidified electrolytes. Chemical
attack of the electrochrome is also possible as was observed in the case of this work and as has
been reported for the electrochrome WO3 in the presence of acid electrolytes. To counter the
problem of electrochrome degradation, researchers have resorted in the past to applying thin
protective coatings over the electrochrome or working electrode to protect the electrochrome or
working electrode from chemical attack. Haranahalli et al [119] resorted to overlay a WO3
electrochrome with a thin semi-transparent coating of gold to protect it from acid attack. The
adverse effect of using such protective layers/coatings is that they tend to retard the motion of
counter ions needed for charge balance within the electrochrome as they themselves migrate across
the electrochrome/electrolyte interphase into the electrolyte.

Response time: Time required for and electrochemical device to change colour from the bleached
state to the colored state or vice versa. Response time measurements can possibly be defined on
the basis of the time it takes for a fraction of the color to form or the time it takes for a given
amount of charge to be consumed in other for coloration to be observed at a given electrode.
Reports of response time are therefore are generally not consistent and may not be as reliable
authors may claim due to inaccuracies and inconsistencies in measurement technique. [109]
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Write-erase Efficiency: The percentage or fraction of the originally formed coloration that can be
reversibly bleached using an electrically applied voltage. In electrochromic devices in which metal
oxide electrochromes (Type III) are fixed to a transparent conductive oxide electrodes, the writeerase efficiency can be excellent over a long time because of the stability of the electrochrome
(often metal oxides as in the case of this research). This is because the electrochrome is more
chemically and structurally stable, not diffusing away from the electrode into the electrolyte
solution during the write-erase (color/bleach) cycles. The response times can however be very
slow. [109]

Memory Effect: In an electrochromic device color is generated by applying a voltage to the
electrochrome and it is bleached by applying a potential of an opposite polarity. Because the color
is due to a coloured chemical being formed rather than a light emitting effect the colour remains
even after the flow of current has ceased. This capacity to retain color even in open circuit is known
as the memory effect and is also denoted as non-volatile memory. An electrochrome with good
memory effect can therefore be described as one which maintains the colouration effect for a long
time in open circuit. In open circuit no power is consumed, so a device with good memory effect
maintains coloration for long periods with low power consumption. [109]

2.9.3. Models explaining electrochromism in amorphous and crystalline WO3
With the electrochromic effect in WO3 having been discovered as early as 1969 by S.K. Deb et al
[112, [120,121] a lot of intensive activity has taken place over the last 30 years in investigating the
electrochromic effect in WO3. In the overall these researches have shown that structural, electrical
and optical properties that describe electrochromism in WO3 differ from WO3 in the amorphous
state to WO3 in the crystalline state.
Electrochromism in WO3 can therefore be said to be a structure-sensitive phenomemon in which
excess electrons may be localized or delocalized, with oxygen vacancies, impurities, and lattice
disorders playing a critical role in the coloration efficiency.

The structural complexity of WO3

however makes it difficult to advance a unified model on the manner in which the chromogenic
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effect takes place in WO3.This is especially so when different experimental techniques are used to
induce chromogenism in WO3.
A number of mechanistic models have been proposed by Faughnan et al, P.S. Monk et al, S.K. Deb
et al, and C.G. Granqvist, to explain the coloration phenomenon in WO3. The proposed models can
be cited as i) the intervalence charge transfer model (ii) the polaronic absorption model (iii)
interband excitations (iv) transitions from the valence band to a ‘split off’ W5+ state. [21, 112, 109]
Of the mechanisms proposed that of Intervalence Charge Transfer (IVCT) and Polaronic
Absorption are more widely accepted [110,122] and will be briefly reviewed here:

2.9.3.1. Inter-Valence Charge Transfer (IVCT) Model
Faughnan et al [123] first proposed the IVCT model based on the assumption that because
transition metal ions are known to have variable oxidation states, electrons can hop from a
transition metal ion of low oxidation state to an adjacent transition metal ion of a higher oxidation
state.[122] The electrons are optically excited from a ground state in one atom or ion to a vacant
state in an adjacent ion or atom.[109] Because the transition metal ions are of the same element
they are termed intervalent.
In WO3 electrons inserted along with H+ ions are localized on metal W ions, reducing some of the
W6+ sites to W5+ sites. Optically induced electron hopping/transfer between +5 and +6 states
generally corresponds to an activation energy of 1 eV which is equivalent to a broad absorption
band in the red part of the electromagnetic spectrum. [112,124]
WaVI + WbV + hv  WaV + WbVI

(19)

This broad absorption band which extends into the Near Infrared region of the electromagnetic
spectrum allows for transmission of light in the blue part of the spectrum, thus the blue colours
observed in cathodically coloured electrochromic transition metal oxides.
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Coloration in WO3 is structure sensitive with peak absorption observed at 1.2 eV for amorphous
WO3 thin films and 0.7 eV for crystalline.WO3. Amorphous WO3 shows greater coloration
efficiency than crystalline WO3 with fully crystalline WO3 showing in some cases no coloration.
The presence of water/moisture in the samples is known to enhance coloration efficiency for both
optical and electrical excitation such as in irradiation with UV light or the application of a potential
in an electrolyte. Ion beam induced coloration using H+, He+ has been observed to occur. This is
however generally irreversible and has been observed to occur in the case of this research as
demonstrated.

2.9.3.2. Polaron Absorption Model
The polaron model proposed by Landau in the 1930s argues that displacing atoms or ions in a
material from their carrier free equilibrium position produces a potential well that will bind a
charge-carrier by self-trapping. Several distinct types of carriers (Fig. 2.9.3.1) are possible in a
multi-dimensional system such as that encountered in WO3 micro-nanostructures: electron and hole
polarons, small and large polarons, and also bipolarons [125]. E.K.H. Salje [126] argues that small
polaron formation is responsible for coloration in WO3. Small polaron formation is based on shortrange electron-lattice interactions which are predominant in covalent systems [122]. This is
however not consistent with the fact that bonding in WO3 solids is largely ionic (minimally
covalent).
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Figure 2.9.3.1. (a) Schematic representation of charge carrier trapped in a potential well (b)
Shows the formation of small and large polarons with their respective short and long-range
electron-lattice interactions. [21]

In largely ionic systems such as in WO3 long-range electron-lattice interactions are favoured giving
rise to the formation of large polarons [122]. The shapes of the optical absorption spectra in WO3
are much more in favour of coloration by large polaron formation than small polaron formation.
Both models however fail to account for the decrease in coloration efficiency observed when the
number of oxygen anion vacancies (defects) within the WO3 crystal decreases.
To cater for the critical role played by oxygen vacancies in the coloration efficiency of WO3, S.K.
Deb in his paper [21] proposes a model based on electron trapping by oxygen vacancies.
Underlying concepts and models supporting the modification proposed by S.K. Deb have been
raised by G. Niklaason et al in their paper [122].
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Figure 2.9.3.2. New model of coloration based on modifications of the IVCT and Polaron
model depicting the formation of oxygen vacancy defect states and their location within the
energy band. [21]

This model (Fig. 2.9.3.2), built on modifications of the IVCT and polaron absorption model[122],
holds that when an oxygen vacancy defect state ( V0O (W4+ or 2(W5+)) is created, the defect levels
are expected to be found inside or near the valence band maximum holding two electrons.
When one electron is removed the neutral oxygen vacancy V0O in the Valence band (see Fig. XXb
above) is changed to a singly-charged oxygen vacancy, V+O (W5+). Repulsion between the
positively charged oxygen vacancies and the positively charged W ion gives rise to the
displacement of the nearest W ions resulting in an upward shift of the V+O (W5+) defect level into
the bandgap. Further electron transfer from the shifted V+O (W5+) defect state gives rise to a
doubly-charged V2+O (W6+) defect state located in the Conduction Band.
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Electron transitions

between the V+O (W5+) defect state located within the band gap, and the V2+O (W6+) defect state
located in the Conduction band close to the Conduction Band Minimum (CBM) give rise to the
coloration effects observed. This model as advanced by S.K. Deb is yet to be theoretically proven
but has been used in some cases to explain the coloration effect observed in WO3. [122]
2.9.4. Diffusion Kinetics in Electrochromic WO3
Two species are in motion when electrochromism takes place within an electrochemical system:
i)

The electron which is inserted into the electrochrome via the electrode.

ii) The counter-ion (H+, Li+, Na+) present in the electrolyte which moves in a counter direction
across the electrolyte/electrochrome interface. [112]
The electron which is of a much lighter mass travels much faster into the electrochrome via the
electrode/electrochrome interface than the counter ion does into the electrochrome across the
electrolyte/electrochrome interface. This is because the counter-ion has a much greater mass.
Diffusion kinetics of the counter-ion therefore forms the rate-limiting step in the electrochromic
process. [11]

With the huge amount of work done on investigating WO3 for applications in electrochromic
‘smart’ windows we will not attempt in this work to do a succint review of scientific work
produced on the study of electochromism in WO3. It would be much more advantageous not to say
less cumbersome to make a brief outline of different methods used for the preparation of WO3 thin
films intended for smart windows appliclations, especially the sol-gel based techniques amongst
which is Aqueous Chemical Growth.

2.10. Previous Methods of Synthesis for WO3 Thin Films
A wide variety of synthesis methods have been used for the preparation of WO3 thin films some
which can be classed under physical vapour deposition techniques, chemical vapour deposition
techniques, hydrothermal techniques, soft chemistry or solution-based sol-gel techniques, solution
based sol-gel techniques coupled to physical techniques such as spin-coating, dip-coating, highvoltage, electrospinning and electrochemical deposition techniques,
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Physical vapour deposition techniques consist of thermal evaporation methods such as electron
beam evaporation and laser-ablation based deposition methods such as Pulsed laser deposition;
Other Physical vapour deposition techniques include Plasma-based techniques such as sputtering
(Radio Frequency Magnetron sputtering, etc), Molecular Beam Epitaxy, and Atomic Layer
Deposition. Chemical Vapour Deposition methods involve Chemical Vapour Deposition in
controlled atmospheres ranging from partial vacuums (for W substrates) to ultra-high vacuums (for
WO3 based substrates); spray pyrolysis and Metal-organic CVD (MOCVD). Sol-gel based
techniques involve solution based methods of synthesis which include the use of WO3 metal oxide
precursor materials such as WOCl4, WCl6, NaWOxOH, W; alongside structure directing agents
such as CTAB, SDS, etc.

When compared to sol-gel techniques, physical and Chemical Vapour based techniques [118] often
require the use of ultra-high vacuum technology which is costly. They however have the advantage
of producing thin films whose thickness and crystallinity can be controlled by simply varying
parameters such as the substrate used, the temperature at which the substrates are heated, the
controlled gaseous environment in which the depositions are done, the extent of the vacuum
employed, the distance between the targets and the substrates, the times of deposition employed
and the power and fluence of lasers used in the case of laser-based thin film deposition techniques.
Generally PVD techniques yield amorphous thin films. Increasing the temperature of the substrate
however results in an increase in the grain size of the particles that make up such thin films
resulting in more crystalline thin films. This can be explained by increase mobility of the grains to
initial sites of nucleation and growth resulting in agglomeration and further increases in thickness,
ordering, etc.

Chemical Vapour Deposition techniques are influenced by more or less similar parameters such as
the vacuum conditions employed, substrate temperature and ambient temperature within the CVD
chamber, the variation being that CVD techniques usually involve the introduction of volatile
metal-organic precursors such as WF6, W(OEt5), W(CO6) and other metal alkoxides, in the form of
a vapour or ultrafine-spray [118]. Thin films of WO3 synthesized by this method are often
amorphous if carried out at low temperatures (< 100˚C) but crystalline when carried out at high
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temperatures (> 450˚C). For PVD based methods of synthesis a disadvantage is that these can
easily only be applied to small-area substrates.

For the preparation of thin films on substrates with large areas the solution-based techniques such
as electrodeposition and sol-gel deposition by spin-coating, dip-coating, aqueous chemical growth,
hydrothermal synthesis offer greater promise [118]. In this research we set out to use the method of
Aqueous Chemical Growth to produce WO3 thin films on plain glass microscope slides and Fdoped SnO2-coated glass.

2.10.1. Aqueous Chemical Growth and Advantages as a method of Synthesis
Aqueous Chemical Growth is an aqueous solution-based, soft-chemistry bottom-up technique that
allows for the growth of micro/nanostructured thin films of metal oxides on a wide variety of solid
substrates. With it design and control in the build up of particulate thin films and well-ordered,
sometimes anisotropic and well-oriented, 3-dimensional arrays of metal oxide structures consisting
particularly of nanorods, nanowires and nanoplatelets is made possible. The micro/nanomaterials
prepared through this method are grown directly unto the substrates of choice through
heterogeneous nucleation during thermal hydrolysis of their respective aqueous metal precursors.
The method of synthesis requires no use of templates, surfactants, seeding or surface modification
of the intended substrates nor the application of any electrical or magnetic fields. It therefore
allows for the synthesis of well-ordered thin films that have high purity, are produced at low cost
and can be scaled to carry out large-area fabrication of desired metal oxide thin films. It takes place
at low temperatures (< 100 ˚C), requires only the use of an ordinary laboratory oven, a screwable
cap-covered glass bottle (Fig. 2.10.1), the required aqueous metal precursor solution and a desired
solid substrate such as plain glass, F-doped Tin Oxide (FTO), Indium-doped Tin Oxide (ITO), Si,
Anodized Alumina, etc. With its low temperature of synthesis it therefore has much lower energy
requirements than the conventional methods of producing micro-and nanostructured thin films such
as physical and chemical vapour-based deposition techniques (CVD, sputtering, laser ablation, etc).
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Theory of Aqueous Chemical Growth and Expectations

Aqueous Chemical Growth has as goal to rationally design micro/ nanostructured metal oxide
materials whose particle sizes, morphology, orientation and crystal structure can be controlled.
Once the growth mechanisms can be modelled it becomes possible to tune and optimise the growth
conditions so as to influence the physical and chemical properties of the grown nanostructured
materials.
ACG involves monitoring the thermodynamics and kinetics of the nucleation, growth and ageing of
nanocrystals or seeds of a desired metal oxide from a corresponding precursor solution by
controlling the interfacial tension (surface free energy) within the precursor solution.[127] With
this in mind the thermodynamic and kinetics of nano/microstructure nucleation and growth must be
understood. By controlling the thermodynamics and kinetics of the reactions one is able to
separately influence the nucleation and growth stages making it possible to synthesize metal oxide
thin films made up of nanostructures whose morphology, texture and orientations can be probed,
tuned and optimized to suite various physical applications,

Figure 2.10.1. Scheme showing the rudiments for Aqueous Chemical Growth on glass slides
[133].
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In a precursor solution for the preparation of metal-oxides acid-base reagents are employed in
concentrations such that decreasing the pH of precipitation from the Point of Zero Charge (PZC) by
adsorbing protons increases the surface charge density of the nanoparticles (seeds) in the solution
thereby resulting in the reduction of interfacial tension within the precursor solution. [127]
Increasing the ionic strength of the precursor solution brings about an increase in the surface charge
density of nucleating particles within the system resulting in a reduction of electrostatic repulsion at
the solid-liquid interface of the particles. This allows for more surface sites on the nucleating seeds
to charge up resulting in lowering of interfacial tension within the precursor solution that results in
precipitation.[127-140] Through this process microstructure can be controlled so that producing
metal oxide structures with a desired pore volume, pore size and surface area becomes possible.
[141.]

Controlling particle size in synthesis by Aqueous Chemical Growth

In Aqueous Chemical Growth the ability to control experimentally the interfacial tension in an
aqueous chemical solution of metal oxide precursors makes it possible to influence the thermodynamics and kinetics of nucleation and growth of metal-oxide nanoparticles. Carrying out aqueous
synthesis in a solution whose pH is far from the point of zero charge makes it possible to specifically control the nucleation, growth and ageing of the desired metal-oxide particle. The point of
zero charge (PZC) is important for adsorption on the surface of particles in aqueous solutions and
describes the point (pH) in a solution where the charge on the surface of a colloidal particle is zero.
Above that pH in a solution where H+/OH- are the dominant ions in terms of concentration the
particle absorbs OH- becoming negatively charged and attracting positively charged species in
solution. Below that pH the particle in solution is selectively surrounded by H+ making it positively
charged and attractive to anions. By increasing the ionic strength of the precursor solution the
surface charge density around the metal-oxide surfaces can be increased to the maximum, point at
which the interfacial tension of the metal-oxide/solution system will have been reduced to a
minimum. At such a point thermodynamic stability of the metal-oxide particles is reached thereby
significantly reducing the possibility of the metal-oxide particles undergoing any crystal phase
transformations or increasing in size as a result of ageing. This helps to keep the particles stable,
monodispersed and uniform in size.
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The decrease in surface tension at the metal-oxide/water interface as a function of the adsorption at
the interface can be mathematically represented by Gibbs adsorption equation (20),

dγ = -∑ Γi dμi

(20)

where dγ represents the change in surface (interfacial) tension, μi the chemical potential of the
absorbed species i and Γi represents the superficial adsorption density of the adsorbed species.
For solid phase particles precipitated out of solution the free enthalpy of formation for a solid
particles is directly related to the interfacial tension by the relation,
∆G = 16/3 γ3

2

(RT Ln S)-2

(21)

such that reducing the interfacial tension results in a significant decrease in the Gibbs free enthalpy
of formation (nucleation energy barrier), resulting in nanoparticles with a substantially reduced
average size.
The PZC for WO3 is about 2.5 implying that at pH < 2 WO3 particles are surrounded by H+ ions
which further make the positively charged surface attractive to negatively charged species like OH-.
The existence of these interactions at the metal-oxide/water interface water adsorption,
dissociations which give rise to the formation of WO3-hydrates with fully hydroxylated surfaces
[124]. Alcohols MOH can undergo acid or base dissociations at the surface of the metal-oxide
particles following the reactions [22,23]:
M-OH + H20  M-OH2+ + OH-

(22)

M-OH + H2O   M-O - + H3O+

(23)

The possibility of bonds being formed between WO3 and alkoxides (M-O-) derived from alcohol
additives such as isopropapnol or ethanol (CH3CH2O-, CH3(CH3)CHO-) results in polymer/gel-like
WO3 thin films being formed during Aqueous Chemical Growth. At synthesis the thin films formed
through ACG still contain these solvent molecules (alcohols and water) trapped in the oxide
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network. These can be removed by annealing at high temperatures above 120 and 350 ˚C for the
removal of the waters of hydration and the alcohols. The presence of water in a number of
published works is said to facilitate ion transport in thus improving on electrochromism in solidstate Electrochromic Devices (ECDs) [142].

Control of Morphology by Aqueous Chemical Growth
Thermodynamic stability within the metal-oxide/water system allows not only for size control but
also makes possible the control of crystallographic structure. At low interfacial tension and with
suitable conditions of concentration and temperature the shape of the crystallites can be determined
by the symmetry of the crystal structure as well as the existing appropriate chemical environment
(chemical species such as precursors, ligands and ions). Under such appropriate conditions the
metal-oxide material can be made to grow following the natural crystal symmetry of the metaloxide or be forced to grow along a certain crystallographic direction as a result of the constraining
impact of the ligands and ions present in solution giving rise to particles of different
shapes/morphology

Crystal Structure control
With Aqueous Chemical Growth it is also possible to control the crystal phase transitions. This
particularly possible with the oxides of transition metal ions which variable oxidation states and
can thus form several allotropic phases and polymorphs. In solutions, generally, transitions from
one crystal phase to the other for any given solid goes through a dissolution-recrystallization
process in which the requirements of surface energy minimization within the solution must be met.
With a metal-oxide that offers several allotropes and polymorphs it is the phase with the highest
solubility consequently the lowest stability that precipitates first.

Low interfacial tension gives rise to the precipitation of nanoparticles which allow for the
stabilization of metal-oxide metastable crystal structures. With solubility being inversely
proportional to interfacial tension precipitation of the most stable phase of the polymorphic metaloxide is kinetically promoted. Because of its solubility and metastability this phase which is more
susceptible to the effect of ageing can undergo secondary growth to produce crystallographically
more stable films. Because ageing and secondary growth are difficult to control the addition of
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undesired allotropes to the already existing phases results in the formation of polymorphic (coexistence of two or more phases) precipitates (powders, thin films or coatings).

Orientation control
This method like most sol-gel based methods offers the possibility of controlling the growth
direction of the structures formed. This in turn enables one to control size, shape, and porosity of
the thin films that result. These attributes are highly beneficial for applications such as gas sensing
and electrochromism. The substrates were observed in previous reports [139] like in this research
not to have any significant impact on the orientation of the orientation of the micro/nanostructures
formed.

Thin film coverage
With the ACG method thin film coverage is 60 - 90 % of the substrate’s surface area. To improve
adhesion of the films to their respective substrates these are annealed at high temperatures, from
300 - 500 ˚C.

Summary
At the onset of this work a lot had been achieved using the technique of Aqueous Chemical Growth
to produce micro/nano-structured, well-ordered, metal-oxide thin films and arrays of a number of
transition metals amongst which was MnO2, ZnO, Fe2O3, Cr2O3, TiO2, etc, [127-140]. Almost no
work however was reported at that time (2009) on the synthesis of WO3 thin films by Aqueous
Chemical Growth. Our discovery that this was possible on both plain glass and F-doped SnO2-glass
substrates became the focal point of our research interests. Having achieved this, looking back, it
becomes clear that the method of Aqueous Chemical Growth (ACG) is more of a refined
development of already existing and sol-gel based techniques widely studied by earlier workers in
the film of metal oxide synthesis and characterization. ACG been essentially a sol-gel based
technique the mechanisms researched by previous workers on sol-gel based synthesis of metal
oxides can therefore be applied to the synthesis of WO3 thin films by the method of Aqueous
Chemical Growth, and will thus be briefly outlined in the section that follows.
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Mechanism of formation of WO3 thin films by sol-gel based Aqueous Chemical Growth
Background to Sol-gel synthesis

Sol-gel synthesis can be defined as and involves the preparation of a sol (involving here the
presence of water),the gelation of the sol and the removal of the solvent to yield metal oxide
species. The sol can be produced using inorganic and metalorganic precursors (mostly alkoxides
(M—OR); not organometallic, where M is the metal and –OR the alkoxy group). [141] If a metal
alkoxide was used for the synthesis the gel will have hydroxyl and organic molecules in the solid
phase as formed from a condensation reaction between the alkoxides which results in
polymerization. When inorganics are the only precusors used the gel may consist of particulates
which by the agency of weak intermolecular forces of attraction (Van der Waal forces, hydrogen
bonding, London dispersion forces, etc) aggregate over large lengths to form a network. The
solvent is removed from the gel primarily through heat treatment of the gel. Heat treatment results
in partial or complete dehydration yielding metal oxides of the inorganic and organometallic
precursors. [141] If the gel is particulate the network formed can easily be redispersed in an
appropriate aqueous solution simply by shaking. If the gel is polymeric as was the case in this
research the gel will remain intact/rigid even after shaking in solution. Many gels are amorphous
after synthesis but heating renders them crystalline. [141] In the case of this research it was
observed that the as-synthesized thin films grew on the glass substrates employed as predominantly
particulate on one side and predominantly gel-like on the other side. Both films adhered to the
substrate fairly well and all partly amorphous and partly crystalline on synthesis.

Mechanism
The route used in this research for the metal oxide thin film synthesis was that of the action of
Hydrogen peroxide on finely ground W metal powder. Hydrogen peroxide is a strong oxidizing
agent which in solution breaks down to give oxygen radicals and water, while generating heat.

2H2O2

 2H2O + O2

(24)

The action of H2O2 on W metal results in the fomation of W cations with a high oxidation state.
Generally these W cations are in the +6 oxidation state. Highly valent metal cations such as W6+ in
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aqueous solution predominantly form polyoxometallates which have compact and highly
symmetrical molecular structures. They react with the oxygen radicals and H2O present in diluted
(30 wt%) H2O2 to yield tungstate ions, [WO4]2-. When a tungstate ion is formed it undergoes a form
of nucleophilic addition with two water molecules attacking the positively charged metal ion and
donating their non-bonding lone pair of electrons into the empty d orbitals of the W metal ion. This
donation results in the positive partial charge (δ+) on the H end of the H2O molecules increasing,
rendering the solution more acidic. The strong polarizing power of the small but highly charged
W6+ partially deprotonates the coordinated H2O molecules thus the observed acidity (generally pH
< 2.21) of the Peroxotungstic acid precursor solutions prepared in this research. [115, 144]

Figure 2.10.2. The formation of WO3-nH2O tungstate from H2WO4 [144].
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The greater the charge density at the metal cation the higher the acidity of the solution. This
explains the low pHs encountered in the peroxotungstic acid solutions prepared throughout this
research. Nucleophilic addition of two water molecules to the peroxotungstate should yield a hexacoordinated species (Fig. 2.10.2) in which one water molecule lies in an axial position opposite to a
W=O bond and the other water molecule lies in equatorial position opposite a W-OH bond.
Formation of a W-O-W bond (oxolation) along the x, y directions leads to the formation of
hydrated WO3 gels (WO3.nH2O) or dihydrate and mono-bydrate WO3. Deposition unto flat
substrates as in this research favours the formation of layered WO3 sheets intercalated with H2O
molecules that have preferred orientation. Increased repulsions between W6+ ions as temperatures
rise and the dielectric constant of water falls results in the distortion of WO6 octahedra. This may
give rise to the formation of open structures such as those encountered in hexagonal WO3.½ H2O.
Partial elimination of water molecules between the metal oxide networks leads to the creation of
channels that can be be useful for Li+ and H+ transport in electrochromic and energy storage
applications. [115,144] The following equilibria can therefore be established depending on charge
transfer to the metal cation and the surface charge density of the metal cation:
[M(OH2)]Z+  [M-OH] (Z-1)+ + H+  [M=O] (Z-2)+ + 2H+

(25)

These three ligands M(OH2) (aquo), M-OH (hydroxy), M=O (oxo) are the main types of ligands
formed in non-aqueous media. Metal cations exist in aqueous solutions of low pH as aqua coordinated complexes, typically [M(H2O)6]3+.
The action of H2O2 on the W yields a clear solution of peroxotungstic acid. Aging of the solution
with time results in the precipitation of WO3.nH2O which turns the solution pale yellow and turbid.
Precipitation takes place in the vicinity of the Point of Zero Charge (PZC). [115]

Hydrolysis takes place in the presence of excess water. Condensation involves dehydration and
takes place by annealing at higher temperatures (> 190 ˚C). The type of precursors used allow for
the possibility of controlling the type of condensation reactions that occur giving rise to metaloxide-metal bonds that make up the nanostructured networks formed. The metal oxide networks are
formed via inorganic polymerization. The action of the peroxide on metal or metal salts and metal
91

alkoxides often results in the formation of a hdroxyl species (OH-) which reacts with the metal
cation to form a hydroxide species also called a metal hydroxide. These metal hydroxides can tend
to polymerise and undergo partial dehydration on annnealing to yield metal oxyhydroxides.
Condensation will lead to the formation of tungsten oxide hydrates (WO3.nH2O). [115]
All WO3.nH2O are made of layers of corner-sharing WO6 octahedra (Fig. 2.10.2) between which
are found hydrogen-bonded water molecules. Many of the WO3 electrochromes (thin films) formed
by sol-gel based methods often are metal oxyhydroxides i.e they contain some amount of H2O
incorporated in the metal oxide network. Annealing at higher temperatures greater than 190 ˚C as
in the case of this work should lead to much more complete dehydration yielding pure WO3. [112]
Apart from the charge on the metal cation and the number of coordination states possible, other
factors influencing formation of hydroxylated species are; the electronegativity of anionic species
within the precursor solution, the pH of the precursor solution, the concentration of the precursor
solutions and the temperature.

A pathway therefore for the formation of metal oxide thin films via sol-gel based methods such as
that of Aqueous Chemical Growth as shown below involves the use of appropriate inorganic metal
precursors that undergo oxidation and oxolation/olation yielding polymerised oxyhydroxies,
polyoxometallates that undergo hydrolysis and condensation yielding hydrated metal oxides. [115]
Inorganic metal precursors  oxolation/olation polymerisation  Hydrolysis  condensation

Generally, the higher the oxidation state of the primary metal cation that makes up the precursor
solution the faster and thus uncontrolled the hydrolysis-condensation phase is. Also for the metal
cations with high oxidation states such as W(VI) in WO3, strongly acidic medium are required to
stabilize the WO3 particles formed during nucleation [127, 139]. This we observed during the
course of this research that nucleation and growth of WO3 thin films on plain glass, FTO and Si
substrates all took place at low pH < 2.2 but were inexistent at pH = 8.5 and pH = 11. The basic
pHs are generally more favourable for the nucleation, stabilisation and growth of metal cations with
low oxidation numbers such as Zn(II)O.
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Olation is the process by which metal ions form polymeric oxides in aqueous solution while
oxolation is the condensation process by which an oxo bridge (– O –) is formed between two metal
centres. Oxolation is more likely to occur in non-aqueous environments. [115,141,145]
For more on the use of sol-gel processes in synthesizing metal oxide thin films the book by
C.Jeffrey et al [141] as well as reviews by Jacques Livage [144], Lionel Vayssieres [68], etc, can be
consulted.

2.11. Conclusions and Recommendations
In this Chapter we set out to describe WO3 in terms of its basic crystal unit, the WO6 octahedron,
and explain how variations in this not only affect its crystallographical and morhophological
existence but also attempt to explain how these variations influence its electrical and optical
properties. Since our prime objective was to employ novel forms of micro-/nanostructured WO3 for
conductometric/chemo-resistive gas sensing and electrochromism we went on to outline the basic
principles that govern gas sensing and electrochromism in metal oxide materials. A review of H2,
CO and CO2 gas sensing using WO3-based sensors was carried out. The underlying mechanisms
governing coloration in electrochromic materials and electrochromic WO3 in particular were also
highighted. Having therefore established the suitability of the technique of Aqueous Chemical
Growth to produce transition metal oxide thin films and the absence of substantial work carried out
on the synthesis of WO3 thin films using this method, we will proceed in chapter three that follows
to discuss the synthesis of WO3 thin films by Aqueous Chemical Growth as well as highlight the
techniques and instruments used to characterized and evaluate these thin films for their gas sensing
and electrochromic behaviour. Our findings on the synthesis, characterization and use of ACG
grown WO3 thin films in gas sensing and electrochromism will be presented thereafter in chapter
four, five and six.
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CHAPTER THREE
MATERIALS AND METHODS

3.1. Materials for Synthesis
Starting Materials
Commercial W powder (99%, BDH)
30 % H2O2 ( Kimix, South Africa)
Isopropanol (Alfa Aesar, )
Distilled water (iThemba LABS, MRD)
F:SnO2-glass substrates
Plain Glass Microscope slides
Polyvinyl Alcohol powder (Sigma Aldrich, Mw=80,000)
Ethanol (Alfa Aesar, denatured)

3.2. Methods of Synthesis
3.2.1. Preparation of micro/nanostructured WO3 thin films on Plain Glass and FTO by
Aqueous Chemical Growth
In a typical method of synthesis, 3 g of W powder (Sigma Aldrich, 99%) was mixed with 30%
H2O2 (80 - 100 ml) in an ice-cooled reaction bath (0 - 15 ˚C) over a period of 48 - 72 h until the
metal powder was completely dissolved. The Peroxotungstic acid (PTA) mixture which resulted
from the exothermic reaction was decanted and allowed to age for 5 - 7 days time in which excess
H2O2 within the mixture was expected to completely breakdown. To 50 - 80 mL of PTA obtained,
was added 60 ml of distilled water and 60 ml iso-propanol on a 1:1 v/v ratio. The addition of isopropanol helped to limit the decomposition of PTA, keeping the solution stable for a longer time.
The resultant mixture was then placed in different Schott® reaction bottles and acidified using
varying amounts of 2 - 5 ml of conc. H2SO4 acid till the reaction mixture attained the desired pH.
Plain glass microscope slides previously cleaned ultrasonically for periods of 10 - 15 mins each by
111

using MeOH, acetone and distilled water in that order were dried with Ultra High Purity N2 (Afrox)
and vertically placed into the Schott® bottles containing the acidified PTA-isopropanol-distilled
water mixtures, this at an angle 55 - 70˚ to the horizontal. Once tightly sealed the Schott® vessels
were placed in an ordinary laboratory oven pre-heated to 80 - 95 ˚C for periods of 6 - 24 h each,
after which the glass slides coated with thin white to greenish-yellow films of WO3 were taken out
of the Schott® bottles and rinsed gently with distilled water. Often these thin greenish-yellow films
were observed to have deposited on walls of the glass bottles too. A significant amount of the
greenish-yellow precipitate was also observed to have collected at the bottom of the glass bottles.
The glass slide supported thin films were heat-treated post-deposition in two steps. First of all by
drying in air at 100 - 150 ˚C for 2 - 3 h, then by sintering in air within a furnace at 500 ˚C for 1 - 2
h, at a heating and cooling rate of 50 ˚C/min. The greenish-yellow films initially obtained were
observed to turn orange-yellow just after calcination upon which they often returned to a greenishyellow colour upon cooling..

When there was need to grow WO3 thin films on conductive glass as when seeking to investigate
electrochromism in WO3 thin films prepared via this method of Aqueous Chemical Growth, glass
substrates (1 cm x 2 cm) coated with a thin layer of conductive F-doped SnO2, 600 - 750 nm thick,
were used after they had undergone the same sequence of ultrasonic cleaning and drying as the
plain glass microscope slides (non-conductive glass) mentioned above. The difference however
with growing WO3 thin films on these conductive glass substrates as opposed to non-conductive
glass substrates is that no acid was added to the PTA-distilled water-iso-propanol reaction mixture
mentioned above. This was so as to minimize the possibilities of acid attack/etching away of the Fdoped SnO2 (FTO) thin layer critical for electrical conduction.
Metal salts of W were not used in the synthesis as is the case in the synthesis of thin films of other
metal oxides by ACG wherein analogue metal salts of the targeted metal oxide are used. This
allowed for the elimination of a washing process, the absence of which ensured that the asdeposited films were protected from disintegration when being taken out of solution. Disintegration
was a result of surface tension, at the solvent-substrate interface, pulling on the surface of the
deposited films during the lift-off process of the slides from the glass bottle. The use of isoPropanol (or methanol) offered additional advantages in that these volatile solvents, with low
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carbon content, would evaporate rapidly from the thin films at temperatures above their boiling
points of 82 ˚C and 65 ˚C respectively, leaving little or no contaminants on the surface of the films.
The process of heating in air at 100 - 150 ˚C for 2 - 3 h assisted in burning off the organics and
eliminating waters of hydration, yielding a tungsten oxide network. Sintering at 500 ˚C resulted in
the hardening of the metal oxide thin films, increasing their adhesion to the surfaces of the glass
slides and bottle walls, and improving on the crystallinity of the films produced.

1. 30% H2O2
2. Deionised H2O
3. Isopropanol

25oC, 1bar

Peroxotungstic Acid

W powder

Figure 3.2.1. Pathway of the synthesis of the precursor solution of peroxotungstic acid from
W powder and the end products after Aqueous Chemical Growth: WO3 thin films on Plain
glass microscope slides (hereafter referred to as plain glass) and FTO substrates.
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3.2.2. Porous WO3 powders prepared by Annealing WO3-PVP polymer.
Synthesis of mesoporous WO3 powder:
Highly porous WO3 powders were also prepared by adding, while heating at 50 ˚C, 10 g of PolyVinylPyrrolidone (PVP) powder to a 60 ml solution of Peroxotungstic acid prepared from the
action of 30% H2O2 on 3 g of W metal (BDH, 99.9%). The resulting polymer was transferred to a
quartz boat and was annealed in air at 500 ˚C for 3 - 9 h to yield a highly porous WO3 powder.
3.2.3. Heat Treatment of WO3 thin films and powders
The furnace shown below (Figure 3.3.) allowed for programmed heat treatment of the WO3 thin
films and powders in air. The system allows for the annealing of target materials under vacuum in
the presence of a variety of gases. Annealing at high temperatures (200-500 ˚C) helped to improve
the adhesion of the thin films to the glass substrates.

Figure 3.2.3. Furnace used to anneal WO3 thin films on plain glass and F:SnO2-glass.
Generally heat treatment was carried out by ramping up the temperatures from room temperature to
500 ˚C at the rate of 50 ˚C/min. The temperature of the furnace was then held at the attained
maximum for 1 - 2 hours after which the furnace was switched off and the samples allowed to cool
naturally to room temperature. As expected the thin films were also rendered more crystalline with
the waters of hydration being partially or completely removed.
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3.3. Structural and Surface Characterization Techniques
3.3.1. Surface morphology by Scanning Electron Microscopy
Scanning Electron Microscopy (SEM) carried out on a LEOSCAN 440 and a NOVA NanoSEM
FEG-SEM were used to determine the surface morphology as well as the shapes and sizes of the
particles found in diffferent WO3 powders and thin films.
In a typical SEM (schematically represented in Figure 3.3.1.1.), electrons generated from a cathode
filament (often tungsten) are accelerated towards an anode on which is found the sample material
under investigation. The electrons generated by the cathode filament are focused through one or
two magnetic, condenser lenses to generate a highly focused electron beam with a very fine focal
spot of 0.4 - 5 nm. Using pairs of deflector plates or scanning coils that form part of the
microscope’s objective lens, this beam is deflected horizontally or vertically across the sample so
that it scans a rectangular area of the sample surface in a raster-like manner. The interaction of the
highly accelerated electron beam with atoms in the surface of the sample material results in the
emission and scattering of electrons which are picked up by a detector. Corresponding electric
signals are generated in the detector, are modulated and later amplified to produce a 3-dimensional
reconstruction of the sample’s surface which is captured and stored using an appropriate imaging
technique. From it particle size analysis of the sample material can be carried out. [1]
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Figure 3.3.1.1. Schematic representation of a Scanning Electron Microscope (left hand side);
Schematic representation of a FIB-SEM (right hand side). [2]
To prevent or minimize ‘charging’ where necessary contact was made, using silver paste, between
the thin film substrates and the Aluminium holders. Charging which results from accumulation of
emitted electrons on the surface of an investigated sample hinders the acquisition of well-defined
high resolution images resulting in blurred, hazy images of sample material. The coating with Ag
paste reduces this problem by conducting away the excess electrons responsible for ‘charging’.

Focused Ion Beam-SEM
A focused ion beam (FIB) is an accessory to SEM which allows for the cutting or milling away of
material from the surface of target material being investigated by SEM. Cutting is carried out using
accelerated highly concentrated ion beans made of Ar or Ga ions that etch of a defined area of the
target material leaving a finely cleaved surface or cross-section. The method was used in this
research to get a fairly accurate value of the thickness of the WO3 thin films grown of both plain
glass and F:SnO2-glass substrates. By depositing a thin film of Pt across the area where a crosssection cut was to be made one could selective etch the WO3 thin film without altering the film
thickness. Etched areas are tyipically in the dimension of a few square microns. Images of the
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surface as the milling takes place can be captured using the SEM. The FIB-SEM used in this
research was an AURIGA FIB coupled to a CARL-ZEISS Scanning Electron Microscope (Carl
Zeiss Auriga Cobra FIB Focused Ion Beam-Field Emission Scanning Electron Microscope).

3.3.2. Transmission Electron Microscopy
TEM like SEM, is an imaging technique in which a high-energy electron beam is transmitted
through an ultra-thin specimen and an image is formed which can be captured on a sensitive
photographic film, a fluorescent screen or picked up by a sensor in a specialized digital camera.
With TEM the internal structure of solids can be probed. Like in SEM a highly-focused, highly
accelerated electron beam originating from a tungsten filament is generated, using a series of
condenser and objective lenses and focused to be incident on samples of a target material. The
highly focused and highly accelerated electron beams penetrate through thin sections of the
composite material generating, alongside the transmitted electron beam, secondary electrons which
are collected through apertures unto detectors or sensitive photographic film to generate the TEM
micrographs.

On a Transmission Electron Microscope, regions of the target material that contain heavy elements
(of high atomic weight/ atomic numbers) appear to be darker while those containing lighter
elements (of lower atomic weight) appear to be bright. This is because heavier elements transmit
less of the electron beam and thus less secondary electrons are generated to be collected on the side
of the detector. On the other hand the lighter the element the greater the transmission of the
electron beam and the generation of secondary electrons. The greater the amount of secondary
electrons generated the brighter the corresponding region on the TEM micrograph. [3]
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Figure 3.3.2.1.

Schematic representation of different parts of a transmission electron

microscope (left hand side); Ray diagram showing the obtention of an image in real space and
a diffraction pattern in reciprocal space (right hand side). [4,5]
By changing the strength of the intermediate lens (right) the operator can determine whether it is an
image or a diffraction pattern that is formed in the plane of the second intermediate image. The
projector lens serve to magnify whatever appears in the plane of the second intermediate image.
The objective aperture helps to determine which region of specimen is in focus for Selected Area
Electron Diffraction. [6]
A TECNAI FG20 Field Emission Gun-Transmission Electron Microscope and a LeoScan FEGTEM operating with an accelerating voltage of 200kV were used to obtain TEM images in this
research. High Resolution Transmission Electron Microscopy (HRTEM) was also carried out on a
TECNAI F20 FEG-TEM. The samples to be investigated were dissolved in high purity MeOH
(99.99%, Analytical grade), sonicated for 5-10 minutes and then spotted onto a copper grid coated
with Formvar®. The samples were dried at room temperature, fixed into a sample holder and then
inserted into the TEM.
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Selected Area Electron Diffraction
Selected Area Electron Diffraction (SAED) images of very thin fragments that make up the film
were taken so as to determine crystal structures of single crystals of WO3 within the films. This was
carried out by narrowing down the beam spot size and changing the specimen objective and
diffraction apertures (see Figure 3.3.2.1, left hand side) of the 200 kV high-energy electron beam,
accelerated and incident on the target sample.

3.3.3. X-Ray Diffraction Analysis
X-Ray diffraction was used to crystallographically characterize the WO3 thin films and powders
prepared in this research. [7] X-rays represent high energy electromagnetic radiation of
wavelengths in the 1 Ao (10-10m) range. Found between gamma and ultra-violet rays in the
electromagnetic spectrum their wavelengths are of the same order of magnitude as the size of
atoms. This property enables an array of atoms capable of acting as a diffraction grating for
incident X-rays, since interatomic distances are of the same order of magnitude as the wavelength
of X-rays. X-rays can thus be used to probe the crystalline structure of materials at an atomic level.

Incident X-rays on an atom or crystal plane can either be reflected or scattered elastically or
inelastically. The angles at which the incident x-rays are scattered depends on the structural
arrangement/dimensions of the crystal lattices that make up the materials being analysed and the
position of the atoms within the crystal lattices in these materials. Because every crystalline
material has a unique arrangement of atoms within its basic repeat structure (unit cell), the way in
which one material would diffract X-rays would be different from another. Each material of
crystalline nature can therefore be seen to generate a unique, characteristic set of X-ray diffraction
patterns attribuable to the arrangement of atoms within its crystal structures. These X-ray
diffraction patterns collected as diffractograms can be used to serve as “fingerprints” for
identification of any given material. [7, 8]
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Figure 3.3.3.1. Scattering of an X-ray beam by planes of atoms in a crystal [9].

Because the crystal planes represented by the Miller indices (h,k,l) are at fixed interplanar distances
(dhkl) from each other they can only give rise to constructive interference patterns when the angle of
incidence between the crystal plane and the incident collimated x-ray beam is an angle thetha, θ,
such that the path length travelled by the diffracted x-ray, 2dsin θ ,is equal to an integral number of
wavelengths, nλ (Figure 3.3.3.1). This condition denoted as 2dsin θ = nλ, is known as Bragg’s law.
[7, 8]

The diffraction diagrams collected are plots measuring the intensity of scattered x-rays against the
corresponding 2θ angles at which they are produced. Apart from the diffraction angles 2θ, the x-ray
diffraction patterns are characterised by line intensities when observed. The intensity of a peak
represented by a line on the XRD is estimated by its height above the background or baseline
radiation. A more accurate value of the peak is represented by the area of the peak above the
background. In general the 2θ value for a peak is given by its midpoint at one-half peak height.
With some peaks however the 2θ value is given by the midpoint at two-thirds the peak height [10].
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Figure 3.3.3.2. Schematic representation of the Bragg-Brentanno geometry for X-ray
Diffraction analysis [11].

X-Ray Diffraction measurements to determine the crystallinity of the films were carried out using a
BRUKER AXS D8 ADVANCE X-Ray Diffractomer fitted with a Cu Kα monochromator,
operating on a wavelength λ = 1.540315 nm, at 40kV and 40mA. The X-ray lamp source and the
detector used in the analysis of the samples in this research were in the Bragg-Brentanno theta-theta
geometry (Figure 3.3.3.2). The Bragg-Brentano geometry allows for the sample to be stationary
while the X-ray lamp and the monochromatic detector move in arc over the sample such that angle
between the X-ray source and detector is 2-theta degrees. If powders are used they are placed in a
disc and flattened out. Average crystallite size for these films were calculated using the DebyeScherrer formula,

d = 0.9λ/βcosθβ

(1)

wherein d is the particle size and λ, β, θβ are respectively the x-ray wavelength, the Bragg
diffraction angle and the Full Width at Half Maximum (FWHM, in radians) of the Bragg peaks.
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Crystallite size values calculated using the XRD results obtained should not be taken as absolute
since the effect of instrumental broadening on these was not taken into account. Generally,
background subtraction was carried out on the XRD profiles.

3.3.4. Surface Chemical Analysis by Electron Dispersive X-Ray Spectroscopy (EDX/EDS)
EDX/EDS is an analytical tool used in chemically characterizing solid materials. Electron beams
were the primary radiation source used for investigating the samples in this research. X-rays may
also be used. The working principle is that each element of the periodic table has a unique
electronic structure and so has a unique interaction with the incident electron beam or X-rays.
Nowadays EDS devices are usually incorporated into SEM and TEM devices.

In the SEM, the accelerated and highly focused high energy electron beam is aimed at the sample
material to be characterized. The interaction of the incident electron beam with atoms within 1 - 2
μm of the sample surface results in the excitation of an electron within the inner shells of these
atoms. Should the electrons within the inner shell acquire sufficient energy from the incident
electron beam, they can be ejected from the atom leaving behind electron holes. The filling of these
holes by electrons in higher-energy outer shells results in the release of excess energy as X-rays.
The X-rays produced correspond to the difference in energy levels traversed as the outer-electrons
jump from outer shells to an inner shell (see in Figure 3.3.4.1, α, β and γ- emissions corresponding
to electronic transitions to the K, L, M shells). Since atoms of no two elements have exactly the
same electronic configuration for their outer and inner shells, the X-rays produced are characteristic
of each type of element within the sample. The X-rays can be detected, modulated and amplified to
generate plots with spectral lines characteristic of each element within the sample. The atomic
percentage (at%) and weight percentage (wt%) of elements within the investigated sample can thus
be obtained. [12]
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Figure 3.3.4.1. Diagram showing ejection of an electron from a target sample using and x-ray
or electron beam and the characteristic x-ray signature produced (left hand side). X-ray
emissions (α-,β-, γ-) due to electronic transitions from the excited states to the K, L and M
shells are shown (right hand side) [12].

Emission peak overlaps particularly for samples within similar inner electronic configurations and
transitions are not uncommon. The accuracy of the method can be compromised by the roughness
of the sample material. For quantitative measurements the use of thicker samples is advisable. To
improve on the signal to noise ratios longer collection times are advised. The method was used
primarily for qualitative purposes in this research.

The EDS detectors used was a liquid N2-cooled EDAX Compact Detector Unit (CDU) configured
for light element analysis down to Be, and equipped with EDAX-ZAF correction and standardless
quantification capability. Genesis X-ray Microanalysis software with standardless quantification
capability gave better accuracy of results when used to process the data collected from the EDS
detector.
3.3.5. Surface Chemical Analysis of WO3 Thin Films by X-Ray Photoelectron Spectroscopy
In X-Ray Photoelectron Spectroscopy the surface of a materials is irradiated with monoenergetic
soft X-rays. These soft X-rays excite electrons within atoms at the surface/sub-surface of the target
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material causing them to be emitted. The energy of the emitted photoelectrons is dependent on the
strength of the binding interactions between these electrons and the nuclei in their respective atoms.
These binding interactions are influenced by the interaction of the respective atoms with
neighbouring atoms and ions. The difference between the energy of the soft X-rays and that of the
emitted core level electrons gives the binding energies of these photoelectrons and can be used to
chemical speciate the surface of the target materials (see Figure 3.3.5.1 below).

Figure 3.3.5.1. Schematic representation of the ejection of a photoelectron from the core level
of an atom. [13]

The interaction of an incoming photon of energy with an electron in the core level of an irradiated
atom or ion can be represented by the equation (2),
K.E. = hν – B.E. – eΦ

(2)

where K.E. is the kinetic energy of emitted photoelectron, hv is the energy of the X-ray photon,
B.E. is the binding energy of the atomic orbital from which the photoelectron is ejected, and eΦ is
the work function the spectrometer work function.

The technique is an ultra-high vacuum characterization technique best suited for near surface
chemical analysis of a wide variety of solid samples. Typical depth resolution ranges between 2 124

10 nm. The technique can be used to determine the chemical states (oxidation states) of ions within
the surface of a material as binding energies are highly influenced by the presence of neighbouring
atoms and ions.Quantitative determination of atomic species at the surface of targert materials can
be obtained from analyzing peak heights and peak areas of high energy resolution spectra. Usually
analysis of data is done against a background standard sometimes carbon, sometimes oxygen. A
carbon reference/ standard (C1s) was employed for work presented in this research.
The XPS system used in this research was a PHI 5000 Versaprobe – Scanning ESCA Microprobe.
Both the low energy resolution survey scans and the high energy resolution spectra obtained for the
WO3 thin films on plain glass and FTO were collected using a 100 µm, 25 W, 15 kV Al-kα
monochromatic x-ray beam.

3.3.6. Atomic Force Microscopy
AFM is a form of scanning probe microscopy akin to Scanning Tunneling Microscopy for which
Gerd K. Binning and Heinrich Rohrer won the Nobel prize in 1986. It is used in this research to
image on an atomic scale the topographical surface of the thin films and micro-nano fibre prepared
as well as measure their thickness and surface roughness. In this method the tip of a cantilever is
rastered over the surface of a sample to help generate a 3-d image of the surface. A laser is used to
measure the deflections of the cantilever with respect to a fixed force (Constant-force scans) or
fixed height (constant height-scans). The cantilever consists of a long beam with a tip attached to
one end. Many tips are made of Si or Si3N4. The sharper the tip the better the resolution of the
AFM. The tip is usually about 5 - 15 nm thick. A feedback circuit adjusts the probe height to try
and maintain a constant force and deflection on the cantilever. This is known as the deflection
setpoint. A closed x-y feedback loop enables the cantilever to be maintained at a constant height or
constant force during probing. By monitoring the deflections of the cantilever as it rasters across
the surface of the films a 3-dimensional image can be obtained. The probing of sample surface by
the cantilever tip can be done in contact-mode, non-contact mode or tapping mode.
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Figure 3.3.6.1. Schematic representation of an AFM cantilever tip over a sample surface (left
hand side-L.H.S.); Generic profile of potential energy versus distance (tip-to-sample
separation) of AFM cantilever (right hand side-R.H.S.). [1,15]
A number of forces come into operation when the tip of the cantiliver is brought near the surface of
a material (Figure 3.3.6.1, R.H.S.). Attractive capillary forces due to the presence of water at the
surface of the sample, frictional forces, electrical and magnetic forces, Coulombic forces and Van
der Waal forces. Prominent amongst these are the Coulombic interactions and Van der Waals
forces. Coulombic forces are the measure of repulsion between core electrons in atoms at the tip of
the cantilever and atoms at the surface of the material being imaged. This force is particularly
prominent when the cantilever tip comes in contact with the material. As the tip approaches the
surface of the sample attractive Van der Waal forces forces set into play. This force is prevalent in
non-contact mode. In contact mode the cantilever touches the surface of the sample in a raster
pattern. In non-contact the cantilever does not touch the surface of the sample at any time of
probing. In tapping mode the cantilever touches the surface only periodically with a slight tap.
[16,17] The cantilever operates based on Hooke’s law in which F = -kx where in k is the spring
constant within the cantilever and x is the distance (extent of deflection) the cantilever travels from
an equilibrium/defined position of rest, and is designed to have a low spring constant.

In this research, Atomic Force Microscopy was carried out using a NanoMan V VEECO Atomic
Force Microscope operating in tapping mode, scanning 5 μm x 5 μm areas of the substrates, to
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roughly estimate the thickness of the films as well as determine the surface roughness of the films.
The AFM consists of a scanner, with a closed (x-y) feed-back loop which provides optimum
positioning accuracy and a nano-scope. The Nanoman V Veeco AFM also has an acoustic vibration
isolation hood which can be used to work in controlled atmospheres.

3.3.7. Rutherford Backscattering Spectrometry
Rutherford Backscattering Spectroscopy (RBS) is a nuclear method widely used for elemental
analysis and depth profiling of near surface layers in solids. It is a techique particularly suitable for
analysis of thin solid films. In this technique a target is bombarded with high energy ion beams (0.5
- 4.0 MeV) and elasctically backscattered projectiles (ions) emanating from the interaction of these
high energy positively charged ions with the positive nuclei of elements within the target material
are detected using energy sensitive solid state detectors. Basically the high-energy ions are
backscattered or deflected and transmitted due to repulsion between them and positively charged
nuclei. Strong nuclei interactions could result in backscattering in directions almost parallel to the
incident beam while weak nuclei interactions influenced by how close the incident ion beam comes
to the nuclei of atoms within the target sample, would give rise to deflections. Definitely the
effective nuclear charge of atoms of different elements within the samples will influence the extent
to which back scattering and deflection take place and also the abundance and depth of the different
elements within the sample.

By profiling the energies of the backscattered projectiles (ions) a quantitative determination of
elements at the sub-surface of the targets can be made. The method has the advantage of being nondestructive; does not require the use of standard reference materials and is able detect heavy
elements in the part per million (ppm) range. It also allows for good depth resolutions of up to 250
nm. Ion beams can be made up of 4He+, 4He2+, H+, Ar+, N+, and even 7Li+. Typical depths analysed
for He-ions are in the 2 μm range while samples with depths of 20 μm can be analyzed using H+. A
set back with this method for elemental analysis is that light elements generally below C cannot be
accurately detected using this technique as its sensitivity is low towards these elements and so other
nuclear techiniques such a Elastic Recoil Detection Analysis (ERDA) are used for the purpose.
Typical backscattering angles for this method lie between 150 - 170˚.
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Figure 3.3.7.1. Schematic representation of incident ion beam being scatttered at the surface
and within the bulk of a target material [18].

The energy of a backscattered projectile with mass M1 and energy E1 can be written as fraction of
the incident energy E0 in the form (eqn 3) ,

E1 = KE0

(3)

where K, the kinematic factor is represented by the equation (4)

(4)
In which M2 is the mass of the target atom and θ the scattering angle. When M1 < M2 K has one
solution. When M1 > M2 K has two solutions and the maximum possible scattering angle is given
by θmax = arcsin (M2/M1).
If the incident ion is scattered at the surface of the material and within the surface of the material it
will loss energy along an outward and inward path represented by equation (5).
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(5)

This energy loss is dependent on the atomic number Z of both the incident ion and the target atom,
their atomic densities and the energy of the incident ion beam. Depth profiling is calculated using
the energy widths of the channels in the multichannel analyzers.

In this research RBS was employed to help elementally analyze and estimate the thickness of the
WO3 thin films. For the purpose a 4He+ ion beam with 2 MeV energy and a beam current in the 50
nA, produced by a 6 MeV Van der Graaf accelerator (iThemba LABS), was used as the projectile.
The scattering angle was 165 and the detector used had an energy resolution of 20 keV. Data
profiling was carried out using RUMP®, an RBS analysis software freely available online.

3.3.8. Surface Area Analysis, Pore Size and Pore Size Distribution Analysis, using BET
adsorption isotherms
The specific surface area of powders obtained from WO3 thin films prepared by Aqueous Chemical
Growth and annealing of WO3-PVP polymer melts and their pore size as well as their pore size
distribution was determined from Brunauer-Emmett-Teller (BET) measurements based on the
adsorption of N2 in these powders This method has been described as optimal for the determining
the total surface area and porosity of certain solid surfaces [19].
A highly sensitive and accelerated surface area and porosity analyzer, Micromeritics Tristar 3000,
was used for the analysis of the WO3 powders. Before analysis, samples of the powders were
subjected to heating at 200 ˚C under vacuum for 12 - 24 h to remove moisture, residual gases and
any residual organics present. To increase the adsorption rate of gaseous N2 into the solids
investigated, high pressures and cryogenic temperatures provided by cooling the samples with
liquid N2 were employed [20].
The BET gas sorption model is an extension of the Langmuir adsorption model which describes
monolayer coverage of solid surfaces. The BET model allows for multi-layer adsorption unto
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porous solid surfaces. The BET equation (6) below describes the adsorption of gases on solid
surfaces.

(6)

Where
V = volume (at standard temperature and pressure, STP) of gas adsorbed at pressure P
Po = saturation pressure which is the vapour pressure of liquefied gas at the adsorbing temperature
Vm = volume of gas (STP) required to form an adsorbed monomolecular layer
C = a constant related to the energy of adsorption.

The information obtained through this method is one that can be used to show how the hydrogen
sensing performances of the WO3 powders produced via Aqueous Chemical Growth and the
annealing of WO3-PVP polymer melts are influenced by their surface microstructure, surface area
and porosity.

3.3.9. Thermogravimetric Analysis
TGA measures the change in weight of a sample when heated and the rate at which this change
takes place as a function of temperature and time within controlled atmospheres/environments.
TGA is used principally to determine the thermal stability of a material as well as its components
when it is subjected to temperatures as high as 950 ˚C. Heating of materials as such is often
characterized by gains or losses in weight that are a reflection of the physical and chemical changes
which the material undergoes.
Using TGA measurements the following may be established [8,21]:
-The composition of a material with more than one component (multi-component)
-The thermal stability of materials within determined conditions
-How fast a material decomposes (decomposition kinetics)
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-The determination of moisture and volatile contents within the sample material.

TGA can basically take place in any type of gaseous atmosphere provided its composition is known
definitely. The gaseous environments used in this research are Ultra-High Purity N2 (99.9%, Afrox)
and synthetic air (99.99%, Afrox). The flow rate employed in this research for N2 and air 30
ml/min and 60 ml/min respectively.

The TGA device used here is made up of a microbalance for continually measuring sample weight;
a furnace surrounding the sample holder and the purge gas system responsible for providing the
inert or reactive atmosphere in which the samples are heated.
The microbalance used is designed such that changes in the weight of the sample being investigated
generate an electrical current which is proportional to the change in weight. This change in weight
is plotted on the y-axis against temperature or time on the x-axis.
Heating in this TGA device can be by linear increase of temperature with time as well as by
isothermal and stepped temperature programming. The heating for the composites analyzed in this
research was by linear temperature programming with the temperature in the furnace being ramped
from 20 ˚C to a maximum of 950 ˚C, at the rate of 10.0 ˚C /minute. The mass of sample used in this
study varied between 3 - 11 mg.

3.3.10. Differential Scanning Calorimetry (DSC)
DSC is a thermal analysis technique which measures the differences in heat flow into a analyte
material and a reference material as a function of temperature while both are being subjected to the
same computer-controlled temperature programme. The temperature difference between the analyte
sample in one crucible and the reference sample in an adjacent crucible, is maintained at zero by
supplying heat into the sample or reference according to heat emission or absorption. A
thermocouple imbedded in the sample crucible and another in the adjacent crucible of inert
material, are connected such that any differential temperatures generated during the process of
heating the crucibles in a furnace result in corresponding changes in heat supply which can be
graphically recorded as peaks on an x-y plot having Heat flow as the y-axis and temperature as the
x-axis. The technique can be used to provide accurate thermodynamic data that gives a picture of
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chemical reactions and structural changes that go on in a controlled atmosphere as the sample and
reference are being heated or cooled. The amount of heat involved and the temperatures at which
these changes occur are found to be characteristic of particular processes and compounds that
occur/exist within the analyte. When a physical or chemical change occurs that is accompanied by
an emission of heat to the surroundings (exothermic reaction), the DSC responds by reducing the
heat flow into the system and a curve with a minimum in the negative y-direction is registered
(exothermic peak) on an x-y plot of heat flow vs temperature. When a physical/chemical change
occurs in the analyte that requires absorption of heat from the surroundings (endothermic reaction),
the DSC responds by increasing the heat flow into the system so as to maintain a constant heat flow
level with respect to the reference. This inflow of heat is represented on an x-y plot as a curve with
a maximum in the positive y-direction (endothermic peak). [8,21] By heating and cooling the
analyte and reference at a controlled rate reliable data can be generated which if properly analyzed
can yield a wealth of information on the analyte material.
In this research DSC heating and cooling was carried out at a controlled rate of 10 ˚C/minute. The
N2 and air flow rates employed in this research, for a controlled atmosphere, were both 25 ml/min.

3.4. Optics-based Characterization Techniques
3.4.1. Determination of Chemical Bond types by Fourier Transform-Infra Red Spectroscopy
in Attenuated Total Reflection mode.
Information about the chemical bonding in the WO3 films was obtained using Fourier Transform
Infrared Spectroscopy (FTIR) and Attenuated Total Reflection. FTIR spectra were obtained using a
Perkin Elmer Spectrum 100 FT-IR Spectrometer operating within the wave number range of 4004000 cm-1 at a scan speed of 0.20 cm/s and a resolution of 4 cm-1. The IR spectra were obtained in
Attenuated Total Reflection (ATR) mode with a diamond crystal employed for the ATR
measurements. Attenuated Total Reflection was carried out within 400 - 4000 cm-1 range using a
Perkin Elmer 100 Spectrometer.
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Figure 3.4.1.1. Schematic representation of the interaction of an infra-red beam with a target
sample through a crystal.

The schematic representation in Figure 3.4.1.1 above, shows how the Infra-red beam emanating
from the light source undergoes internal reflection within the crystal (diamond in the case of our
research) giving rise to multiple interactions with the sample at the crystal/sample surface interface.
These multiple interactions give rise better collection of data with a strong Signal/Noise ratio.

3.4.2. Electronic Structure and Vibrational State of WO3 thin films by Raman Spectroscopy
Raman spectroscopy is based on inelastic scattering of a monochromatic light source, often a laser.
The term inelastic scattering is a result of the fact that emitted light scattered from an irradiated
material is often of lower frequency (sometimes higher frequency) than the incident light source.

When monochromatic laser light of a frequency (vo) and electric field (E) interacts with molecules
within a target material, oscillating electric dipole moments (P) which are dependent on the
polarizability (α) of the target molecules are induced within the excited molecules according to the
relation P = αE . This gives rise to transient deformations in the excited molecules that now vibrate
at a characteristic frequency, vm. These excited molecules return to their vibrational ground states
by emitting radiation (light) of three notable frequencies: Stokes, Raleigh scattering and Antistokes frequencies (Figure 3.4.2.1).
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In molecules with a Raman-active mode, that are in the vibrational ground state, absorption of
photons from the laser source results in some of the energy with frequency, vm, being transferred to
the Raman active modes so that the frequency of radiation emitted (vo - vm) when the molecule in
the vibration excited state returns to the ground state is less than the frequency of the incident laser
source, vo. This frequency, vo - vm, is known as the Stokes frequency. In molecules that have no
Raman-active modes, electrons in the excited molecules return to the vibrational ground state
emitting photons of light whose frequencies vo are equivalent to that of absorbed photons provided
by the laser source. Light scattering from such samples is said to be elastic and is known as Raleigh
scattering.

In molecules that are already in the excited state when light of a frequency, vo, is incident on them,
additional energy (of frequency, vm) is conveyed to the excited molecules which on returning to the
vibrational ground state emit energy of a frequency, vo + vm, greater than that of the incident light
source.The observed frequency of the emitted light here is observed instead to have increased and
is therefore known as the anti-Stokes or the Raman frequency.[22]
Ninety-nine percent of the light incident on the target material is emitted as Raleigh scattering.Only
1/1000th of the incident light photons give rise to emissions of inelastic Raman frequency and so
the Raman signal which is often a very weak signal can only be detected by cutting out the huge
amounts of Raleigh scattering using a variety of filters and laser stop apertures.

Figure 3.4.2.1. Schematic representation of Stokes and Anti-Raleigh scattering after
excitation-Raman Spectroscopy [23].
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Symmetric molecules are Raman active while asymmetric molecules have a weak signal for Raman
and are preferably investigated using Infra-red characterization techniques like FT-IR, ATR. The
routine energy range for Raman lies between 200 and 4000 cm-1.
Raman Spectroscopy was carried out at room temperature in air, in the 100 - 1200 cm-1 range, this
being the range in which inorganic compounds are known to have vibrational bands and metal
oxides such as WO3 are known to be active [29]. Raman was carried out with a Jobin-Yvon
T64000 Raman Spectrometer coupled to an Argon ion pulsed laser as excitation source with
excitation taking place at a wavelength of 514 nm and a power of 5 - 21 mW. The beam spot size
of the laser was 1 µm in diameter. The laser was coupled to a confocal optical microscope which
helped to improve the localization of the laser beam; enhance the image contrast and improve on
the resolution of the data collected. The power of the laser raised to 21 mW may have resulted in
localized heating of the sample.

3.4.3. Photoluminescence in WO3 thin films
Materials with a non-zero bandgap such as the semiconductor WO3 investigated in this work can be
made to luminesce by irradiating them with light of a minimum treshold frequency
(photoluminescence), applying thermal energy in the form of heating (thermoluminescence),
applying an electrical field (electroluminescence) or irradiating them with nuclear particles such as
gamma and beta-radiation (scintillation).

Generally absorption of visible or UV radiation by a material raises the molecules within the
irradiated material to an excited electronic state as electrons in the ground state of the molecules
absorb photons to move to higher energy levels. These electrons in the excited state undergo
several relaxation processes (that occur primarily through intermolecular collisions resulting in
transitions to lower vibrational levels within the excited electronic states) before reverting to the
ground state by liberating energy in the form of radiative (re-radiation) or non-radiative energy
transfers. Non-radiative (radiationless) transfer of energy temporarily increases vibrational and
rotational energy of bonds in the molecule and is ultimately dissipated as heat to the surrounding
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molecules while radiative energy transfer is dissipated in the form of fluorescent or phosphorescent
light energy. Re-emission of radiation (re-radiation) through fluorescence has a shorter lifetime
(femto-second regime, 10-15 secs) than phosphorescence (life time in the order of a few or several
milliseconds, 10-3 secs).

Figure 3.4.3.1. Schematic representation of photoluminescence in direct and indirect-band
gap semiconductor materials. [24]

Energy re-radiated through fluorescence is usually of a lower energy than that absorbed and
appears as a red-shift on the electromagnetic spectrum. Energy re-radiation through
phosphorescence involves intersystem crossing of absorbed photons in the excited state from the
singlet state to an excited triplet state. Transition of photons in the excited triplet (S = 1) to the
singlet states in the ground state (S = 0) are quantum ‘forbidden’ and so take longer time, thus the
phosphorescent effect.
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In a solid crystal lattice electrons move in regions of periodically varying potentials rather than
constant potentials. An electron of wavelength λ with momentum P and Planck constant h such
that,

  h

(7)

undergoes Bragg reflections of the form nλ = 2asinθ where n = 1,2,3,… Such electrons in a crystal
can be described by replacing λ with the wave number k so that k = n / asinθ. Since the wave
number k is proportional to the momentum P of the electron, the wave train of the electron can be
described by means of a wave vector k. In Fig. 3.4.3.1 above a plot of kinetic energy E versus k, of
electrons and holes in a direct band-gap (left hand side) and an indirect-band gap (right hand side)
semiconductor material are shown. For a direct band gap semiconductor the Conduction Band
Minimum (CBM) and the Valence Band Maximum (VBM) occur at the point in the Brouillion
zone (volume of k space extending from 0  /a, in which a is the lattice parameter of a unit cell)
known as the zone centre for which k = 0. This is not so with the indirect-band gap semiconductors
since the CBM lies off-centre at values of k > 0 often at the zone edge where k = /a. When light
with a minimum treshold frequency, ωexc, equivalent to or greater than the band gap is absorbed
(UV or visble light) electrons are excited from the valence band (ground state) to the conduction
band (excited state) giving rise to the formation of electron-hole pairs.
Because the principle of the conservation of momentum and energy must be preserved post –
absorption of photons from incident light the electrons (holes) in an indirect semiconductor which
have different k values must absorb or emit phonons denoted by + and – signs respectively, in
addition to the absorbed photon in order to transit from the Valence Band Maximum to the
Conduction Band Minimum. In excited states the electrons and holes undergo relaxation to the
bottom of the Conduction Band Minimum by primarily emitting phonons from where they
recombine radiatively with holes in the Valence Band Maximum through the emission of photons.
Non-radiative recombination of electrons with holes in the VBM may take place transferring the
energy of the electrons to defects in the material.

In a direct band gap material there is no need for phonon absorption or phonon emission during the
excitation and electron-hole recombination processes as the wave (momentum) vectors for the
electrons in the excited and ground state are the same. Electron-hole recombination takes place
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almost exclusively by photoluminiscent photon emission (ħωPL) as observed in Fig. 3.4.3.1. For
such materials photoluminisence measurements give a fair idea of the size of the energy band gap
of the material. Because of the possibility of non-radiative phonon emission in indirect
semiconductor materials the photoluminescence efficiency in indirect band gap semiconductors is
lower than in direct band gap semiconductors which have no recourse to phonon emission for
electron-hole recombination.

For nanosized particles however the quantum confinement effect will lead to an expected
broadening of the energy band gap thus a shift to higher energies (lower wavelengths, higher
wavenumbers) for photoluminescence and also an increase in photoluminescence efficiency.
In this research a Perkin-Elmer LS-55 Fluorescence Spectrometer (CSIR) was used.

3.4.4. UV-Vis-NIR Spectrophotometry
Optical characterization on the thin films produced on plain glass and FTO-coated glass was
carried out by measuring the absorption and transmission spectra of WO3 thin films in the UVVisible and Near IR range (200 - 1100 nm), using a CECIL 2021 Spectrophotometer (iThemba
LABS) with the light beam incident at the normal to the substrate. The spectrophotometer consists
of a light source (UV, He and De lamps), a sample holder and a detector all of which are held in a
covered black box designed to preventing the interference of light from outside the box with the
probing light beam. From the results obtained the band gap of the WO3 thin films produced by
Aqueous Chemical Growth were calculated.

In-situ spectroelectrochemistry was also carried out on WO3 thin films grown on FTO substrates by
means of an electrochemical workstation coupled to UV-Vis-NIR spectrophotometer. A working
potential of ± 0.7V and ± 1.0 V was applied to the WO3-FTO sample. A quartz cell with a 1 cm
path length was used to hold the WO3-FTO substrate which served as the working electrode; a
platinum wire that served as a counter electrode; and a Ag/AgCl (sat’d 3M NaCl) which served as
the reference electrode.
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3.5. I-V Characterization of WO3 thin films
3.5.1. I-V Characterization using a Four-point Collinear Probe Technique
To ascertain the semiconductor nature of the films and their transitions to metallic phase when
sufficiently protonated the WO3 thin films on glass and FTO were I-V characterized using a fourpoint collinear probe system. This probe is particularly suited to measure impedance in
semiconductor thin films and bulk materials. To compensate for ohmic losses encountered between
the electrodes and thin films at the contact points, a co-linear four-point probe I-V characterization
system is used (schematic representation in Figure 3.5.1.1).

Figure 3.5.1.1. Schematic representation of a four-point collinear probe.

Generally the resistance at the contact point is smaller than the resistance of the sample. However
when small changes in resistance are to be measured the contact resistance can dominate and
obscure readings. It becomes necessary to minimize the contribution of resistance at these points to
the I-V measurements being carried out. In the four-point probe the current flow is measured
between the outermost electrodes, 1 and 4, while the voltage drop due to resistances across the
sample are measured with the inner probes, 2 and 3.
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The voltage drop, V = IR, across the inner probes is extremely small, as almost no current flows
through these wires. The probes are vertically adjustable, so too the mounts unto which they are
attached and can be made to contact the thin films with a light touch or with a strong grip. A plot of
the current-voltage readings should confirm the semi-metallic or semiconductor nature of the WO3
thin films in the protonated and unprotonated forms.

3.5.2. Conductometric Gas Sensing
The underlying mechanism and parameters governing gas sensing in semiconductor materials
presented in this research have been explained in chapter two.

Gas sensing measurements were carried out in a gas-flow test chamber (Figure 3.5.2.1) designed at
iThemba LABS. Ultra High Purity (UHP) Hydrogen (Afrox, 99.98%) was used for the gas sensing
exercise while (UHP) N2 (Afrox, 99.98%) was used as a carrier and reference gas. Gas flow was
controlled using KHRONE DK 800/R variable-area flowmeters while temperature was controlled
by varying the voltage across a MATSUNAGA thermoregulator. Electrical resistance
measurements were carried out using a Keithley model 199DM multimeter coupled to a
datalogging software. In order to test the films as hydrogen gas sensors, two pieces of aluminium
foil spaced at 10-20 mm on the sample surface where used as contacts for the probes. Measurement
of the electrical response of the films upon the injection/removal of H2 within the test chamber was
carried out at a fixed flow rate for H2 (200 sccm) at different temperatures ranging from 100 - 300
˚C so as to determine what was the lowest as well as the optimal temperature for sensing hydrogen
at given flow rates or concentrations.
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Gas Sensing Unit @ MRD, iThemba LABS

Voltage Regulator
(for heating)
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Figure 3.5.2.1. Optical image of the sensing unit used in evaluating WO3 thin films, powders
and nanofibres for gas sensing.

It is necessary during measurements to ensure that the WO3 thin films are essentially not broken
such that contact between the particles or structures (whether nanoplatelets, microspheres or
nano/microfibres) remain in contact with each other [25].
The resistance of the sample was measured by a digital multi-meter which was interfaced to a
standard desktop PC via the universal line interface with a RS232 cable. The data logger software,
named BsB-x421100, was used to record and store the resistance-time data.
Being nano-structured powders, inherent noise is expected as bulk (or macroscopic) contacts are
used in attempt to electrically contact nanoscale (or nano-scopic) materials.
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Figure 3.5.2.2. Schematic representation of the gas sensor layout within the gas sensing
chamber when sensing WO3 powders.
A schematic representation of the gas sensor layout is shown above (Fig. 3.5.2.2). In this research
the sensing element was made up of a thin film of WO3 coated on insulating glass substrate. This
was placed on the heating element in the gas chamber and two metallic electrodes made of Cu on
Al foil were fixed unto the surface of the WO3 thin films. The Cu/Al electrodes measured the
resistance of the thin films and powders. The films and powders were indirectly heated since they
were supported by glass substrates and were not in direct contact with the heating element which
was externally controlled.

3.6. Electrochemical Characterization Techniques
The WO3 thin films grown on FTO-glass substrates by ACG and those deposited by
electrospinning

were

electrochemically

characterized

using

Cyclic

Voltammetry

and

Electrochemical Impedance Spectroscopy. Cyclic voltammetry was employed to induce the
electrochromic effect in the WO3 thin films as well as determine the diffusion kinetics for the H+
ions.

The electrochromic effect widely observed in WO3 and other 3d-transition metal oxides is one that
involves electron and ionic exchanges between the electrochrome, WO3, and the ionic species (H+)
within the specific electrolyte. To effectively monitor charge and mass transfers within the WO3142

based electrochromic system the electrochromic techniques of voltammetry (cyclic) and
Electrochemical Impedance Spectroscopy can be used. These techniques make it possible to
describe the movement of electrons and ions between the electrodes, the electrochrome and the
electrolyte.

3.6.1. Cyclic Voltammetry for Electrochromism
Voltammetry involves the application of a potential to an electrode within an electrochemical
system (3-electrode electrochemical cell in this research) and the subsequent monitoring of the
current produced as a function of time (Figure 3.6.1.1) or a function of a varied potential. Cyclic
voltammetry involves the application of a reversible potential on an electrochemical system while
monitoring the change in the current produced as function of the varying potential. The applied
working potential is ramped linearly at a constant scan rate from an initial potential Ei to a final
potential Ef (vertex potential) at which the ramp is reversed (inverted/switched) to the initial
potential Ei. The scan rate, v, can be described as the change in applied potential per unit time
(dE/dt) and has units in mV/s.

Figure 3.6.1.1. Schematic representation of the variation of applied potential with time in
cyclic voltammetry.
The 3-electrode electrochemical cell consists of a working electrode (WE), a counter electrode
(CE) and a reference electrode (RE). The working electrode generally consists of a conductive
material such as graphite, glassy carbon, metal or a transparent conductive oxide (TCO). In the case
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of this research the working electrode is an optically transparent electrode (OTE) made of a thin
layer of F-doped SnO2 on glass substrate, commonly known as FTO (written as F:SnO2, read as
Fluorine-doped Tin Oxide). FTO is a transparent conductive oxide. This electrode is the primary
electrode at which electron transfer takes place between the electrolyte and the electrochrome.
Generally, the electrochrome exists as a thin film on the OTE. The reference electrode serves as
standard to help determine the potential of the working electrode. The counter electrode, often a
metal, helps facilitate the occurrence of electronic exchanges between the electrolyte and the
electrochrome.

Figure 3.6.1.2. Schematic representation of a redox process taking place at the electrode/
electrolyte interface.

Two kinds of current are generated: i) a Faradaic current which is due to actual transfer of electrons
between the electrolyte and the electrode/electrochrome interface (Figure 3.6.1.2); ii) capacitative
current is the initial current generated at the surface of the electrode which is a function of the
modifications that take place at the electrode/electrochrome/electrolyte interface due to the
formation of the Helmholtz double layer.

The current generated upon application of an applied potential is controlled by a number of factors
among which are i) the rate at which electrons are transferred to and from the electrode surface and

144

ii) the rate at which electroactive ionic species are transferred between the electrolyte and the
electrode - electrochrome interface.
When moving from a negative potential to a positive potential the current is said to be anodic, ia,
with a peak current occurring at a peak potential, Epa. A reverse scan from a positive potential Ef to
a negative potential, Ei, gives rise to a cathodic current for which the peak current, ipc, occurs at a
peak potential, Epc. In a reversible system (Figure 3.6.1.3) the ratio of the ia /ipc is equal to one and
the difference between the anodic potential, Epa,, and the cathodic potential, Epc, should be equal to
59/n mV where n = the number of electrons transferred. The value of 59/n mV is however hardly
attained in solid electrochromes. If the diffusion coefficient of the electroactive species in the
reduction process is similar to that in the oxidation process, the standard potential for the
electrochemical system investigated, Eo’ = (Epa + Epc)/2, can be calculated. The difference between
the peak potential Ep and the point where the current is half that at the peak potential Ep, Ep/2, is
56.5/n mV at 25 ˚C. For a reversible system the peak potential is independent of the scan rate but
the current at the peak potential is a function of the square root of the scan rate, v1/2.

Figure 3.6.1.3. A generic cyclic voltammetric scan for a reversible redox process.

Generally, the peak current in the reduction process (negative scan) and oxidation process (positive
scan) can be calculated at any point in the forward and backward scan using the Randles-Sevick
equation below. This equation helps determine the effect of the scan rate on the peak current.
ip = 2.69 x 105 x n3/2 x F x A x C x D1/2 x v1/2

(8)
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where ip = the peak current, n is the number of electrons transferred in the redox reaction, F is
Faraday’s constant in C/mol, A is the area of the electrode in cm2, C is the bulk concentration of the
electroactive ionic species in mol/cm3, D is the diffusion coefficient in cm2/s, v is the scan rate. If
electrons are transferred at a very rapid rate the rate the peak current becomes dependent on the rate
at which the electroactive species being reduced or oxidized diffuses to the surface of the electrode.
This is dependent on the rate of change of the concentration of the electroactive species [R/O] in
the vicinity of the WE. The peak current can thus be expressed in terms of the rate of change of
[R/O] with distance from the electrode, x, also known as the flux, J.

i = nFAJ

(9)

This flux, J is governed by Fick’s law written as in equation (10) below
J = -D(dc/dx)x=o ; ~ D= (C-Cx=0)/Δx

(10)

Where D is the diffusion coefficient, (dc/dx)x=0 is the concentration gradient, x is the distance from
the surface of the electrode, C is the concentration of the electroactive species (reduced or
oxidized) in the bulk electrolyte, Cx=0 is the concentration at the surface of the electrode, where x =
0.
The greater the concentration gradient the greater the flux, J, consequently the greater the peak
current. The negative sign preceding the term (dc/dx)x=o arises in electrochemical process in which
the electroactive species is consumed over time in the vicinity of the electrode such that moving
away from the electrode surface into the electrolyte the concentration of the electroactive species
decreases. In the case of solid electrochromes the rate-limiting step is the movement of counter ions
through the electrochromic solid. [26]

Generally the peak current increases with increase in scan rate. Linear plots of the peak current ip
versus the square root of the scan rate, v1/2, can be used to show evidence for reversibility
especially in redox processes in which the active species do not undergo significant structural
changes. The slope of the ip vs v1/2 plot can help determine the stoichiometry of the redox process.
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The diffusion coefficient for active ions such as H+ and Li+ into the WO3 electrochrome can be
determined if all the other parameters in the Randles-Sevick equation are known.
Within an electrolyte, electrochrome species and other ions in bulk electrolyte solution undergo
three main kinds of mass transport modes, viz: convection, migration and diffusion. The most
important mode of transport to be considered in electrochromic materials is that of diffusion,

Often, potential drops between the Reference electrode (RE) and the electrolyte can cause
substantial errors in the reading of potential at a working electrode. To minimise this it is necessary
to place the reference electrode as close to the working electrode as possible so as to minimize the
resistance due to the electrolyte which grows as a function of the distance between the reference
electrode and the working electrode. To however keep at the optimum mass transfer of ionic
species between the counter electrode (CE) and the working the electrode, it is recommended that
the RE be kept out of the path between the CE and the WE.

Parameters generally used assessed to evaluate the electrochromic performance of WO3 thin films
have being discussed in Chapter two. Those of prime interest in this research will be the Coloration
efficiency; Response time; and Cycle life. There is a strong dependence of electrochromic
properties on the growth conditions and the crystallinity of the thin films [26]. Conditions of
growth and crystallinity are in turn dependent of the methods of synthesis and preparation used
[27].

With regards to coloration efficiency Amorphous WO3 thin films are generally known to have
better coloration efficiency than their crystalline WO3 counterparts [27]. The kinetics of ion
diffusion into amorphous WO3 thin film electrochrome has also been observed to be greater than
that in crystalline WO3 thin films [26].
Response time which is the time it takes for the WO3 thin film to switch from the coloured state to
the semi-transparent/transparent bleached state, under the influence of an applied voltage, is
influenced by the kinetics of ion diffusion which is itself influenced by the density of the films
[27].
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Cycle life represents the number of multiple charge/discharge or coloration/bleaching cycles the
thin film can undergo before it experiences a decline in performance or fails (or disintegrates). The
extent of the cycle life may be dependent on the chemical stability of the electrochrome within the
electrolyte and the strength of its adhesion to the electrode. The strength of adhesion of the
electrochrome to the electrode can be influenced by the methods of synthesis and preparation.

Carrying out evaluation of the electrochromic behaviour of WO3 thin films by measuring their
absorption/transmission spectra using a spectrophotometer could not be carried out in situ within
the aqueous electrolytes since water is known to strongly absorb light in the Near-InfraRed region
[28]. The evaluation of the optical modulation therefore had to take place ex situ immediately after
the coloring or bleaching cycles

3.6.2. Electrochemical Impedance Spectroscopy
Electrochemical Impedance Spectroscopy (EIS) is a non-destructive technique that can be used to
examine redox processes occurring at electrode surfaces. In EIS a sinusoidal signal of small
amplitude (about 5 mV) covering a wide range of frequencies (from high to low) is applied to a
system of interest and the response current or voltage, is recorded. Due to the wide range of
frequencies at which the excitation signal in EIS is applied a wide variety of closely related
processes such as that of mass transport of ionic species (whether by diffusion, convection or
migration), electron transfer and chemical reactions taking place at the surface of electrodes can be
selectively probed.
If a sinusoidal potential is used as the excitation signal for a given electrode a sinusoidal current
(alternating current) is generated which is of the same frequency as the excitation signal but is out
of phase with the same signal. The resultant resistance in such a system is called Impedance which
is different from the resistance met in materials obeying Ohm’s law where V/I = R. The latter
resistance is frequency independent and the generated current (I) is usually in phase with the
applied potential (V).
With complex systems such as an electrode/electolyte interface probed by EIS, the applied
sinusoidal potential can be represented by
E(t) = Eamp sin(ωt)
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The sinusoidal current which is out of phase with the applied potential by a phase angle φ is
represented by
I(t) = Iamp sin(ωt + θ)
The resultant Impedance, Z is thus represented as
Z=E(t)/I(t) = Eamp sin(ωt)/ Iamp sin(ωt + θ)
Z= Eamp/Iamp [sin(ωt)/sin(ωt + θ)]
Z= ǀZǀ [sin(ωt)/sin(ωt + θ)]
where ω = 2πf is the angular frequency (radians/s), f is the frequency (Hz) of the sinusoidal
perturbation, θ is the phase angle, Eamp is the amplitude of the sinusoidal potential, Iamp is the
amplitude of the sinusoidal current and ǀZǀ is the absolute impedance.
By expressing the sinusoidal perturbation potential and the response current as complex numbers
such that
E(t) = Eamp sin(iωt)
I(t) = Iamp sin(iωt + iθ)
Euler’s representation for complex numbers: eiθ = cosθ + isinθ can be used to represent the
impedance in a complex plane as a function of the phase angle.
Z = Eamp/Iamp [sin(iωt)/sin(iωt + iθ)] = ǀZǀ eiθ = ǀZǀ (cos θ + isinθ) = ǀZǀcos θ + ǀZǀisinθ = Zˊ +
iZˊˊ
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Figure 3.6.2.1. Complex plane showing a plot of imaginary Zˊˊ and real impedance Zˊ.
Using an Argand diagram the real and imaginary parts of impedance Zˊ and Zˊˊ serve as the x and
y co-ordinates respectively (Figure 3.6.2.1) with the impedance of a single frequency being
represented as a vector of length ǀZǀ that has an argument θ with the Zˊ.
Following this ǀZ ǀ= [(Zˊ)2 + ( Zˊˊ)2]1/2
and tanθ = Zˊˊ/ Zˊ  θ = arctan(Zˊˊ/ Zˊ)
This form of representation which is the most widely accepted manner of depicting EIS data is
known as the Nyquist plot. In the Nyquist plot (Figure 3.6.2.2) the imaginary impedance Zˊˊ is
plotted against the real impedance Zˊ.

Figure 3.6.2.2. Schematic representation of the Nyquist plot.
This plot consists of two distinct regions. One at a region of high frequency (left end of the Zˊ axis) in which the electrode processes such as electron transfer are kinetically controlled and the
second at a region of low frequency (right end of the Zˊ-axis) in which the electrode processes are
mass transfer-controlled. At high frequencies the resistance of the electrolyte and the resistance to
charge transfer dominate the impedance. The impedance in this region is typically represented by a
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semi-circle which when extrapolated to the real impedance axis at the left end reads the resistance
of the electrolyte, RE. The same semi-circle when extrapolated from the right end to the real
impedance axis, Zˊ-axis, reads a resistance which is equal to the sum of the resistance to charge
transfer at the electrode/electrolyte interface (RCT) and the resistance of the electrolyte (RE or RS).
At low frequencies the impedance within the electrochemical system is dominated by masstransport of ionic species and when diffusion-controlled is represented by a straight line inclined at
45˚ to Zˊ-axis. This line is known as the Warburg impedance.

Figure 3.6.2.3. Schematic representation of a Bode plot showing the log of the absolute
impedance Z and –phase angle (θ) as a function of the logarithm of the frequency f.
The other in which the logarithm of the absolute impedance, ǀZǀ; the logarithm of the real part of
the impedance, Zˊ, and/or the –phase angle (θ) is plotted against the log of the frequency (f) of the
sinusoidal perturbation is known as the Bode plot (Figure 3.6.2.3.). The Bode plot gives directly
information about the frequency and phase angle of the sinusoidal signals. With the Nyquist plot it
is impossible to directly view the frequency from the data points on the plot.
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Using a typical Bode plot as presented above in (Figure 3.6.2.3.). which the absolute impedance
and the phase angle are plotted as a function of the frequency, f, or the angular frequency ω, it is
possible to estimate the resistance of the electrolyte RE/RS in the high frequency region by
extrapolating the horizontal plateau of the log ǀZǀ vs log ω profile to the vertical log ǀZǀ axis. The
RS +RCT values which dominate in the low frequency region can be read off the horizontal plateau
of the log ǀZǀ vs log ω profile in the low frequency region. By extrapolating to the log ǀZǀ-axis, the
region of intermediate frequency on the log ǀZǀ vs log ω profile (slope with negative gradient), the
double layer capacitance which gives an idea of the thickness and the dielectric capacity of the
electrode film (WO3 thin film in the case of this work) can be estimated using the relation ǀZǀ =
1/CDL .
Because of the contraints of time the method of EIS will be used only qualitatively to probe the
surface and dynamics of the redox processes taking place at the WO3 thin films grown by Aqueous
Chemical Growth on FTO. More in depth analysis of the EIS data such as to generate a Bode plot
and determine the equivalent cirucuit based on simple models such as Randles equivalent circuit
models for diffusion controlled redox processes will be left for future work.[29-33]
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CHAPTER FOUR
STRUCTURAL AND OPTICAL CHARACTERIZATION OF WO3
THIN FILMS ON PLAIN GLASS

4. Overview
In this chapter a report on the structural and surface characterics of a variety of WO3 thin
films prepared by Aqueous Chemical Growth is given and an attempt is made to demonstrate
how these influence their optical properties as well as their gas sensing properties.
Semiconductor metal oxides with band gap values as low as 1.4 eV in indirect band gap, p-type
CuInO2 [1] and as high as 9 eV in , n-type SiO2 (direct band gap) [2], form the basis of functional
materials such as is used in gas sensors [3-8], transparent conductive oxides [9], solar cells [9],
solid-state lasers, electrochromic windows and displays [5,10,11], photocatalysts [12],
supercapacitors [13] and Li-ion batteries [14]. When targeted for use in smart devices of today and
tomorrow, metal oxide semiconductor materials are largely desired to be in the form of thin films
instead of bulk [3,4,6]. For many of their potential applications such as in gas sensors, metal-ion
batteries, supercapacitors, biosensors and electrochromic devices, large surface area [5] and in
many instances high porosity are critical requirements for the thin films employed [3].

One way of increasing surface area is by reducing particle size. Reducing particle size from microto meso-, then nanoscale results not only in higher surface-to-volume ratios but also brings about
the enhancement of existing physico-chemical properties or the observation of novel properties [3 6]. Sometimes, if not often, reduction in size is also accompanied by increase in porosity. To
produce such nanostructured thin films with high surface area and high porosity the method of
Aqueous Chemical Growth (ACG) can be used. The method has already been used to synthesize
porous micro-, meso- and nano-particulate thin films of a wide variety of metal oxides and
oxyhydrides in large arrays amongst which are ZnO [15], α-Cr2O3 [16,17], β-FeOOH [16,18,19],
SnO2 [20], γ-MnOOH [16], RuO2 [16,21] and TiO2 [16]. This has been possible because with ACG
the texture, surface morphology, orientation and overall porosity of the metal oxide thin films can
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be controlled by experimenting with the concentration, pH and temperature of aqueous precursor
solutions of the desired metal oxides thereby thermodynamically and kinetically influencing the
nucleation and growth of targeted metal oxides as thin films on a wide variety of substrates [16,
22].

Despite the fact that it had been widely used for the synthesis of the aforementioned metal oxides,
until the time in which this research commenced no reports existed within the broader scientific
community about the use of the ACG method for the synthesis of WO3 thin films. In the course of
this research it was established that the method of Aqueous Chemical Growth could be used to
prepare on plain glass microscope slides, thin films of 1, 2 and 3-d WO3 micro-/nanostructures. In
this chapter the results obtained from structurally and optically characterizing a select number of
such thin films of micro-/nanostructured WO3 prepared by ACG using Peroxotungstic acid (PTA)
precursor solutions( 0 < pH < 1) are presented. A typical route that describes how to go about the
synthesis of the WO3 thin films has already been discussed at the beginning of Chapter three.
The precursor PTA solution is a stable solution at ambient conditions which when left standing at
room temperatures can under 72 h see the precipitation of WO3 out of solution. In order to increase
the stability of the precursor solutions over long periods ethanol and iso-propanol were used as
important additives to the process. Ethanol tends to slow down the condensation of peroxotungstic
acid. The addition of isopropanol played the role of a stabilizer in the peroxotungstic acid precursor
formed from the action of 30% H2O2 on the W metal. In the case of our samples we found out that
synthesis solutions formed from the 1:1, v/v addition of ethanol and isopropanol to water were
stable from 10 days to 4 weeks after which the solutions slowly turned turbid following the
precipitation of WO3.[23] The addition of the organic additives ethanol and iso-propanol leads to
the gelation of Peroxotungstic acid in the monohydrated form WO3.nH2O. [24] As a precursor
solution Peroxtungstic acid has as advantage the fact that films formed using it suffer little from
cross-contamination due to metal cations as is found present in other WO3 syntheses that uses metal
salts of W as a precursor. Common to the use of PTA as a precursor solution is the formation
hydrated complexes [WO2(O2)H2O]·nH2O. [24] When annealed, the WO3 films showed excellent
adhesion to the plain glass substrates.
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4.1. Structural & Surface Characterization of WO3 thin films by ACG
(Overview)

4.1.1. Surface Morphology using Scanning Electron Microscopy
Figures 4.1.1 and 4.1.2 below give a quick overview of the morphology of these thin films grown
on plain glass microscope slides, from PTA precursor solutions with pH ranging from 0.23 to 0.91.
Attempts to grow these thin films at higher pHs of 9.24 and 11.14 through the addition of 1 ml and
2 ml of conc. NaOH respectively did not meet with visible levels of success and will not be
discussed here.

As can be clearly observed the basic repeating unit/primary structure that was formed was that of
nanoplatelets. In some of the thin films these were hierarchically arranged to give 3-d structures
(pH = 0.23 and 0.54) while in others the nanoplatelets seem to stand side-by-side, vertically aligned
along their edges (pH = 0.54, 0.64 and 0.91). Yet in other thin films (pH = 0.54, rough) the
nanoplatelets arranged themselves in sphere-like agglomerates. The thin film prepared at pH = 0.44
revealed some highly ordered 3-dimensional flower-like structures amidst a background of fine
granular particles of WO3.
The ‘rough’, ‘smooth’ designation observed in the figures arose from the fact that we observed the
formation of two types of films on the glass substrates. On the front side (upper surface) of the
inclined glass substrates grew highly continuous films that appeared smooth in appearance to the
naked eye while on the reverse side (bottom surface) of the substrates grew gel-like films that
appeared less smooth in appearance say ‘rough’, thus the designation.
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pH= 0.23, smooth,
18h

pH= 0.44, Rough,
18h

pH= 0.44, Smooth

pH= 0.54, Rough

pH= 0.23, smooth, 18h

pH= 0.44, Rough, 18h

pH= 0.44, Smooth

pH= 0.54, Rough

pH= 0.23, smooth, 18h

pH= 0.44, Rough, 18h

pH= 0.44, Smooth

pH= 0.44, Smooth

Figure 4.1.1. WO3 thin films prepared by Aqueous Chemical Growth from precursor
solutions of pH 0.23, 0.44 and 0.54.
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pH= 0.54, Smooth, 18h

pH= 0.64, smooth,
48h

pH= 0.91, smooth,
18h

pH= 0.54, Smooth, 18h

pH= 0.64, smooth,
48h

pH= 0.91, smooth, 18h

pH= 0.54, Smooth,
18h

pH=
0.64,smooth,48h

pH= 0.91, smooth,
18h

Figure 4.1.2. WO3 thin films prepared by Aqueous Chemical Growth from precursor
solutions of pH 0.54, 0.64 and 0.91.

The wetting angles the solution had with the glass slides and presence of organics within the
precursor solution inclined at 70˚ to the horizontal account for the formation of smooth films on the
front side of the glass slides and rough films on the reverse sides. It is the author’s opinion that the
formation of rough, less continuous films on the reverse side is due to the fact once the WO3
structures nucleate and reach a critical mass the adhesive forces that bind them to the glass slides
are overcome by the pull of gravity so that they fall off the surface of the bottom sides of these
substrates. The gel-like polymer formed on the surface due to the presence of organics however
helps to minimize this detaching effect of gravity as it binds more strongly some of the WO3
particles preventing them from being sheared off the surface of the slides.
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Smooth
film on
front side
of top
slide

PG slides
placed
back-toback
Rough, highly
gelatinous film
on reverse side
of bottom slide

Figure 4.1.3. Schott® vessel containing PG glass slides arranged to demonstrate the
formation of smooth and rough WO3 films during ACG.
The deposition of thin films on both sides of a single glass slide posed problems in accurate
determination of the optical properties using a UV-Vis-NIR spectrophotometer. To avoid this
problem 2 plain glass slides held back-to-back (see Fig. 4.1.3) were inserted into the PTA precursor
solutions held in Schott glass bottles. In this manner the surfaces at the interface between the 2
glass slides escaped wetting while the exposed front and back surfaces which were in contact with
the precursor solution is where the thin films grew. Separation of these 2 glass substrates postsynthesis yielded a plain glass slide in which one surface was covered with a thin continuous film
(smooth) and another in which one surface was covered with a highly gelatinous thin film
sometimes discontinuous (rough). A closer look at both surfaces using Scanning Electron
Microscopy revealed that both type of films were indeed rough with the ‘smooth’ ones being more
compact (less spaces in between) in the arrangement of basic repeating structures (vertically
aligned nanoplatelets, 3-d hierarchically arranged nanoplatelet-containing spheres or balls) on their
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surfaces and the ‘rough’ ones being less compact in that regard (having more spaces in between the
basic repeating structures)
4.1.2. FT-IR for chemical bond speciation
The formation of rough and smooth films was substantiated by FT-IR spectroscopy (Fig. 4.1.4)
which probed WO3 ‘rough’ and ‘smooth’ thin films after annealing at 400 ˚C. The rough thin film
showed a broader peak in the 3200 cm-1 region synonymous with the trapping/adsorption of more
atmospheric moisture than the ‘smooth film’ due to its rougher surface. The rough film also
showed a weak but prominent peak at 1600 cm-1 (see full circle in Fig. 4.1.4) which can be ascribed
to the presence of a C=O group arising from the condensation of organic polymers to form the
highly gelatinous thin film typically formed on the bottom side of the glass slides held back-toback. The broad peaks in the region between 450 and 1000 cm-1 represent the O-W-O and W-O-W
bending and lattice vibrations while the peaks between 1900 and 2700 cm-1 (see broken oval in Fig.
4.1.4) represent vibrations due to the presence of residual moisture and CO2 in the Perkin Elmer
spectrometer used.

Smooth film

Rough film
(highly gelatinous)

Figure 4.1.4. FT-IR spectrum of the WO3 smooth films (black line) and rough films (blue line)
collected post annealing at 500 ˚C in Attenuated Total Reflection mode.
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4.1.3. Growth Mechanism of Nanoplatelets
The formation of nanoplatelets instead of nanowires as has been widely reported in numerous
hydrothermal and sol-gel synthesis methods using surfactants and templating agents was observed
in this research [25, 26]. This could be explained by the fact that these surfactants and templating
agents blocked growth in the basal plane (a-b direction) of the WO6 octahedra allowing for stacking
of successive WO6 octahedral layers in the c-axis direction [25, 27]. The high occurrence of
nanoplatelets whether vertically aligned or in hierarchical arrangements suggests at least that
growth in the c-direction of WO6 octahedra is less energetically favourable when compared to
growth in the a-b direction. Unless constrained by external forces or agents such as the surfactants
or templates which hinder growth along the a-b direction (equatorial plane) of WO6 octahedra by
binding to the O-atoms in the equatorial (basal) plane of the WO6 octahedra, WO6 octahedra will
bind to each other through W-O-W along the edges of the equatorial plane to form nanoplatelets.
The formation of hierarchical flower like structures and the aggregation of nanoplatelets helps to
reduce the surface energy on the plain glass substrates. Most of the thin films reported here were
grown for a period of 18 h and above, the objective at the time being to ensure that well developed
films were grown. This however does not imply that the films could not be grown in shorter
periods.
4.1.4. Crystallinity of the WO3 thin films
We observed that polycrystalline films prepared by this sol-gel based method were not completely
crystalline. They usually consisted of a larger proportion of crystalline WO3 (c-WO3) embedded in
a smaller proportion of amorphous WO3 (a-WO3). In such samples the amorphous WO3 is
considered to be structurally similar to the crystalline WO3 but lacking in sufficient 3-dimensional
order to be detected by the X-ray diffractometer [28]. When some of the samples were analyzed for
XRD before annealing at higher temperatures we observed a tendency towards mono-crystallinity
with a small amount of amorphicity. These films however after annealing were observed to be
largely polycrystalline. The only reason we can advance for this is that before annealing the
nucleation and growth in the precursor solution under the same conditions of temperature and
pressure resulted in a significant proportion of deposited WO3 crystallites growing in a similar
orientation while a smaller proportion of the particles deposited remained amorphous because they
did not attain sufficient critical volume to present a detectable 2 or 3-ordered form. This however
164

was substantially altered once annealing took place as amorphous crystallites began to aggregate
forming particles of different sizes and orientation that underwent phase transformations
characteristic of the temperature range in which annealing took place, thus a higher level of
polycrystallinity than before. P.M.S. Monk makes mention of this phenomenon in his review [28].
X-Ray Diffractograms represented in Fig. 4.1.5 below show that crystalline WO3 thin films could
be grown in 8 - 9 h.
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Figure 4.1.5. X-Ray Diffractograms of WO3 thin films prepared from PTA solutions of pH
0.48 and 0.89.

The thin films represented in Fig. 4.1.5 above consisted of WO3 prepared from a PTA solution of
pH = 0.48 and pH = 0.89. WO3 in these films could be indexed respectively to the orthorhombic
(JCPDS card no: 20-1324) and hexagonal (JCPDS card no: 33-1387) phases. These films were
characterized after annealing the as-synthesized films for 1 - 2 h, at 500 ˚C in air.
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Figure 4.1.6. X-Ray Diffractograms of WO3 thin films prepared from PTA solutions of pH
0.23, 0.44 and 0.91.

In Figure 4.1.6 x-ray diffraction profiles of thin films grown for 18 h and above are shown. The
results presented show the crystal structure of WO3 thin films prepared from PTA solutions of low
pH = 0.23, 0.44 and 0.91. The results presented here were also obtained after the samples had been
annealed at 500 ˚C for at least 1 - 2 h. These showed WO3 to be primarily in the hexagonal,
monoclinic and cubic phase, at room temperature. The formation of what should be metastable
hexagonal WO3 can be explained by the diffusion/migration into the WO3 thin films, this across the
glass/WO3 interface, of Na found in the plain glass microscope slides. Intercalation of the
interstitials in metastable hexagonal WO3 with Na atoms/ions helps to stabilize the hexagonal
phase. The formation of the metastable hexagonal phase is also much more likely to occurr in solgel preparation methods in which hydrated WO3 (WO3.1/3H2O, H2WO4) is formed. Dehydration of
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this tungsten oxide hydrates results in the formation of hexagonal WO3 [29 - 31]. On a number of
occasions we found WO3 thin films with cubic/triclinic crystal structures. It is my opinion that
these cubic phases may also have been stabilized by the doping effect of Na ions as well as K or
Ca ions that could have migrated from the glass substrate’s surface into the WO3 thin films, during
annealing at 500 ˚C. The presence of these ions was evident in the EDS-SEM profile of some of
these thin films (Fig. 4.1.7). The presence of C could be ascribed to organic residue found in the
both the smooth and rough films. The presence of Cl can be ascribed to the use of 1 - 3 ml of 1M
HCl instead of H2SO4 for the purpose of increasing the acidity of the precursor solution below pH
= 2.21.
Element
C
O
Na
Si
K
Ca
Fe
W
Total:

Atomic
%
26.92
49.4
1.98
3.57
0.78
0.75
0.33
16.26
100

Figure 4.1.7. EDS-SEM of a WO3 thin film synthesized by Aqueous Chemical Growth
From the EDS profile above it can be said that the WO3 thin film investigated by EDS was
stoichiometric as the W/O ratio was 1:3.04. The thin films represented in Fig 4.1.6 above will be
discussed in greater detail in sub-sections 2 and 3 that follow.
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4.1.5. Thermogravimetric Analysis (TGA) of a WO3 thin film by ACG
TGA (Fig. 4.1.8) was carried out on WO3 (10.85 mg) from an already annealed thin film
synthesized by ACG while ramping from 25 - 950 ˚C at 10 ˚C/min. The flow rate of air and N2
through the furnace was 60 ml/min and 30 ml/min respectively. Upon heating the WO3 sample was
observed to rapidly lose weight between 25 and 100 ˚C, then less rapidly with a less steep gradient
from 200 to 400 ˚C. The weight loss between 25 and 100 ˚C can be ascribed to the loss of surface
adsorbed H2O and water between WO3 layers (dehydration). That between 200 and 400 ˚C can be
ascribed to the removal of waters of crystallization and organics. The slope from 400 to ~ 815 ˚C,
of an even less steep gradient can be ascribed to the removal of OH- groups (dehydroxylation) and
organics that may not have dissolved at a lower temperature due to the fast ramp rate.
: TGA: WO3-PG (ACG)
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Figure 4.1.8. TGA of a representative WO3 thin film synthesized by ACG.
Only after the temperature 815 ˚C did the weight of the WO3 films remain constant indicating the
end of all oxidative reactions between the sample and air. The total weight loss between 25 and 950
˚C amounted to 3.44%. This suggests that the waters of hydration and any organics present even if
in the form of a very thin polymer film as mentioned in section 4.1.1 constituted a very small
percentage of the WO3 thin films produced by Aqueous Chemical Growth.
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4.1.6. Differential Scanning Calorimetry (DSC) of a WO3 thin film prepared by ACG
DSC (Fig. 4.1.9) was carried out between 0 and 450 ˚C while ramping temperature at 19.96 ˚C/min
The N2 and air flow rates were both 25 ml/min. The endothermic peak (due to an increase in
heatflow into the system) observed in step 1 at about 17 ˚C, between 0 - 70 ˚C, could be ascribed to
the desorption from the thin film of surface adsorbed H2O molecules. This explains the sharp loss
in weight of the sample upon heating within the region of 35 - 100 ˚C, as observed in TGA above.
The exothermic peak at 70 ˚C could be ascribed to the conversion of any residual amorphous WO3
in the sample to a crystalline form. [32] The rise in heat flow as observed moving from 120 - 450
˚C could be ascribed to desorption of interlayer H2O molecules, waters of crystallization and the
volatilization of organics present in the thin film. The drop in heat flow in the reverse cycle could
be attributed to possible contractions as WO3 crystals in the thin film cooled down and
thermodynamically stabilized releasing in the process, heat. The DSC system compensated for this
slight release of heat energy by reducing the heat flow into the system.
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Figure 4.1.9. DSC of a representative WO3 thin film synthesized by ACG.
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The observation of an increase in heat flow in the second ramp to 450 ˚C suggests that some
endothermic processes were still going. This suggests that the first ramp did not completely remove
the waters of crystallization and organics present in the sample. This evidence was corroborated by
TGA plot (Fig. 4.1.8) which showed that weight loss continued to occur in the sample even
between 450 and 825 ˚C. This lent strong evidence to the formation of a thin polymer film
alongside WO3 crystal structures on both sides of the plain glass substrates.
4.1.7. Investigation of the conductivity behaviour of WO3 thin films (synthesized by ACG)
using I-V characterization
Tungsten trioxide can exist in the stoichiometric, non-stoichiometric or over stoichiometric form.
In the stoichiometric and over-stoichiometric forms WO3 with its wide band gap, generally
between 2.6 eV and 3.5 eV, tends to be resistive or insulating. In atmospheric conditions however
WO3 films tend to be non-stoichiometric instead of stoichiometric, the former phase being more
energetically favourable than the latter [33]. This non-stoichiometric characteristic is caused by the
presence of oxygen vacancy point defects which leave an excess of electrons that render WO3
intrinsically n-doped. The excess electrons which are the major carriers are localized on W ions
near the oxygen vacancies [34]. Under the influence of an applied electric field or increases in
temperature these electrons can be transported along the films by hopping from one W ion to the
next. The formation of oxygen vacancies can be represented by the equation below:
Oox   Vox + 1/2O2(g)

(1)

where Oox is a neutral oxygen atom residing in an oxide site, Vox the neutral oxygen vacancy
containing two trapped electrons. These trapped electrons located within states in the band gap can
with temperature increases be excited into the conduction band leaving behind doubly ionized
oxygen vacancies Vo2+.
Vox   Vo2+ + 2e-

(2)

Oox   Vo2+ + 2e- + 1/2O2(g)

(3)
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The excitation of these electrons into the conduction band convey to non-stoichiometric WO3 their
n-type semiconductor behaviour. This we observe in the I-V curves obtained for the WO3 thin films
on glass, prepared by ACG.
The I-V characterisation was carried out in air, at room temperature using a four-point probe
collinear Keithley Source meter. All the WO3 thin films investigated here were previously annealed
at 500 ˚C for 1-2h.
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Figure 4.1.10. I-V characterization profiles of (a) bare glass (b) WO3 thin film prepared at
pH = 0.44 (c) WO3 thin film prepared at pH = 0.54 (d) WO3 thin film prepared at pH = 0.64.
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I-V characterization of the bare glass surfaces should show that the bare surface is highly insulating
(i.e no current flows through in either forward or reverse bias). A breakdown voltage in forward
bias however occurs at 2.0 V while one in reverse bias occurs at -1.25 V. This surprisingly low
break down voltage for a glass substrate may be due to a dissociation and ionisation of surface
adsorbed moisture on the glass surface. I-V characterization of the WO3 thin film on plain glass
(PG) prepared at pH = 0.44 reveals a more semiconductor-like behaviour with the observation of a
small current occurring in forward bias between 0.2 V and 6.0 V. Breakdown voltage occurs at
16.0 V in forward bias and an avalanche of electrons is promoted into the conduction band giving
rise to the dramatic increase in current to 5 mA. The behaviour of this thin film between say -19.0
V and 20.0 V where an avalanche of current is produced resembles that of p-n junction diode in
which current flows essentially in one direction. Reverse bias shows a somewhat asymmetric
behaviour almost no current flowing in reverse bias until the breakdown voltage of -20.0 V. A
maximum current of ~ 5 mA is observed at this breakdown voltage and a sweep of voltage in the
forward direction (-15.0 V to -5.0 V) sees a stable current of -5 mA generated.

The I-V

characterization for this film was carried out post repeated cycles of H2 then CO sensing within the
200-350 ˚C window. The possibility that this may have influenced the surface chemical states
hence the electrical properties of this thin film should not be excluded.

To cater for this possibility I-V characterization was carried out on a pristine thin film of WO3 on
PG prepared at pH = 0.64 which to the best of my memory had not been employed for sensing of
any sorts. A similar behaviour however was recorded for this thin film. Here, the breakdown
voltage in forward bias was lower, 17.5 V, suggesting a lesser energy barrier to be overcome for
excitation of electrons from the valence band (O2p orbitals) into the conduction band (5d orbitals
of W6+). The observation, in forward bias, of a small current between 0.1 and 1 mA as the Voltage
is swept from 0 to 15.0 V is synonymous with the presence of n-type conductivity created by the
existence of oxygen vacancies, Vox. Under the influence of an applied electric field the two trapped
electrons within these neutral oxygen vacancies become excited, hopping into the 5d-orbitals of
two adjacent W6+ ions giving rise to two W5+ ions. The ability of the electrons to hop from one W
ion to the next, in a directional manner, under the influence of an applied electric field generates the
small current observed between 0 and 15 V for this thin film (WO3, pH = 0.64). A similar
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behaviour accounts for the generation in forward bias of an imax of ~ 0.5 mA, between 0 and 16.0
V for the WO3 thin film prepared at pH = 0.44.
The WO3 thin film prepared at pH = 0.54 shows even stronger n-type semiconductivity with a
comparatively large observable current (~ 1.7 mA) already present at 0 V. This suggests that
thermal energy supplied to the system at room temperature is sufficient to generate an appreciable
amount of current even without the application of an electric field. This type of behaviour could
also be photoinduced through the absorption of radiation from sunlight. In the forward bias the
current is observed to gradually rise to a maximum of 5 mA, at 10.0 V. This voltage is half that
needed to generate an equivalent current in the WO3 thin films prepared at pH = 0.44 and 0.64.
This gives credence to the fact that this WO3 film prepared at pH = 0.54 has a strong n-type
semiconductor character than the two other films discussed before.

Reverse bias shows some

unusual behaviour for the I-V curves above which might be a consequence of the high bias voltages
applied. High bias voltages can induce temperature rises within the sample that can give rise to
migration of bulk defects such as Oxygen vacancies and surface adsorbed oxygen ion species.[35,
36] These changes in bulk and surface properties of the WO3 thin films could account for the
departure from ideal behaviour observed in the samples.

The results presented in this section have as primarily goal to help show that WO3 thin films as
synthesized in by Aqueous Chemical Growth are largely n-type semiconductor materials. This
property is one that is critical for gas sensing which shall be reported on in Chapter five. It is
important to note here that the unusual behaviour of the thin films in reverse bias was repeated over
a different number of measurements on different parts of the samples.

As already mentioned our goal with this technique was not to generate accurate I-V profiles of the
WO3 but to find out if I-V measurements using a 4-point collinear probe will give us sufficient
information on the semiconductor nature of the WO3 thin films prepared by ACG.
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Figure 4.1.11. I-V characterization of protonated WO3 powders prepared by ACG at (a)
room temperature and (b) liquid N2 temperatures.
In the plots above, WO3 thin films prepared by ACG on plain glass and annealed at 500 ˚C for at
least 8 – 12 h, were scraped off their substrates and protonated into a blue coloured bronze through
the action of 1M HCl on Zn pellets.

The blue coloured HxWO3 bronze obtained was I-V characterized at room temperature (Fig
4.1.11a). In general the I-V curve obtained bore similitude to a material with semi-conductor
properties as the current measured whether in forward or in reverse bias increased only
incrementally until the cut-in-voltages of ± 20.0 V. At these voltages an avalanche of electrons was
generated resulting in a current surge that attained a maximum of 10 mA. Between the cut-involtages of ± 20.0 V an ohmic-type behaviour of the I-V curve was observed. This metallic type
characteristic we can attribute to the formation of tungsten bronze during the protonation of WO3
carried out above. S.K. Deb et al [37] and Zheng et al [38], report the attribution of a metallic
character to semiconducting WO3 upon protonation, this by the simultaneous insertion of electrons
and H+ into the WO6 octahedra. The occurrence of large break down voltages observed at ± 20.0 V
however suggests that protonation occurred only at the surface of the WO3 micro/nanostructured
powders and did not penetrate the bulk of the structures. Being therefore just a surface effect,
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protonation and the associated metallic character did not therefore substantially influence influence
the intrinsic properties of what could have been a semiconducting form of WO3.
When we carried out I-V characterization of the protonated WO3 at temperatures in the vicinity of
liquid N2 temperatures (77K) by cooling the enclosed sample in liquid N2, the suppression of the ntype semiconductor like behaviour (Fig. 4.1.11b) was observed. No current at all was generated in
reverse and forward bias between the breakdown voltages of -20.0 and +20.0 V. This suppression
of semiconductivity can be expected if one considers that n-type conductivity is temperature
dependent.

The semiconductor-insulator type behaviour of this protonated WO3 powder was different from
that of the films probed in Fig. 4.1.10 and may be explained by the fact that the samples were
annealed in air for long periods thereby leading to partial suppression of their n-type
semiconductivity. The process of annealing in air for long periods of time can lead to the migration
of a significant amount of Oxygen vacancies (Vox, Vo2+) to the surface of the particles where they
could readsorb oxygen [39] thereby eliminating/reducing the n-type semiconductivity in the
powder.

4.1.8. Chemical speciation of WO3 thin films on Plain Glass using XPS
To accurately determine what the elemental composition of the thin films we synthesized was, XRay Photoelectron spectroscopy was used. The x-ray photoelectron spectroscopy (XPS) survey
scan for the WO3 thin films on plain glass substrates prepared by Aqueous Chemical Growth, was
carried out in a binding energy range of 0 - 1400 eV, with XPS being able to detect elements at a
depth of 2 - 10 nm.
Explaining XPS binding energies in WO3.
Binding energy represents a measure in electron volts of the strength with which electrons in the
valence shell of an atom or ion are held by its nucleus. The binding energy of an atom or ion is
influenced by the neighbouring atoms or ions and can therefore be used to chemically probe what
types of interactions an atom or ion within a molecule or crystal has with other atoms, ions or
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molecules in its immediate neighbourhood. In WO3 when the W atom gives away its 6 valence
electrons from the 5d subshell to the O2p bands of 3 neighbouring O atoms the electrons in the W
4f subshell become the outermost electrons. These W4f electrons due to an increase in the effective
nuclear charge fill a stronger coulombic attraction of the W6+ nucleus on them than they would
have felt in a pure W metal, thus a greater binding energy for the W4f than it would have felt in
pure W metal. When an Oxygen vacancy (Vox) is created in the vicinity of the W6+ ion an excess of
electrons is left in the vicinity of the W6+ ion resulting in a decrease of the effective nuclear charge
felt by electrons in the W4f subshell, hence a decrease in the binding energy of the W4f electrons
[40,41].
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Figure 4.1.12(a) Wide scan survery of WO3 thin film (b) High energy core level spectrum of
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Figure 4.1.13. XPS high energy core level spectrum for (a) W ions in WO3 and (b) Na.
The C1s peak was used as a reference with its binding energy being at 284.7 eV. From the survey
scan the presence of W, O, and Na in the thin film analysed was confirmed. A low resolution wide
scan survey showing the presence of Na at the surface of the thin film is shown in Figure 4.1.13b.
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From it the W/O ratio was calculated to be 1:3 suggesting that the thin film being probed was
stoichiometric.
High energy core level spectra of the O1s and Wf spin-orbit couplings are shown in Fig 4.1.12b
and Fig 4.1.13a. The x-ray photoelectron peak for the O1s could be resolved into two peaks, the
one of higher intensity lying at a lower binding energy of 530.3 eV while that of higher binding
energy but lower intensity lay at a B.E. of 532.3 eV. The peak at the lower B.E. can be ascribed to
O held in oxygen rich environment such as in WO4 tungstate bonds while the peak at the higher
energy suggests the presence of O atom within a WO3 lattice bonded to an OH- group which has an
electron donating lone pair. The core level spectrum of the W4f shows doublet functions of W
(4f7/2) and W (4f5/2) at B.E. of 35.4 eV and 37.6 eV respectively. The electrons responsible for the
observation of the peak at 35.4 eV are less tightly bound by the nucleus of the W atom than emitted
electrons responsible for the peak at 37.6 eV. The presence of Na within the probed WO3 film is
denoted by the peak at 1071.5 eV. Since no Na salt was used at any point of the synthesis this could
be attributed to contamination during handling or the effect of Na migrating across the glass/WO 3
interface during the process of annealing at high temperatures of 500 ˚C. It is my opinion that the
latter is a more plausible reason for the presence of the 1071.5 eV peak. It is important to state here
that the XPS profile shown here is not an exact representation of every film on plain glass produced
during this film. This would vary according to the exact conditions of synthesis and heat-treatment.

Because the morphology of WO3 thin films grown by Aqueous Chemical Growth is clearly tied to
the type, quality and quantities of reagents used in the synthesis as well as the parameters of
concentration, time and pH, the results presented here after will be preceded by a description of the
manner in which the synthesis was done. These however will only be slight modifications of the
method of Aqueous Chemical Growth already described in Chapter 3.
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4. 2. Structural Characterization of some WO3 thin films on plain glass
prepared by ACG
In the section that follows a description is made of the initial results obtained after discovering that
the method of Aqueous Chemical Growth could be used to grow WO3 thin films on plain glass
microscope slides. The precursor solution that led to the synthesis of this thin film being specific to
the nature of the film obtained (very acidic due to the use of copious amounts of conc. H2SO4 (80
ml), to the point of being vitriolic), is described in chapter 3. The bulk of the results presented here
(sub-section 4.2) have been published in the journal Thin Solid Films [42].

4.2.1.Morphology and elemental analysis using SEM-EDS
SEM images in Fig.4.2.1.1 and Fig. 4.2.1.2 showed that the specific thin film synthesized by ACG
consisted predominantly of nanoplatelets whose thickness lay between 50 nm and 250 nm
approximately and whose width/diameters lay in the sub-micron range (~ 1 - 2 micron). Nanorods
could also be observed albeit in sparse quantities. Square shaped nanoplatelets with right-angled
edges were the prime structures obtained from this synthesis on plain glass substrates (Fig.4.2.1.1).

(a)

(b)

Fig. 4.2.1.1. SEM image showing surface morphology of a sample of WO 3 thin films
containing square nanoplatelets.

Circle-like nanoplatelets with smoothened edges observed in Fig. 4.2.1.2(a) and (b) could be said
to result when the nanoplatelets produced remained in the solution of very low pH for long periods
of time post synthesis. This allowed for etching of platelets as a result of the preferrential
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dissolution of WO3 due to acid attack on the edge and corners of the platelets. In these regions of
the platelets (corners and edges) atoms and ions have the least amount of neighbours (low
coordination numbers), are less cohesively bound to the bulk and therefore more susceptible for
interaction with the ionic species within the precursor solution. The presence of nanorods, not
much though, was also observed.

(a)

(b)

(c)

(d)

Fig. 4.2.1.2 (a) and (b) SEM image showing etched WO3 nanoplatelets obtained from powder
collected at bottom of a glass vessel used in the synthesis. (c)EDS spectrum of WO 3 thin film
on Corning glass. (d) SEM image of WO3 thin film scraped from surface of a plain glass
microscope slide.

Electron Dispersive X-ray Spectroscopy (EDS) showed (Fig. 4.2.1.2c)

that the nanoplatelets

within the self-assembled film consist essentially of oxygen and tungsten atoms and suggests that
the film is of high purity with little or no contamination. Fig. 4.2.1.2d shows a micrograph of a
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WO3 thin film scraped off the surface of a plain glass microscope slide. When on the plain glass
substrates the smooth side of the thin film (annotated) is the side in contact with the microscope
slide while the rough side showing the nanoplatelets is the side exposed to ambient environment
and human observation with the naked eye.

4.2.2. Crystallinity and lattices structures using X-Ray Diffractometry

(a)
WO3 films synthesized by wet chemistry methods are at synthesis, sometimes observed to be semiamorphous in their crystal structure. Because the crystallinity of thick and thin films synthesized by
wet chemical methods is generally known to be enhanced by heat treatment at high temperatures
[43] the WO3 films analyzed here were heat treated in air at 500 ºC, for 1 - 2 h. The X-ray
diffraction profile of WO3 in the thin film measured at room temperature (Fig. 4.2.2.1a) could be
indexed to that of WO3 in the monoclinic phase (JCPDS-ICDD Card No. 75-2072, lattice
parameters a=7.274, b = 7.501, c = 3.824, β = 89.930; and space group symmetry = P21/a). This is
in agreement with Rajeswari et al [44] who report that they produced WO3 nanorods for which
XRD and Raman spectroscopy yield profiles corresponding to monoclinic WO3 and similar to that
encountered in this work. Prominent Bragg peaks of the sample included the (110), (001), (020),
(200), (210), and (410) peaks with the peak intensity of the reflection in the (200) plane being the
strongest when compared to the others. This suggests that the preferred direction of growth within
the specific nanoplatelet thin film was predominantly in the [200] direction.
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Fig. 4.2.2.1 (a). X-ray diffractogram of nanoplatelet WO3 thin film on plain glass microscope
slide; (b) X-ray diffractogram of WO3 powder containing etched-nanoplatelets collected from
the bottom and walls of a screw-capped Schott ® glass vessel.

XRD measurements carried out on powder of the slurry containing etched platelets showed WO3 to
be in the triclinic or cubic phase (Fig. 4.2.2.1b). The broadness of the peaks suggest that WO3
collected as a powder from the bottom and walls of the Schott
amorphous state.
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®

glass vessel was in the semi-

4.2.3. Morphology and Crystallinity using TEM, High Resolution TEM & SAED
Samples of the thin film containing monoclinic WO3 were scraped off the glass substrate and
ultrasonicated in MeOH for 10-15 min, after which aliquots of the WO3-containing MeOH were
dropped unto a copper grid, left to dry under a hot lamp and then inserted into both a TEM and a
High Resolution Transmission Electron Microscope (HRTEM). From TEM (Fig. 4.2.3.1a;c) a
distribution in high yield of WO3 nanoplatelets with a square-like aspect could be observed. The
thickness of the platelets made them less transparent to the electron beam. The dimensions of the
length and width of the nanoplatelets could however be observed and were in tens of microns and a
few hundreds of nanometers respectively. HRTEM (Fig. 4.2.3.1b) for a small fragment of what
could be nanorods or platelets showed well resolved lattice fringes that confirm that the WO3
nanostructure under observation was highly crystalline in nature. The calculation of spacings
between the lattice fringes using Image J software was estimated at 0.345 nm which is close to the
d-spacing of 0.379 nm for monoclinic WO3. SAED (Fig. 4.2.3.1d) on powdered samples of the
nanoplatelet-containing films put in evidence crystallinity within the powder sample of WO3
nanoplatelets investigated as shown by well ordered reflections represented by diffraction spots
along the 45 ˚C diagonal of the SAED diffractogram. The appearance of multiple rings
(Fig.4.2.3.1d) though blurred suggest that WO3 in the film was polycrystalline. The appearance of
blurred rings in the background of Fig. 4.2.3.1d could also arise from diffraction of the electron
beam when it interacted with amorphous carbon found in the holey carbon film support. HRTEM
in Fig. 4.2.3.2e shows the existence of WO3 nanorods amidst the platelets.
The deposition of semi-amorphous WO3 powders at the bottom of the Schott® reaction vessel can
be ascribed in part to homogeneous nucleation and consequent precipitation of WO3 nanoparticles
out of the precursor solution (a mixture of acidified Peroxotungstic acid, iso-propanol and
deionized water).
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(a)

(b)
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(c)

(d)
(110)

(020)

(-110)
(-020)

(e)

Figure 4.2.3.1. (a) TEM image of clusters of WO3 nanoplatelets (b) High Resolution TEM
showing lattice spacings in the WO3 sample (c)TEM image of a single WO3 nanoplatelet with
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nanorod like structures in the foreground (d) SAED pattern of WO 3 nanoplatelet showing
diffuse rings (e) HRTEM image of WO3 nanorods.
4.2.4. Purity and bond types of WO3 by FT-IR & ATR
Fig. 4.2.4.1 shows the FT-IR spectrum of one of the WO3 nanoplatelet-containing films on glass,
carried out in the 400 - 4000 cm-1 spectral range, after calcinating the films in air at 500 ◦C. The
500 - 1000 cm-1 is a clear finger print region for framework O-W-O, W-O-W symmetric and
antisymmetric vibrational stretching and bending modes [45,46,47]. The stretching and bending
modes in this region are due to O-W-O, W-O-W bonds and O-lattice vibrations and are more
clearly resolved in the complimentary method of Attenuated Total Reflection (ATR) shown in Fig.
4.2.4.2.
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Figure 4.2.4.1. FT-IR spectrum of WO3 thin film on plain glass containing square shapednanoplatelets. Peaks in circle and oval are due to residual CO2 and H2O trapped in the FTIR spectrometer used.
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Figure 4.2.4.2. FT- Attenuated Total reflection (ATR) spectrum of WO3 thin film containing
square shaped-nanoplatelets grown on plain glass.
The slightly broad peak observed at ~ 3217 cm-1 of the FT-IR spectrum can be assigned to O-H
stretching bonds and could be attributed to the presence of water adsorbed on the surface of the
WO3 films after calcination or the existence of WO3 in the hydrated form. Stretching and bending
of O-H takes place in W-OH bonds that are formed when O-H bonds strongly to surface oxygen
atoms or surface adsorbed water molecules [45]. The low intensity of this peak suggests that the
presence of H2O may only be a surface phenomenon and not the inclusion of H2O molecules into
the bulk/bond structure of the films. The absence of a complimentary characteristic peak at 1650
cm-1 due to H-O-H bending as observed in WO3 thin films prepared by sol-gel and
electrodeposition techniques strongly suggests that there is no water incorporated into the bulk of
the WO3 films or that] any water of crystallization present in the sample was completed evaporated
during the calcination process such that calcined sample was made water-free [7]. The presence of
moisture is known to limit the sensing ability of WO3 and other conductometric n- and p-type
semiconductors by competitively hindering the adsorption of O2 molecules and the corresponding
redox exchanges responsible for electron depletion at the surface of the films [34, 48]. The
presence of moisture (water) in the FT-IR spectrum is likely a result of water being adsorbed from
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the surrounding atmosphere and entrapped in the pits found in the rough surface of the films.
Heating the samples to gas sensing temperatures above 200 ˚C should allow for the desorption of
surface-bound H2O molecules. FT-IR peaks marked with a circle and oval are due to residual H2O
(2514.63 cm-1) and CO2 (doublet peak, 2031.61, 1976.83 cm-1) trapped in the FT-IR spectrometer
used. The triangle shaped peak at 2159.72 cm-1 emanates from contributions made by Si embedded
in the SiO2-containing glass substrates.

4.2.5. Electronic structure and vibrational state of WO3 using Raman Spectroscopy
The Raman spectrum (Fig. 4.2.5.1.) of a sample of the WO3 nanoplatelet-containing thin film
carried out at room temperature showed five peaks which could be observed at 137, 265, 330, 690
and 813 cm-1.
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Figure 4.2.5.1. Raman spectrum of WO3 square-shaped nanoplatelets grown on plain glass.
Comparison of the spectrum with that recorded in the literature [44, 47, 49] helps in confirming
results obtained from XRD analysis which show that WO3 within the sample is in the monoclinic
phase and is made up of W-O-W bonds that connect O-W-O microcrystalline clusters possessing
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terminal W=O bonds at their surface. The peak observed at 137 cm-1 can be attributed to lattice
vibration of crystalline WO3 [29] while peaks occurring at 265, 330 cm-1 can be attributed to W-OW and O-W-O vibrations in the bending mode [47]. Those observed at 690 and 813 cm -1 could be
attributed to W-O-W vibrations in the stretching mode with the shorter W-O-W bonds responsible
for the peak at 813 cm-1 and the longer bonds being responsible for the peak at 690 cm-1 [47].
4.2.6. Hydrogen sensing potential
Fairly thick films of the nanoplatelet-containing slurry collected at the bottom of the Schott glass
vessel were prepared by drop coating the slurry on microscope glass slides, then annealing this in
air for 1 - 2 h at 500 ˚C yielding a hardened film of thickness in the order of 5 - 10 μm. The film
showed potential for H2 sensing (Fig. 4.2.6.1) at 300 ˚C with changes in its resistance being less
than one order of magnitude upon H2 insertion and removal from the gas sensing chamber.
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Figure 4.2.6.1. Hydrogen sensing of a thin coating made from a slurry of WO 3 powder
collected from the bottom of a Schott® vessel after Aqueous Chemical Growth.
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Response time upon introduction of 200 ml/min of H2 gas, was observed to be 2.5 mins while the
recovery time was 6.6 min for the initial cycle of hydrogen absorption desorption, i.e. recovery
time was twice the response time. The response and recovery times were measured as the time it
takes 90% of the total change in resistance to occur during response and recovery cycles. The
sensitivity of the WO3 film, S, was calculated to be 58.6% for the initial hydrogenation cycle, based
on eqn (2) below used for calculating sensitivity in n-type semiconductor metal oxides (SMO),

S = (Rair-Rgas) x 100 / Rair

(2)

where Rair is the baseline resistance and Rgas is the resistance of the SMO upon interaction with the
gas analyte. When calculated using S = Rair/Rgas, S = 2.92 in the initial hydrogenation cycle and
3.46 in the second.The low sensitivity in the drop-coated nanoplatelet-containing film may be
ascribed to the fact that the deposition and annealing of the drop-coated slurry resulted in a more
compact, less ordered film with less surface area available for interaction with H2 as opposed to
what could be encountered in the self-assembled film grown by heterogenous nucleation on the
microscopic glass slides. The compact nature of the drop-coated thin film did not allow for
sufficient pores/voids available for H2 diffusion in and out of the film. Interaction of H2 with WO3
molecules at the surface of the film allowed for the low sensitivities experienced. Coating of the
WO3 thin films with thin films of Pd/Pt should result in thin films able to sense H2 at lower
temperatures close to room temperature.
4.2.7. Summary
In this section it was reported how a polycrystalline thin film of WO3 nanoplatelets was grown unto
plain glass microscopic slides through heterogenous nucleation of WO3 nanoparticles in a PTA
precursor solution. XRD showed that the WO3 in the thin film had an average crystallite size of 9
nm and exhibited a monoclinic phase. WO3 powder collected at the bottom of the Schott® glass
reaction bottles, post calcination at 500 ˚C, was observed to be in the triclinic/cubic phase. EDS,
FT-IR and ATR demonstrated that the films were of high purity, free of organic contamination, and
exhibited vibrational profiles typical of WO3. Raman spectroscopy confirmed the existence of WO3
in the thin film on plain glass slides as being in the monoclinic phase. We showed in this section
that the nanoplatelet-containing WO3 powders produced as a by-product of the ACG process had
potential for hydrogen sensing at 300 ˚C.
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In the next section that follows, the structural and optical behaviour of three WO3 thin films
prepared from Peroxotungstic Acid (PTA) precursor solutions of pH = 0.23, 0.44 and 0.91 is
described. An attempt is made to correlate the optical behaviour of these thin films to the
morphological characteristics observed using SEM and AFM. Results on the reflectance as well as
the photoluminescent properties of WO3 thin films prepared at pH = 0.44, 0.54 and 0.64 are also
presented and attempts made to explain this in terms of their morphological properties.

4.3. Structural and optical behaviour of WO3 thin films prepared from PTA
solutions of pH = 0.23; 0.44; 0.54; 0.64 and 0.91.
4.3.1. Sample Preparation
In a typical manner of synthesis W powder (Sigma Aldrich, 99%) was mixed with 30% H2O2 in an
ice-cooled reaction bath over a period of 48 - 72 h until the metal powder was completely
dissolved. The Peroxotungstic acid (PTA) mixture which resulted from the exothermic reaction was
decanted and allowed to age for 7 days time in which excess H2O2 within the mixture was expected
to completely breakdown. To 80 ml of PTA was added 60 ml of distilled water and 60 ml isopropanol on a 1:1 v/v ratio. The resultant mixture was then placed in different Schott® reaction
bottles and acidified using varying amounts of 2 - 3 ml of conc. H2SO4 acid till the reaction
mixture attained the desired pH. In the case of the samples analyzed here pH = 0.23, 0.44, 0.54,
0.64 and 0.91. Plain glass microscope slides ultrasonically cleaned for periods of 10 - 15 mins each
by using MeOH, acetone and distilled water in that order were dried with Ultra High Purity N 2
(Afrox) and vertically placed into the Schott® bottles containing the acidified PTA-isopropanoldistilled water mixtures. Once tightly sealed the Schott® vessels were placed in an ordinary
laboratory oven pre-heated to 95 ˚C for periods of 18 h each, after which the glass slides coated
with thin white to greenish-yellow films of WO3 were taken out of the Schott® bottles and rinsed
gently with distilled water. As previously mentioned the thin films on plain glass were generally
observed to be bright orange-yellow upon removal after annealing at 500 ˚C for 1 - 2 h, after which
they returned to greenish-yellow upon cooling.
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4.3.2. Morphology and elemental analysis using SEM-EDS
SEM images in Fig.4.3.2.1a;b show the surface morphology of the WO3 thin film synthesized by
ACG at pH = 0.23. From observation the surface of the thin film is at least 55% covered with
hierarchical desert-rose like structures made up of an agglomeration of nanoplatelets. For all the
samples the nanoplatelets observed were in the shape of square platelets cut into about half along
any one of the diagonals. The nanoplatelet-halves grew out of the faces of each other at about 45˚
to the normal of each platelet. The diagonally truncated nanoplatelets had thicknesses that lay
between 110 nm and 480 nm approximately while their width/diameters lay in the sub-micron
range ~ 800 nm - 1.5 microns (Figure 4.3.2.3). Nanorods could also be observed with their lengths
in the 4 - 9 microns range and their diameters in the 50 nm range. Evidence obtained from SEM
images show that only a monolayer of WO3 desert-rose structures was deposited on the thin film
prepared at pH = 0.23 and pH = 0.91. This is consistent with SEM images of other WO3 thin films
prepared by the same method at pH < 2. Figure 4.3.2.1b shows in the background a very fine
film of what must be highly amorphous WO3 originating from the precipitation of nanometersized WO3 colloidal particles out of the precursor solution, covering the plain glass substrate. In it,
can be seen embedded WO3 nanorods as well as the desert-rose structures which grow well above
the surface of the very fine film.

In Figure 4.3.2.1c and (d) the WO3 thin films prepared by ACG at pH = 0.44 can be seen to be
granular in texture with particles whose sizes are small enough to be termed semi-amorphous. XRD
in section 4.3.5, Fig.4.3.5.1c, gives evidence of semi-amorphicity in this thin film. Short, broken
rod like structures can be seen to protrude out of the highly granular semi-amorphous thin layer of
WO3. Figure 4.3.2.1(e) and (f) shows that the WO3 thin film prepared at pH = 0.91 is made
predominantly of almost-vertically aligned nanoplatelets with no specific orientation arrangements.
In the background, dispersed among the vertically aligned platelets, are granules of WO3 whose
particle size could be in the nanometer range. Attempts at growing WO3 thin films at pH of 7 and
11 by doping PTA precursor solutions with 0.5 ml and 1 ml solutions of 1M NaOH failed to result
in the growth of WO3 thin films on glass. This suggests that the precipitation of WO3 from PTA
precursor solution is favoured in acidic conditions a finding which is supported by a number of
workers [50, 51].
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(a)
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(f)

l
Figure 4.3.2.1. WO3 thin films as grown by ACG, on Plain Glass at pH = 0.23 (a) low
magnification (10,000 X) and (b) high magnification (20,000 X); pH = 0.44 (c) low
magnification, (d) high magnification; pH = 0.91 (e) low magnification and (f) high
magnification.
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Figure 4.3.2.2. SEM-EDS of WO3 ACG thin films synthesized at (a) pH = 0.23 (b) 0.44 and (c)
0.91.
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Figure 4.3.2.3. SEM showing WO3 nanoplatelets (prepared at pH = 0.23) scraped of a PG
slide.

Electron Dispersive X-ray Spectroscopy (EDS) showed that the nanoplatelets within the selfassembled film consist essentially of oxygen and tungsten atoms (Figure 4.3.2.2) suggesting that
the film is of high purity with little or no contamination. Carbon observed in the EDS profile of the
thin film synthesized at pH = 0.44 (Figure 4.3.2.2 (b-1)) emanates from contributions made by the
carbon tape used for immobilizing the powder of the thin film. In all the samples the ratio of the
atomic weight% of W to O is 1:4. This suggests that the outer-surfaces of the WO3 thin films were
oxygen-rich, over-stoichiometric, thus possessing less oxygen vacancies. This observation must
however be considered against the backdrop of the fact that EDS is not the best method for
quantitatively determining chemical species within a thin film.

The presence of voids in between the nanostructures plus the desert-rose like shape of the micronanostructures could be beneficial when the thin films are employed for gas sensing as this
enhances the surface area and the porosity of the films resulting in an increase in surface area and
active sites available for gas sensing.
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4.3.3. Determination of Crystallinity and lattices structures using X-Ray Diffractometry
To determine the crystallinity and lattice structures of the WO3 thin films prepared at pH = 0.23,
0.44 and 0.91, x-ray diffraction analysis was carried out (Figure 4.3.3.1) within 10 - 90˚ 2theta
Bragg angles. The thin films prepared at pH = 0.44 and 0.91 were observed to be polymorphic
being indexed as hexagonal (JCPDS card No. 033-1387) with strong intense reflections in the
(100), (001), (200), (111), (201), (220), (202), (400) and (401) planes, and cubic (JCPDS card No.
041-0905) with reflections in the (100), (110) and (210) planes. The thin film prepared at pH = 0.23
was indexed as cubic (JCPDS card No. 041-0905) with fairly broad reflections in the (100), (110)
planes; the (210) peak at ~ 55.26˚ being extremely weak. The broadness observed at 2θ = 23˚ in
the XRD profiles of all three thin films can be attributed to the contributions from the amorphous
glass substrates on which the films were grown. By spectrally correcting for the background the
impact of these on calculations of the average crystallite size in the thin films was reduced.
Average crystallite size for these films were calculated using the Debye-Scherrer formula [53],

d = 0.9λ/βcosθβ

(3)

wherein d is the particle size and λ, β, θβ are respectively the x-ray wavelength, the Bragg
diffraction angle and the Full Width at Half Maximum (FWHM, in radians) of the Bragg peaks.
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Figure 4.3.3.1. XRD profiles for thin films of WO3 nanoplatelets synthesized by Aqueous
Chemical Growth at (a) pH = 0.23; (b) pH = 0.44; (c) pH = 0.91.
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The average grain size for the film prepared at pH = 0.23 was estimated to be 9 nm while that for
the films prepared at pH = 0.44 and 0.91 was estimated to be 17 nm respectively. Preferred
direction of growth in the films with WO3 in the polymorphic phase (hexagonal-cubic) was in the
(200) plane while in the thin film prepared at pH = 0.23, WO3 was in the cubic phase with the
preferred direction of growth being in the (100) plane.
Hexagonal WO3 is known to have a more open structure than cubic WO3. This makes it a more
likely candidate for H intercalation as in electrochromism and gas sensing. Both phases of WO3 are
however built of corner-sharing WO6 octahedra with W located in the centre of the octahedral and
O located at the vertices [53]. Hexagonal WO3 is widely accepted to be metastable reverting to a
more thermodynamically stable monoclinic phase at high temperatures such as when annealing
between 400 and 600 ˚C. It has however being reported in a stabilized form in a number of works
dependent

on

producing

WO3

micro-/nanostructures

from

aqueous

sol-gel

chemistry

methods.[29,54] Szilagyi et al [55] showed that hexagonal WO3 can only be stabilized through the
inclusion of some ions or molecules in their hexagonal channels. The high occurrence of
hexagonal WO3 on both plain glass and FTO substrates after annealing at 500 ˚C as found out in
this work can be explained as being assisted by the inclusion of Na+, K+ in the channels of
hexagonal WO3 and also the presence of OH- groups and H2O molecules. The occurrence of cubic
WO3 which from a purely stoichiometric point does not exist could be explained as being due to a
stabilisation effect brought about by cations such as Na+, K+, or water. Kustova et al [56] report the
stabilisation of cubic WO3 through the action of water which supports the hypothesis above.
4.3.4. Morphology and Crystallinity using TEM, High Resolution TEM & SAED
Samples of the WO3 thin film prepared at pH = 0.23 were scraped off the glass substrate and
ultrasonicated in MeOH for 10 - 15 mins, after which droplets of the WO3-containing MeOH were
placed on a copper grid, dried, then inserted into both a TEM and High Resolution Transmission
Electron Microscope.
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Figure 4.3.4.1 (a) TEM image of clusters of WO3 nanoplatelets; (b) SAED showing the
occurrence of multiple concentric rings in polycrystalline WO3 sample; (c) TEM image of a
single WO3 nanoplatelet with lattice fringes in the foreground; (d) SAED showing single
crystal diffraction spots from two overlapping nanoplatelets.

From TEM in Figure 4.3.4.1 (a) a distribution in high yield of WO3 nanoplatelets with a squarelike aspect could be observed. The thickness of the platelets made them less transparent to the
electron beam. The dimensions of the length and width of the nanoplatelets could however be
observed and were in 1 - 2 microns and a few hundreds of nanometers respectively. SAED (Figure
4.3.4.1b) on what are fragments of the WO3 nanoplatelets and nanorods showed partially blurred
yet concentric multiple rings emanating from reflections in the (100), (110) and (211) planes. This
suggests that the WO3 thin film under observation was not only polycrystalline but was also
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partially amorphous and cubic in crystal structure. This is in agreement with the XRD profile
(Figure 4.3.3.1) of the same sample which showed WO3 to be semi-amorphous and cubic. HRTEM
(Figure 4.3.4.1c) showed two overlapping nanoplatelets observed at fairly high resolution with the
lattice fringes not so visible but the ordered texture clear enough. The SAED diffraction pattern in
Figure 4.3.4.1d showed single crystal diffraction spots arising from overlapping nanoplatelets.
Reflections from the (100), (110), (-100) and (-110) were indexed confirming that WO3
nanoplatelets in this thin film were cubic in crystal structure.

4.3.5. Determination of Film thickness and surface morphology using FIB-SEM, RBS and
AFM
The thickness of the films was estimated to lie within the 1 - 3 microns range as observed using
FIB-SEM (Fig. 4.3.5.1a;b) and AFM measurements rough nature of the films and the mobility of
surface particles along a step-edge created by scraping a portion of the film off the substrate did not
allow for an accurate determination of the film thickness using AFM operating in tapping mode.
Observation of a thickness of 2 microns was however made. Estimation of film thickness for
various samples of WO3 thin films via Rutherford Backscattering Spectrometry (RBS) though
carried out was not possible, as RBS profiles (Fig. 4.3.5.2) showed that a clear distinction between
the bottom layer of the metal oxide layer films and the upper layers of the glass substrate was
absent. This may be possible if during calcination at 500 ˚C some mixing must have taken place at
the WO3/glass interfacial layer as a result of Na+ or K+ ion diffusion across the WO3 film/glass
interface into the WO3 crystal lattice. High surface roughness in the films, the large angle scattering
effect thereof, as well as the relative high thicknesses of the films also makes RBS not the best
method for evaluating film thickness, this as a result of straggling [57] which sets a limit to depth
resolution. The presence of heavy metal W (Channel 460), as well as Oxygen (Channel 160) in the
thin films was however observed in the RBS spectrum as seen in Fig. 4.3.5.2.
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Figure. 4.3.5.1. (a) FIB-FESEM image depicting thickness of WO3 thin film prepare
at pH 0.44 and 0.64.
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Figure. 4.3.5.2. RBS profile for a nanoplatelet containing WO3 thin film synthesized by ACG.

4.3.6. Absorbance-transmittance measurements in the UV-Vis-NIR spectral range
Fig. 4.3.6.1 shows the transmission spectra of WO3 thin films prepared by ACG with precursor
solutions of pH = 0.23; 0.44 and 0.91. Discontinuities in these spectra were observed at ~ 354, 560
and 962 nm, and can be ignored as these are due to the spectrophotometer switching between the
UV, Visible and Infra-red light sources.

In the Near-IR region the spectral transmission for the film prepared at pH = 0.23 was less than
26.3% that of the virgin glass slide employed as substrate; less than 5.3 % that of the virgin glass
slide used for the film prepared at pH = 0.91 and less than 57.9% that of the virgin glass slide used
for the film prepared at pH = 0.44. In the visible region the films prepared at pH = 0.23 and 0.44
showed the highest optical transmission of about 25% at λ = 600 nm. In the ultraviolet A region (<
400 nm, near UV-Vis boundary) thin films prepared at pH = 0.23 and 0.91 showed the highest
transmissions at 25% and 5% respectively while the thin film (prepared at pH = 0.44) showed close
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to 0% transmission in this region. The absorption edge for all three films was in the boundary of the
UV-Visible region with cut-off wavelengths λ being at 295 nm, 299 nm respectively for the film
prepared at pH = 0.23 and pH = 0.91. The film prepared at pH = 0.44 had a cut-off wavelength in
the vicinity of 420 nm. The very low spectral transmission in the visible region experienced by all
three films can be explained in part as being due to the relatively large thicknesses of the films, a
shortcoming which suggests that the films are not suitable for optical windows.

100

80

G: Pure Glass
B: WO3 ACG;pH=0.23; Smooth
D: WO3 ACG;pH=0.44; Smooth
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Figure 4.3.6.1. Transmission spectra of WO3 thin films prepared by ACG on glass substrates
at pH = 0.23, 0.44 and 0.91.

Scattering due to the presence of nano-sized colloidal particles in the films as well as diffuse
reflectance (section 4.3.8) also play a part. We believe that a reduction in the time of deposition by
half and more should result in thin films of WO3 whose relative thicknesses will allow for higher
spectral transmissions.
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Oscillations in the transmission spectra are a result of optical interferences which arise from the
difference in refractive index of the WO3 films and the glass substrate [58]. Such oscillations are
likely when light is transmitted through thin films deposited on much thicker transparent substrates
as is the case with the thin films being characterized. Multiple reflections and refractions from the
surface of the films and the substrate then result in the occurrence of constructive and destructive
optical interference observed as oscillations in the transmission spectra. In the absorbance spectra
of the films, a sharp increase in absorbance (denoting the absorption edge) which corresponds to
the band gap of WO3 was observed at wavelengths below 350 nm for the films prepared at pH =
0.23, and 0.91. For the film prepared at pH = 0.44 a similar increase in absorbance at the absorption
edge was recorded at 420 nm. A red shift in the absorption edge of the thin film prepared at pH =
0.44 can be ascribed to the fact that the band gap energy in this film is smaller than that in the films
prepared at pH = 0.23 and pH = 0.91 [59]. In all three films absorption clearly took place at the
UV-Visible edge.

4.3.7. Determining the Optical band gap
Absorption in a semiconductor metal oxide like WO3 takes place in the vicinity of its energy band
gap. Using the absorption coefficient obtained from transmission spectra of the WO3 thin films, the
optical band gap (Eg) of the films was estimated using the Tauc relation [59],

(αhυ) = A(hυ-Eg)m

(2)

for which α = absorption coefficient, A is assumed to be constant within the optical frequency range
and is a constant associated to fundamental band-band transitions, hυ = energy of the incident
photons and Eg is the value of the optical band gap corresponding to indirect transition of photons
between the valence and the conduction bands of WO3. Eg also known as the electronic band gap
can also be defined as corresponding to the indirect transition of 2p electrons in the valence band of
O to 5d conduction bands of tungsten within the WO3 crystal lattice. For indirect band gap
semiconductors the value for m = 2. To determine absorption coefficient of the WO3 thin films the
relation below is used,
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α = 1/d[ln (1/T)]

(3)

wherein d = the thickness of the films estimated by SEM and T = transmittance of the film. In this
work the absorption coefficient is calculated based only on the transmission data. This implies the
values obtained for the absorption coefficient are somewhat less than the true values since the
contribution of reflectance from the film and substrate surface to the drop in light transmitted
through the sample is not taken into consideration.
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D: WO3 ACG; pH=0.44; Smooth
F: WO3 ACG; pH=0.91; Smooth
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Fig. 4.3.7.1. Band gap calculations for WO3 nanostructured thin films prepared by ACG on
glass substrates at pH = 0.23, 0.44 and 0.91.

To obtain the optical band gap energy of the fundamental absorption edge of the WO3 thin films, a
plot of (αhυ)1/2 as a function of the photon energy Eg = hυ was made (Fig. 4.3.7.1). By
extrapolating the linear plot of the curve near the onset of the absorption edge so that it touches the
x-axis at the point where (αhυ)1/2 = 0, the optical band gap, Eg, can be read.
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It is well known that band gap values of thin film materials are influenced by their methods of
synthesis and the manner of post-synthesis treatment carried out on them [60]. Thinner films are
observed to have higher band gap values than thicker films [60]. The observed increase in band gap
values for the WO3 thin films prepared, 3.18 eV, 3.93 eV, 4.12 eV (Fig. 4.3.7.1.), may partly be
attributed to the relative thinness of the films and their reduction in grain size to nanoscale when
compared to that of bulk WO3 having a band gap of 2.7 eV. These values for the band gap though
high fall in the range of values reported by other workers [61, 62].

Increase in crystallization and the concentration of oxygen vacancies would also account for the
increase in the optical band gap and the absorption edge. This has been observed after heat
treatment of WO3 thin films at temperatures of 300 - 550 ˚C wherein the band gap of un-annealed
WO3 was observed to increase from 2.92 eV to 3.2 eV in the aftermath of heat-treatment induced
crystallization.[37,63-64] Interaction of the WO3 thin films with incident light is governed by the
Lambert’s law in the relation [65].

I/Io= e-αd

(4)

Where I = Intensity of light transmitted, Io the intensity of incident light, α the absorption
coefficient of the film and d the thickness of the film investigated. As seen from the equation the
thicker the films become the less the ratio I/Io will be, the less the light transmitted through the
film. In that light large thicknesses within the WO3 films investigated (on average, 2.0 - 3.5 μm) in
thickness) could therefore account in part for the reduced spectral transmission observed in Figure
4.3.6.1. The narrow band-gap of bulk WO3 (2.7 eV) would not allow for high transmissions of
white light through thin films of WO3. The wider band gap values of 3.93 and 4.12 eV (Fig.
4.3.7.1) as calculated for the WO3 films prepared at pH = 0.23 and 0.91 warrant high transmissions
for incident light than observed. A principal reason why this is not observed inspite of the large
band gap values observed could be the occurrence of reflectance and a significant amount of light
scattering taking place at the surface and grain boundaries of the WO3 nanostructures that make up
the film. The highly rough nature of the surfaces obtained from root mean square values generated
through AFM measurements (Fig. 4.3.7.2), 220 nm, 319 nm, for the films prepared at pH = 0.23
and 0.91 respectively support this, and would promote losses in transmittance due to occurrence of
large amounts of diffuse reflectance.
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Figure 4.3.7.2. Topographic AFM-images in two-dimension of the surface of (a) glass before
aqueous chemical growth; WO3 thin films on glass, grown at (b) pH = 0.23, (c) pH = 0.44 and
(d) pH = 0.91.

The thin film prepared at pH = 0.44 though having similar thickness as the thin film at pH = 0.23,
and a band gap value of 3.18 eV, should experience a greater probability of absorbing incident light
in the 400 - 600 nm region which it does as the combined effect of surface roughness (111 nm) and
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scattering due to the high presence of nanosized colloidal-like particles (crystallite size, 9nm) help
reduce transmission of incident light.
The blue shift of room temperature band-gap energy by 1.32 eV and 0.48 eV from the theoretical
value of 2.7 eV for bulk WO3 to that of 4.19 and 3.18 eV respectively, can partly be explained by
the effects of quantum confinement resulting from a reduction in crystallite size as one moves from
large average crystallite size in the bulk to smaller average crystallite size (17 - 9 nm) in the films.
The reduction in crystallite size results in a corresponding widening of the band gap between the
Valence and Conduction Bands of WO3 in the thin films especially as the crystallite size approach
the Bohr exciton radius (~13nm) of the WO3 system [66]. The strong linear relationship observed
between (αhυ)1/2 and hv (Fig. 4.3.7.1.), implies that WO3 nanostructures maintain the properties of
an indirect band gap semiconductor.

4.3.8. Reflectance measurements of some WO3 thin films on plain glass
Light scattering experiments such as is possible in reflectance measurements can be used to study
the morphology of metal oxide thin films and as well as their surface roughness. Specular
reflectance, Rs, as opposed to Total reflectance, Rt which is carried out with an intergrated sphere
[67] was employed in this study. Total reflectance (Rt) is a sum of specular reflectance (Rs) and
diffuse reflectance (Rd). Moving from the UV to NIR the impact of diffuse reflectance on the
optical properties tends to reduce especially if the particles that constitute the thin film tend to
reduce in size. Specular reflectance however tends to increase towards the NIR especially in
particulate thin films made of small colloidal particle. When the particle sizes are bigger as in a
microscale light scattering via specular reflectance tends to be bigger in the visible [67]. This we
observed in the thin films and report below.
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Figure 4.3.8.1. Specular measurement of reflectance on WO3 thin film prepared at pH = 0.44;
0.54 and 0.64.

Specular reflectance (Figure 4.3.8.1) measured in the WO3 thin film (pH=0.44) showed values
generally less than 1%, for light in the UV-Visible range, and 1 - 3% for light in the Near-IR range,
values which can be ascribed to the occurrence of high amounts of diffuse reflectance that take
place due to the particulate nature of this film its high surface roughness and the large amounts of
light scattering occurring at the surface of the films.

Other thin films of like architecture with that of thin films prepared from precursor solutions of pH
= 0.23 and 0.91, i.e pH = 0.54 and 0.64, showed similar behaviour in the visible region with the
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thin film prepared at pH = 0.44. These films however showed even lower reflectance (1%) in the
Near-IR when compared to the thin film prepared at pH = 0.44. These small but observable
differences in reflectance can be ascribed to high porosity (larger number of air-pockets) which
allows for more transmission of light through the thin films and diffuse reflectance taking place on
the much more rough surfaces.
With the thickness of the films being greater than the wavelength of incident light, reflectance at
the surface of the films should be reduced and transmittance of incident light should be improved
except for the limiting effect on transmittance of high film thickness and light scattering. The high
porosity of the films due to air pockets between the desert-rose like structures and the verticallyoriented nanoplatelets should result in low refractive indexes for the films making them applicable
for optical coatings.
In section 4.3.1 we make mention of the fact all the WO3 thin films upon annealing at 500 ˚C
turned bright orange-yellow and reverted to a greenish-yellow colour upon cooling to room
temperature and over time. The observation of a bright orange-yellow colour can be explained by
the reduction of the band gap of WO3 upon heating to 500 ˚C such that light radiation in the violet,
indigo, blue and green wavelength range is absorbed allowing for the transmission and reflection of
longer wavelength red-yellow light. Cooling to room temperature results in the widening of the
band gap and consequent absorption of light towards the violet end of the spectrum thus the greenyellow colour. This thermally induced change in optical behaviour of WO3 is one that has been
observed [68].
Though the WO3 thin films produced by ACG show exceptionally high band gap energies and are
thus not applicable for solar absorbers, photocatalysis and photovoltaic devices they could find
applications in anti-reflections coatings should their thicknesses be sufficiently reduced, the
application of thin films being one of the common methods used to minimize reflections at optical
surfaces. These films could also find applications as dielectrics in supercapacitors with their very
high band gap energies. Given the peculiar surface morphology of the WO3 films prepared here by
ACG, thin films prepared by this method could also be investigated for their hydrophobic and
hydrophilic properties as well as their possible application in smart windows.
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4.3.9. Photoluminescence of some WO3 thin films on plain glass
A number of metal oxides such as ZnO and SnO2 absorb UV light to emit in the visible. Upon
excitation in the ultra-violet, wide band gap materials particular witness an increase in the intensity
of green light emission when their lateral dimensions begin to be reduced to nanoscale 1-D. [69] In
this section a short account is given on the photoluminescent properties of some of the WO3 thin
films prepared in the course of this research. The fact that some of the thin films investigated for
photoluminescence (PL) had previously been used for H2 and CO/CO2 gas sensing as is the case
with WO3 thin films on PG prepared at pH = 0.44 and 0.54, may have influenced the observed PL
properties due to the possible introduction of new surface and bulk chemical states.

Figure 4.3.9.1. Schematic representation of colour and wavelength boundaries in visible light.
[70]
In the PL spectrum below the WO3 thin film prepared at pH = 0.44 was excited with UV light (265
nm). A strong UV emission was recorded at 325 nm which can be attributed to high-lying localized
states of oxygen vacancies in the conduction band of the WO3 micro-/nanostructures of the thin
films. The strong intensity of this UV emission may also be ascribed to a higher surface state
density in especially if one takes into consideration the fine submicron/nanosized grains with their
high surface-to-volume ratios that make up the bulk of this thin film (cf. Fig.4.3.2.1c;d).
A very weak blue-violet emission (430 nm, 2.95 eV) which can almost be ignored can be attributed
to band-band emission as suggested by Niederberger et al [71] and Luo et al [72]. Park et al [73]
211

report that these blue emissions are particularly predominant in tungsten oxide structures with low
oxygen vacancies and low surface-to-volume ratios (i.e closer to bulk WO3). A high prevalence of
oxygen vacancies will introduce defect levels within the band gap which will act as more
favourable pathways for lower energy electron-hole recombinations while a low surface-to-volume
region implies that absence of band-gap widening due to quantum confinement effects. This
absence of band gap widening effects implies less options for low-energy sub-band gap emissions
making it more likely that emissions due to electron-hole recombinations via band-band transitions
will occur.
Low prevalence of oxygen vacancies and low surface-to-volume ratios are more likely to be
encountered at higher temperatures (> 750 ˚C) than the one Park et al [73] used in their work (590750 ˚C) and the one we report in this work (500 ˚C).

Figure 4.3.9.2. PL spectrum of WO3 thin film (ACG, pH = 0.44) after excitation with UV light
of 265 nm.
The temperatures at which we heat-treated the thin films investigated during this research (200 500 ˚C) are however those in which the formation and existence of oxygen vacancies is still
favoured. The low prevalence of these blue emissions in the thin films investigated here suggests
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that the films investigated here are rich in defects, may be rich in oxygen vacancies and have fairly
high surface-to-volume ratios. The latter is certainly true as evidenced by SEM where the massive
occurrence of sub-micron fine grains and-nanoplatelet containing structures whose lateral
diameters are in the 0.5 - 1.5 μm range and thickness in the 50 - 200 nm range have been observed.
The emission peak at 325 nm can be used to roughly estimate the band gap of the thin film even
though the emission is not strictly from the Conduction Band Minimum (CBM) to the Valence
Band Maximum. Based on the relation E = hc/λ, this emission corresponds to an energy gap of 3.81
eV. If this emission is from donor-like states just beneath the CBM then the electronic band gap Eg
for the WO3 thin film is slightly higher. If it is from surface states above the CBM then the band
gap is slightly lower. This places the band gap well within the range of values calculated for the
WO3 thin films above (3.18, 3.93 and 4.12 eV). The sharp intense orange-red peak observed at 652
nm is a second harmonic resonance peak of the emission at 325 nm. It may also be ascribed to deep
level electron-hole radiative recombinations. Its narrowness however makes it difficult to attribute
to a thin film surface made up of a large number of particles with dimensions in the sub-micron/
nanoscale. High levels of amorphicity as well as oxygen vacancies should lead to the widening of
the band gap such that UV emissions of the type encountered (3.81 eV) become possible. With the
presence of oxygen vacancies structural distortions within the WO6 octahedra are brought about
that result in the lowering and raising of the VB and CB band, thereby widening the band gap. [37]
When we excited the same film with UV light of 300 nm and blocked the source with a transparent
yellow filter a broad intense emission of red-orange-yellow was recorded. This can be ascribed to
various defect states present within the micro/nanostructures that make up the WO3 thin film. A
weak blue unresolved emission peak of 472 nm (2.62 eV) was observed that can been attributed to
band-band transitions [73] and corresponds to the indirect band gap values for WO3. The broad redorange-yellow emission peak can be ascribed to deep level electron-hole recombinations from
defect states within the band gap. The large presence of grain boundaries in the thin films also
facilitates electron-hole recombinations and contributes to the broad emission spectra observed
below.
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Figure 4.3.9.3 PL spectrum of WO3 thin film (ACG, pH = 0.44) after excitation with UV light
of 300 nm.

Figure 4.3.9.4. PL spectrum of WO3 thin films (ACG, pH = 0.54 and 0.64) after excitation
with UV light of 300 nm.
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When we excited WO3 thin films prepared at pH = 0.54 and 0.64 with UV light of 300 nm we
observed for both films a weak blue emission peak at 438 nm (2.83 eV) and 434 nm (2.86 eV)
respectively. This peak as already mentioned can be ascribed to band-band transitions. The
intensity of these peaks in the thin films prepared at pH = 0.54 and 0.64 is higher than that for the
film prepared at a pH = 0.44. This suggests that there exists in these films a greater number of
band-band transitions which suggests the presence of fewer defects such as oxygen vacancies and a
greater number of particles with a lower surface-to-volume ratio. This is very much so if one
compares the surface morphology of these two films with that of the films prepared at pH = 0.44.
A strong intense peak near the green-yellow edge could be observed for both thin films (pH = 0.54
and 0.64) at 602 nm (2.06 eV). This peak could however be the second harmonic resonance peak of
an intense UV emission peak that may have occurred at about 300 nm. This however does not seem
feasible as it would imply that the WO3 systems in question absorbed radiation energy and emitted
an equivalent amount of energy without encountering any energy losses in a non-radiative electronhole recombination process.

215

Figure 4.3.9.5 PL spectrum of WO3 thin films (ACG, pH = 0.54 and 0.64) after excitation with
UV light of 300 nm and blocking the source with a transparent yellow filter.
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When a transparent yellow filter was placed between the light source and the irradiated samples
broad intense emissions were observed in the yellow (609 nm, ≈ 2.04 eV) – orange (650 nm, ≈ 1.91
eV) region of the visible spectrum. These broad emissions can be ascribed to the electron-hole
recombinations taking place from defect states within the band gap to deep and shallow levels in
the band gap and photoexcited holes in the valence band. At 450 nm in both spectrums is a slight
hump denoting a low intensity blue emission peak that would imply the existence of band-band
transitions within the WO3 thin films. Their low intensity however supports the existence of
alternative pathways for radiative electron-hole recombination which is already demonstrated by
the strong broad emissions in the yellow-orange-red region of the spectrum. These as earlier
mentioned support the strong existence of defects among which we would expect oxygen
vacancies. Defect states in the very thin polymer networks we report in section 4.1.1 above, if not
completely calcined away during heat-treatment, could also contribute to the low-energy broad
bands observed for the WO3 thin films investigated here. One would expect however that the
contribution of such polymers even if present after annealing in air at 500 ˚C, would be dominated
by the contribution of defect states within the WO3 micro- and nanostructures.
In summary the photoluminescence spectra briefly analysed here strongly support the existence of
oxygen vacancies and localized surface states that are a critical component in the gas sensing
performance of the thin films detailed out in Chapter five.

4.4. Conclusion
Polycrystalline nanoplatelet-containing thin films of WO3 were grown on Corning glass substrates
through heterogenous nucleation and subsequent growth of WO3 metal oxide particles generated
from low pH Peroxotungstic acid precursor solutions, at 95 ˚C. Room temperature XRD
measurements on these films, post calcination at 500 ˚C, showed that WO3 in the thin films existed
in both the hexagonal and cubic phase with average crystallite size in some of the films being 17
nm and 9 nm. EDS demonstrated that the films were of high purity and oxygen-rich. In the thin
film containing WO3 in the cubic phase a blue shift in optical band gap energy from 2.7 eV in bulk
to 3.18 eV was observed, which can be explained as being a consequence of quantum confinement
resulting from the reduction of average crystallite size to 9 nm. High surface roughness, porosity
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and the presence of colloidal-like particles in the films promote light scattering and diffuse
reflectance that resulted in low specular reflectances, less than 1% in the visible region and less
than 3% in the infra-red region, for all the films examined. XPS-EDS and four point probe I-V
characterization of the thin films showed some of the films to be sub-stoichiometric demonstrating
a semiconductor type behaviour while others were stoichiometric/overstoichiometric demonstrating
an insulator-semiconductor type behaviour. Photoluminscence studies of some of the films carried
post annealing at 400 ˚C and above revealed them to possess surface states and deep-level defects
as well as oxygen vacancies in some instances. The existence of oxygen vacancies and surface
states within the thin films is a property particularly exploited in gas sensing which will be
discussed in Chapter Five that follows.
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CHAPTER FIVE:
GAS SENSING OF WO3 THIN FILMS PREPARED BY AQUEOUS
CHEMICAL GROWTH AND WO3 POROUS POWDERS
PREPARED FROM WO3-PVP POLYMER

5.1. Background
As mentioned at the beginning of this study in Chapter One, gas sensing primarily reported in this
chapter will be that of H2, CO and CO2 using 3-d and 2-d micro/nanostructured WO3 thin films
prepared by Aqueous Chemical Growth. In addition and for purposes of comparison H2 sensing of
WO3 powders prepared in the course of this research from WO3-PVP polymers will also be
reported.All the WO3 thin films investigated in this research for their gas sensing performances,
except for the graphene oxide-modified thin film have already been structurally characterized in
Chapter four. Brief mention of their surface morphology will be made as this plays a critical role in
gas sensing which is primarily a surface sensitive phenomenon.

5.1.1. Review of H2, CO and CO2 sensing mechanisms
For semiconductor metal oxides a critical step in their sensing behaviour is the atomisation of
gaseous O2 and their subsequent adsorption at the metal oxide surface giving rise to their reduction
to anionic species (O2-, O-, O2-) and bringing about surface-charge depletion in the metal oxide
which is observed as an increase in resistance in a resistance versus time scan [1]. O2- is known to
be stable below 100 ˚C, O- formed from the reduction of O2- is stable between 100 and 300 ˚C and
O2- a product of the reduction of O- is stable above 300 ˚C. They have been reported to desorb from
the surface of the semiconductor metal oxides at temperatures in the vicinity of 85, 150 and 250 ˚C
respectively [2]. Already adsorbed O- ions help in further promoting the reduction of surface
adsorbed O2 molecules yielding more oxygen anions. At higher temperatures such as that between
250 and 350 ˚C, O- ions adsorbed on the surface of the metal oxide undergo reduction to form O2ions [3]. The equations below represent this critical step of atomisation and ionisation of ambient
and surface adsorbed oxygen on the surface of semiconductor metal oxide [4].
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O2 (gas) <=> O2 (adsorbed)

(1)

O2- (absorbed) + e- <=> O2-

(2)

-

-

O2 + e <=> 2O

-

(3)

O- + e- <=> O2-

(4)

With n-type semiconductor materials such as WO3, reductive gases such as H2 and CO interact
with surface adsorbed O anions forming H2O and CO2, releasing electrons into the conduction band
that reduce the surface-charge depletion layer and bring about observed decreases in resistance
(increase in conductance). [1]
CO + O-(ads) + 2e-  CO2 + e-

(5)

CO + O2-(ads) + 2e-  CO2 + 2e-

(6)

CO2 on the other hand is an oxidizing gas which interacts with surface adsorbed O anions to form
CO and O2- anions while depleting electrons from the conduction band of n-type semiconducting
WO3. This gives rise to an increase in charge depletion at the surface of the metal oxide resulting in
an observed increase in resistance over time. [1]
CO2 (gas) + e-  CO2-(ads)

(7)

CO2-(ads) + O- (ads) + 2e-  CO (gas) + 2O2- (ads)

(8)

5.1.2. Gas Sensing Evaluation Parameters
For evaluating gas sensing performance in this research the following parameters have been used.

1.Sensitivity (S), strictly defined is a measure of the conductivity or resistance change per the
concentration of an analyte gas. Broadly defined, it is the relative change in resistance of the sensor
material (WO3) in presence or absence of the analyte gas. [2]
Several definitions exist in the literature for Sensitivity sometimes denoted as the Sensor response
(a dimensionless quantity) not to be confused with Response time (with seconds as base measuring
unit). Some workers have defined Sensitivity as: S = |Rg-Ra|/Ra [5, 6], while others have defined it
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simply as S = Rg/Ra [8, 9] where Ra is the resistance of the sensor material when in presence of the
analyte gas and Rg is the resistance in the absence of such a gas.

From the review of existing literature on gas sensing it is quite well established that Sensitivity is
also a function of temperature [2, 3]. For this reason we have opted in this research which concerns
sensing reducing gases to use S = Rg/Ra as the equation for calculating sensitivity. This we base on
the observation [10] that calculating sensitivities using the relation S = Rg/Ra demonstrated better
than did the relation S = |Rg-Ra|/Ra, that sensitivity is a function of temperature. Sensitivity as
function of temperature can be derived to take the form of [11] S(T) = (Rg/Ra) exp ((Ea-Eg)/kBT))
or S(T) = 1- (Rg/Ra) exp ((Ea-Eg)/kBT)) where Ea and Eg are respectively the activation energies
of the sensor material in the absence and presence of the analyte gas and kB is the Boltzmann
constant. This change in activation energy (Ea-Eg) can be linked to the energy required to excite
an electron in the Valence Band Maximum (VBM) close to the Fermi level into the region of the
surface-charge layer somewhere within the Conduction Band Minimum (CBM). From this equation
one can deduce that equation suggests that sensitivity increases (decreases) as temperature is
increased when Ea > Eg (Ea < Eg), that is, when the analyte-sensor interaction is oxidative
(reductive).
While with reducing gases S = Ra/Rg with oxidizing gases S = Rg/Ra. [2] In addition to sensitivity
gas sensing can be characterized by response and recovery times.

2. Response time, is defined as the time taken for the resistance to change (|Rg-Ra|) to 90 % of the
original resistance or change by one-order of magnitude. [1,5,6,11]
3. Recovery time, is defined as the time, taken for the resistance to return to 90 % of the original
resistance or change by one-order of magnitude with respect to the original resistance after sensing
[11]. A return to the baseline resistance during the recovery process implies the absence of
poisoning.[5]
4. Selectivity, defined as the ability of a sensor material to respond selectively to a particular
analyte gas in the presence of other gases. [1,5,6]
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5.1.3. Practical Considerations and Limitations Surrounding Sensing Exercise
Seeing that a vast amount of the sensing that was carried out in this research successfully took
place after heating the samples to temperatures within the 300 - 400 ˚C window, temperatures
above which waters of hydration present in WO3 as well as surface adsorbed moisture tend to have
desorbed or begin to desorb we shall not consider in this research the impact of humidity on the
sensing performance of the WO3 thin films prepared by ACG. [12]
Before giving an account of the results obtained on sensing in the course of this research it is
important to highlight the fact that even though the results obtained are presented in the order of
increasing operating temperature i.e. from the lowest to the highest temperature at which the thin
films were observed to sense, in practice the data was not collected thus. Often I began testing the
thin films for sensing capability at 300 ˚C and 350 ˚C before moving down to lower temperatures,
closer to room temperature. This was done in a bid to first of all determine whether the thin film
under investigation was active at the fairly high temperatures of 300 and 350 ˚C and only secondly
whether the active thin film could then sense at temperatures approaching room temperature. As
previously mentioned reducing sensing temperatures to room temperature will reduce the power
consumption of the sensor unit. The intermediate temperature range of 300 - 350 ˚C was chosen as
a starting point because a number of reports on gas sensing using semiconductor metal oxides,
especially H2 sensing with WO3 thin/thick films and bulk powders are reported to occur around this
temperature. [2,7,14]

It is worth noting that the temperatures discussed and recorded in this study are all measured in the
heating stage below the sample substrate and not on the actual sample themselves. This is because
the thermocouples measuring temperature are embedded into the heating stage and not the samples.
Taking into account heat loss to the surroundings through radiation as well as the difference in heat
capacities and thermal expansion coefficients between the heating stage (Cu alloy) and the samplesubstrates (glass + WO3 thin film or powder) one should expect lower working temperatures for the
thin films and powder than read for the heating stage. Using an infrared laser pointer, much later in
this study, we discovered that at a recorded temperature of 300 ˚C (for the heating stage) the actual
temperature was ~ 275 ˚C. This implies that the sensing temperatures reported for the sensor
surfaces especially at high temperatures are actually lower than read. For the purposes of
expediency we keep the temperatures of the heating stage as that of the sample.
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For all the WO3 thin films prepared and investigated in this study none could conduct at room
temperatures. All registered a resistance that was beyond the limit of the Digital Multi-Meter until
they were heated above 200 ˚C and 350 ˚C for the oxidizing gases. When doped however with
graphene and Pt the sensing temperatures were observed to drop to 100 and 70 ˚C albeit not
reversibly in the case of the WO3 film doped with a 20 nm thin layer of Pt.
WARNING
Unless otherwise stated, as far as gas sensing is concerned, all recovery processes reported in this
thesis were carried out in the presence of Ultra High Purity (UHP) N2 gas.
H2 sensing was carried out using UHP H2 gas. The sensor chamber was tightly sealed with an Oring which would prevent or minimize under atmospheric conditions of pressure the escape of H2
gas from the sensor chamber or the seeping of air into the sensor chamber. The reaction of H2
with O2 being an explosive one at sufficiently high temperatures, the sensor chamber was
always flushed with copious amounts of N2 gas just before H2 sensing to take out O2. At the
end of hydrogenation, the H2 valves were closed and N2 was flushed into the system for recovery.
NEVER was the sensor chamber flushed with air at the end of a hydrogenation cycle. In a few
exceptions where air was let into the system to test what would have been the rate of recovery in
air, the sensor chamber had been previously evacuated of H2 using UHP N2 gas.

5.2. Hydrogen Sensing Applications of WO3 Thin Films prepared by Aqueous
Chemical Growth on Plain Glass Substrates
Though a wide variety of WO3 thin films were prepared at various low pHs only a select few were
investigated for H2, CO and CO2 sensing. The results obtained are presented here.
Often during the course of this research as the WO3 thin films were prepared for gas sensing by
heating up to the required sensing temperatures we observed that the electrical conductivity of the
films increased as the temperature was ramped up from room temperature to the desired operating
temperature.
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Figure 5.2. Heating effect, in air, on the thermal conductivity of WO3 thin films (pH=0.44),
when heating from (a) 25-100 ˚C and (b) 25-250 ˚C.

This behaviour confirms the semiconducting nature of the WO3 thin films and has been reported by
a number of workers such as R.R. Kharade et al and C.M. Gonzalez et al [3,13]. Examples of this
phenomenon and how it can impact on sensing performance depending on the manner in which
measurements are taken will be given in the subsequent discussion. Generally when the process of
sensing was begun in air the resistances were in the order of 5.5 x 107 Ω or higher. This value is at
the detection limit of the Digital Multimeter (DMM) employed in the gas sensing unit. After the
process of heating the thin films was initiated, ramping the temperature from room temperature 23
˚C to a targeted operating temperature often greater than 250 ˚C (particularly 300 ˚C), the
resistance of the thin films was observed at some point of the heating process to decrease from the
5.5 x 107 Ω to values in the vicinity of 1 x 107 Ω. Care was taken to record this observation for a
number of thin films prepared by ACG amongst which we discuss here, that of the films prepared
from PTA precursor solutions of pH = 0.44 and pH = 0.54.

For the WO3 thin film prepared from a PTA solution of pH = 0.44, the drop in resistance (increase
in conductivity) to values in the range of 1 x 106 Ω is one entirely due to heating from 25 - 250 ˚C.
The plots in Fig. 5.2 above show this increase in conductivity (decrease in resistance) obtained
during two different gas sensing experiments when heating in air from 25 - 100 ˚C (Fig. 5.2a) and
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25 - 250 ˚C (Fig. 5.2b). In Fig. 5.2a the resistance drops to 1.2 x 107 Ω at 100 ˚C while in Fig. 5.2b
it drops to 1 x 106 Ω. This implies that a drop in resistance by about 1 order of magnitude is
registered when heating the sample from 100 ˚C to 250 ˚C. One plausible reason for this is that
thermal energy supplied to the system results in thermal activation and excitation of electrons from
the valence band maximum (VBM) to the conduction band minimum (CBM) giving rise to an
increase in the number of free charge carriers (electrons) that exceeds the intrinsic amount of
electrons present in sub-stoichiometric WO3 encountered in the films prepared. This observation of
the temperature dependence of electrical conductivity in semiconductor materials is well known
and has been reported by a number of workers. [3]

When the samples are left standing in the sensor chamber at these elevated temperatures they are
however observed with time to return to the high resistance values recorded at the beginning of the
heating exercise, that is values close to/at the detection limit of 5.5 x 107 Ω. A plausible reason for
this can be that surface adsorption and ionisation of O2 molecules reported [3] to occurr at these
elevated temperatures effectively take place giving rise to charge depletion at the sub-surface of the
WO3 thin films. This results in a decrease in the amount of free charge carrying electrons, observed
as a gradual increase in resistance to values recorded before heating. Complete ionisation of surface
adsorbed O atoms to superoxide O2- is known to take place within the 25 - 350 ˚C, a factor likely to
speed recovery at temperatures in the 300 - 350 ˚C range. [3]
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5.2.1. H2 Sensing on a WO3 Thin Film grown from a precursor solution of pH = 0.91
On the WO3 thin film synthesized on plain glass at pH = 0.91 hydrogen sensing was observed to
occur at a temperature of 250 ˚C. Below that temperature the WO3 thin films could not sense H2.
The response time t90 for the first hydrogenation process observed in this plot was calculated to be
~ 1.9 min while recovery to pre-hydrogenation resistance in the presence of N2 was ~ 53.52 min.
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Figure 5.2.1.1 SEM of nanoplatelet-containing thin film at (a) low magnification 2500 X
(b)high magnification 20000 X (c) Variation of Resistance versus time in cycle of H 2 sensing,
200 ml/min at 250 ˚C.
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The second cycle of hydrogenation observed in the plot had an approximate response time (t90) of
3.0 min. In the first sensing cycle sensitivity calculated according to the equation S = Ra/Rg, S =
176.27. In the second sensing cycle, S = 197.65. In order to rightly evaluate the magnitude of the
resistance changes upon insertion of the analyte/test gas into the sensor chamber, the logarithm of
the Resistance for the first and second cycles was plotted against time.
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Figure 5.2.1.2 Plot of log R versus time of WO3 thin film prepared by ACG at pH = 0.91.
The plot (Fig. 5.2.1.2) shows that the resistance of the WO3 thin film changed over a magnitude of
two orders when hydrogen gas was inserted into the sensing chamber. This meets the requirement
for amenability to micro-circuits [2,14]. Attempts to investigate H2 sensing at lower temperatures in
this thin film were not carried out. The highlight of this exercise was however that a WO3 thin film
prepared by Aqueous Chemical Growth was able to sense H2 at temperatures lower than the 300 450 ˚C range generally known [2,7,14] to be the operating temperature range for semiconductor
metal oxides in thin films and bulk powders.
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5.2.2. H2 sensing on a WO3 thin film grown from a precursor solution of pH = 0.44

(a)

(b)

(c)

(d)

(e)

(f)

Figure 5.2.2.1(a-f): SEM micrographs of WO3 thin film prepared by ACG from a
peroxotungstic acid solution of pH = 0.44.
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(a)

(b)

pH = 0.44

Figure 5.2.2.2. FIB-FESEM showing in (a) the surface of the WO3 thin film (pH = 0.44) and
(b) the thickness of the WO3 thin film obtained from a cross-sectional cut obtained by Ar
milling.

Hydrogen sensing behaviour for WO3 thin film synthesized at pH = 0.44 was also investigated.
SEM show the surface to be highly granular with apparent voids (Fig. 5.2.2.1a,b) while in other
areas of the same thin film vertically oriented spear-shaped rod-like/columnar structures sometimes
hierarchically arranged in the shape of flowers could be observed all over the surface (Fig.
5.2.2.1c-f). A cross-sectional view of the surface using FIB-SEM (Fig. 5.2.2.2b) showed
occurrence of voids in between the rod-like structures, a feature that enhances porosity increasing
the pathways for analyte gases to penetrate the thin film and increasing the surface area available
for analyte gas interactions with the WO3 sensor surface.
The thin film was observed to sense H2 gas at temperatures as low as 200 ˚C. Attempts to get the
thin film to sense H2 at temperatures lower than 200 ˚C were unsuccessful. Response time
calculated after a 90% change in the baseline resistance was estimated to be ~ 46.5 mins. Change in
the resistance of the film at 200 ˚C upon introduction of H2 was estimated to be greater than 1 order
of magnitude, with S = Ra/Rg = 11.89. This value meets the one order of magnitude change in
response required for amenability to micro-electronic devices [14].
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Figure 5.2.2.3. Plot showing the variation of resistance against time at 200 ml/min, 200 ˚C (b)
a plot of log of the resistance against time.
To test for the effect of gas concentration, at a temperature of 200 ˚C on the sensitivity and
response of the WO3 thin film prepared at pH = 0.44 the flow rate of the gas was increased from 40
ml/min to 60 ml/min, then 80 ml/min to 120 ml/min. The sensitivity of the thin film in this instance
was calculated using S = Ra/Rg to be 18.0, 15.06, 20.90, and 8.56 respectively. With increase in
flow rate being synonymous with an increase in the concentration of the analyte gas the response
time was observed to first of all decrease from 16.72 min at 40 ml/min to 15.28 min at 60 ml/min
before witnessing a steady increase to 21.68 min at 120 ml/min. This suggests that there is an
optimal flow rate (concentration) of the analyte gas at which the WO3 thin film’s response is
fastest/smallest (60 ml/min). Above this flow rate the ability of the WO3 thin film to quickly
respond to the presence of the H2 gas becomes increasingly compromised. Two possible reasons
can be made to account for this based on the dynamics of gas flow through the sensor chamber.
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Figure 5.2.2.4. Plot showing the variation of resistance against time at different flow rates.

1. The increase in gas flow rate could imply that the resident time the analyte gas spends at the
surface of the thin film decreased with increase in flow rate implying less gas/sensor surface
interactions within a given time frame, t. This means it took a little more time to build up the
minimum threshold of gas/surface interactions necessary to trigger the required 90 % change in
resistance.

2. An increase in gas flow rate which implies an increase in concentration of analyte gas within the
sensing chamber could engender an increase in the pressure exerted by the analyte gas on the
surface of the WO3 thin film. This pressure exerted by the analyte gas would hinder the effective
desorption of H2O molecules formed from the interaction of H2 with surface adsorbed oxygen
anion species, particularly O- and O2- reported to be present at the low operating temperature of
200 ˚C. The reduced rate at which H2O desorbs from the thin film surface would in turn hinder the
rate at which incoming H2 molecules interact with the sensor surface thereby resulting in a slowing
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down of the response rate observed as increase in response time. We are of the opinion that both
scenarios occur concurrently with the second scenario playing a greater role.
When investigating H2 sensing at 200 ˚C for the WO3 thin film prepared on plain glass microscope
slides (PG) at pH = 0.44, we did not bother to allow the recovery process attain the steady-state
(equilibrium) seeing that this would have taken much longer than needed but were content with
allowing the system to reach the initial baseline resistance of ~1 x 107 Ω at which we began
sensing.

As is observed the baseline resistance here is different from that obtained in the previous plot
above (Fig. 5.2.) in which the baseline resistance is in the order of 5.5x 107 Ω. This drop in
resistance is in agreement with the fact that resistance drops with increasing temperature for
semiconductors, and has been reported so by other workers [3,15] .
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Figure 5.2.2.5. Variation of (a) response time with increasing H2 flow rate at 200 ˚C (b)
recovery time with H2 flow rate at 200˚C for WO3 thin film prepared at pH = 0.44. (Solid line
is meant to guide the reader’s eye.)
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Figure 5.2.2.6. H2 sensing flow rate (200 ml/min) of WO3 thin films (pH = 0.44) at a 250 ˚C.
On heating the WO3-PG sample (pH = 0.44) from 25 - 250 ˚C the resistance was observed to drop
within ~ 7 mins by about one order of magnitude, this without the insertion of H2 gas into the
sensing chamber. This behaviour has already been explained as being due to the semiconductor
nature of the substoichiometric WO3 thin film in which more electrons are promoted from the
valence band to the conduction band minimum as a result of thermal energy supplied through
heating. The system was allowed to reach a fairly stabilised resistance or steady-state before
inserting H2 gas. Upon the insertion of H2 gas at a flow rate of 200 ml/min the resistance of the thin
film was observed to decrease from a value of 7.09 x 106 Ω to 1.279 x 105 Ω in 2.27 mins. The
response time (t90) was calculated to be 30.76 s and the Sensitivity = Ra/Rg = 55.43. The sensitivity
was calculated over a change in resistance ~ 2 orders of magnitude large.
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Figure 5.2.2.7. H2 sensing flow rate (50 ml/min) of WO3 thin films (pH = 0.44) at a 300 ˚C.
In the sample above the WO3 thin film with resistance 5 x 107 Ω at room temperature was heated to
the gas sensing temperature of 300 ˚C. As is expected with semiconductor metal oxides the
conductivity of the WO3 thin film increases with the increase in thermal energy supplied and the
resistance of the WO3 thin is observed to decrease by one order of magnitude to ~ 2 x 106 Ω after
which the resistance is observed to slightly stabilize. At this semi-steady state H2 is let in at a flow
rate of 50 ml/min and the resistance of the thin film then is observed to drop to 90% of its value in
46.85 mins. The sensitivity (sensor response), S = 40.61, is calculated over a change in resistance
of 1 - 2 orders of magnitude. If we compare this result at a flow rate of 50 ml/min and a
temperature of 300 ˚C to that obtained at a lower temperature of 250 ˚C and a flow rate of 200
ml/min it is obvious that the response time has increased drastically moving from 250 ˚C to 300 ˚C.
This drastic reduction in response rate could be attributed to a reduction of the concentration of
analyte gas in the sensor chamber (consequence of a reduced flow rate) or an increase in
241

agglomeration, crystallization and densification of the WO3 thin film matrix over multiple cycles of
heating and cooling at temperatures within the 250 - 350 ˚C. This possibility of crystallization and
densification should be taken into consideration against the backdrop of the fact that the thin film at
the time of this measurement had previously been ‘activated’ a couple of times by heating it from
room temperature to 300 - 350 ˚C. Through this temperature ramp the thin film’s resistance was
allowed to undergo ensuing changes (reduction) in resistance until it stabilized at a steady state
where changes in resistance due to heating would not be mistaken for changes arising due to the
introduction of the analyte gas.
The same sample was used sometime later for H2 sensing at 300 ˚C, this after allowing the initial
resistance at room temperature 5 x 107 Ω to undergo the drop it undergoes while being heated to
300 ˚C. When the temperature was restored to a steady-state (limit of the DMM in this instance) H2
gas was introduced into the sensor chamber and response time t90 = 3.50 mins was registered. The
sensor response, S = Ra/Rg was estimated to be 272.0.
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Figure 5.2.2.8. H2 sensing flow rate (200 ml/min) of WO3 thin films (pH = 0.44) at a 300 ˚C.
A repeat of H2 sensing at the same temperature (300 ˚C) and flow rate (200 ml/min) yielded a
response time of 8.17 min and a recovery time of 151.04 min. A possible reason for the increase in
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response time is that agglomeration of WO3 particles within the film could have rendered the film
more compact creating less available surface area for interactions with H2 gas. Agglomeration
would also imply that diffusion of H2 gas into the existing cracks and pores in the WO3 thin films
will be reduced. An increase in grain/particle size would ensue and the surface area/unit volume
ratio would decrease, so too the compounding effect on surface charge depletion experienced when
the grain size is smaller (in the nanoscale, comparable to the length of the surface charge depletion
layer). [16] It would consequently take more time to generate an equivalent resistance change as
was recorded in the previous sensing cycle reported above.
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Figure 5.2.2.9. H2 sensing flow rate (200 ml/min) of WO3 thin film (ACG, pH = 0.44) at (a) 300
˚C (b) 350 ˚C.
In the next sensing cycle above the thin film was heated to 350 ˚C. As previously observed the
resistance of the thin film reduced on heating by one order of magnitude to ~ 2 x 106 Ω. The system
was allowed to reach a semi-steady state of ~ 6 x 106 Ω at which H2 was let in at 200 ml/min flow
rate. A response time (t90) of 6.73 min and a recovery time (t90) of 62.2 min was recorded. Clearly
in three separate cycles of sensing carried out at the same temperature (350 ˚C) and flow rate (200
ml/min), on different days, this thin film registered a response rate of 3.5 min, 5 min and 8.17 min
with changes in resistance being ~ 2 orders of magnitude large. These results suggest that the
film is stable in its response to H2 gas and that film’s sensing performance is reproducible.
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When compared to previous H2 sensing cycles in which the starting resistance was in the order of
6 x 106 Ω this cycle of sensing at 350 ˚C was the second best in terms of response time (6.73 mins)
after that obtained at 250 ˚C (30.76 s) . The third best performance was obtained at 200 ˚C where
the response times were in the order of 15.28 - 16.68 min for flow rates in the range of 40 - 120
ml/min. The poorest performance in this category was that of 46.85 mins at 300 ˚C. This poor
performance can be ascribed to the slow flow/rate of 50 ml/min.

: H2 sensing @ 350deg.C,200 ml/min.
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Figure 5.2.2.10. Plot showing variation of resistance with time in the absence and presence of
H2 gas at 350 ˚C. H2 flow rate is 200 ml/min.
The lack of consistency in the data collection in this exercise of H2 sensing makes it quite difficult
to establish clear trends of the variation of the sensor response (Sensitivity), response time and
recovery time with increase temperature and flow rate. By selecting the optimum values for the
sensor response irrespective of the gas flow rate, a plot of the sensitivity versus the working
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temperature (Fig. 5.2.2.11) can be obtained which shows that the sensitivity of the WO3 thin film
(prepared at pH = 0.44) to H2 gas increases as temperature increase with the least sensitivity, S =
20.9 at 200 ˚C and the highest sensitivity being 272 at 300 ˚C. The solid line in the plot of Fig.
5.2.2.11 has as sole purpose to guide the reader’s eye.
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Figure 5.2.2.11. Plot showing variation of Sensitivity with temperature for the WO3 thin film
prepared by ACG at pH = 0.44.

Summary
A few important points can however be drawn to summarize the results presented here.
1. WO3 thin films were observed to effectively sense H2 at temperatures lower than 300 ˚C, with
the lowest temperature being 200 ˚C. This is a significant improvement on sensing capabilities of
WO3 thin films when compared to previous work. The WO3 thin film prepared by ACG at pH =
0.44 was on average 1 μm thick and compact. The WO3 thin film prepared at pH = 0.91 was on
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average ~ 2 microns thick with a more porous surface due to the formation of nanoplateletcontaining hierarchical 3-d microstructures.
2. In order to properly evaluate the sensing properties of a thin film it is important to allow the
system to reach the maximum equilibrium state possible (5 x 105 Ω) so as to ensure best
performance of the sensor material.
3. A similar protocol should be applied across the board in all the sensing cycles and to all the
different films being evaluated in order to have a common benchmark against which sensing
performance is evaluated.
4. A proposed protocol would be to:
i) Activate the WO3 thin film at 300 ˚C for 30 minutes until the resistance equilibrates reaching a
steady state.
ii) Set fixed times for gas sensing long enough for the system to have undergone the maximum
change possible.
ii) Set fixed times over which recovery is evaluated.
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5.2.3. H2 sensing on a WO3 thin film grown from a precursor solution of pH = 0.54
In this section we investigate the H2 sensing behaviour of another WO3 thin film prepared by
Aqueous Chemical Growth at pH = 0.54. SEM showed the thin film to consist in general of
nanoplatelets hierarchically arranged in the form of clusters and in some areas as vertically aligned
structures.

(b)

(a)

(c)

Figure 5.2.3.1. SEM image of the surface of the nanoplatelet-constituted WO3 thin film
prepared by ACG at pH = 0.54.

The porous nature of the films can be observed implying a wide surface area offered for gas/sensor
interaction. As was observed with the thin film on glass prepared from a precursor solution of pH =
0.44 when we heated the sample from room temperature to 300 ˚C in the presence of air, the
conductivity of the sample was found to increase with increasing temperature. After carrying out
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H2 sensing at the given temperatures 300, 350 and 400 ˚C the samples were allowed to regain the
steady state in the presence of air.
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Figure 5.2.3.2: Resistance versus time scans of a WO3 thin film heated in air from (a) 200 300 ˚C and (b) 400 - 450 ˚C.

The same increase in conductivity (reduction in resistance) was recorded when we heated the thin
film from 400 - 450 ˚C. As previously mentioned this drop in resistance (increase in conductivity),
exponential in nature, is principally due to thermal excitation of electrons from the O2p dominated
Valence Band Maximum (VBM) to the W5d orbitals that form a greater part of the Conduction
Band (CB). This is in accordance with the observation that conductivity in semiconductor transition
metal oxide materials is temperature dependent. The presence of lattice defects (such as oxygen
vacancies) and impurities also bring about intrinsic contributions to the enhancement of electrical
conductivity thereby contributing to an increase in the available number of charge carriers
responsible for larger currents. [17] The excitation however to the Conduction Band is due to
thermal activation. The recovery/return from low resistances of 1 x 106 Ω to the DMM limits of 5 x
107 Ω is due to a decrease in surface-charge electrons (an increase in the surface-charge depletion
layer and consequent band bending) which increases significantly with the ionisation of surface
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adsorbed O2 molecules to form atomic/ionic species (O- and O2-), species prevalent at the
intermediate temperatures of 300 - 450 ˚C.
When sensing H2 at 300 ˚C, with a flow rate of 200 ml/min, the response (Res.t90) and recovery
time (Rec.t90) were observed to be 13.89 min and 18.56 min respectively. Sensitivity was estimated
to be 32.63 with the change in resistance being 1 - 2 orders of magnitude large.

7

8x10

o

:H2 Sensing, 200 ppm, 300 C
WO3 ACG pH = 0.54

7

Resistance (Ohms)

7x10

7

6x10

7

5x10

tRes.90=13.89 mins

7

4x10

tRec.90=18.56 mins
7

3x10

S=Ra/Rg = 32.63

7

2x10

7

1x10

0
0

5000

10000

15000

20000

25000

Time (s)
Figure 5.2.3.3. Plot of the variation of resistance with time during the H2 sensing of WO3 thin
film at a flow rate of 200 ml/min, at 300 ˚C.
At 350 ˚C, for the same flow rate of 200 ml/min the response time was observed to increase slightly
to about 15.57 min while the recovery was observed to be faster taking 15.69 min. The sensitivity
of the thin film was however observed to drop from S = 32.63 to S = Ra/Rg = 10.57. The drop in
sensitivity at this stage can not be explained as one would expect that sensitivity would increase
with increasing temperature at least until a point when agglomeration/sintering due to the heating
effect sets in increasing grain size and reducing the surface-charge depletion effect.
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Figure 5.2.3.4. Plot of the variation of resistance with time as H2 is introduced (200 ml/min)
and cut-off at 350 ˚C.
The noise encountered in carrying out H2 sensing at this temperature of 350 ˚C (Figure 5.2.3.4
above) and that at 400 ˚C (Fig. 5.2.3.5a below) cannot be precisely explained as of now. It is
however possible that the noise observed is the result of poor contact as Cu/Al electrodes,
macroscopic in nature, are used to electrically contact thin films whose basic building block are
nanoplatelets with spaces/pores in between. [10]
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Figure 5.2.3.5. Variation of resistance versus time in the presence and absence of H2 at (a)
400 and (b) 450 ˚C. The H2 flow rate was 200 ml/min for both temperatures.
When the temperatures were raised to 400 and 450 ˚C, the sensitivities were observed to increase at
a flow rate of 200 ml/min to S = 93.44 and 151.9 respectively. This in agreement with the
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expectation that sensor response to H2 should increase with increasing temperature up until the
negative effects of agglomeration/sintering set in. That the sensitivity generally increases even until
450 ˚C suggests that the film is thermally stable and does not suffer from the effects of sintering
one would begin to expect in highly nano-crystalline materials.
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The increase in sensitivities can be explained from the point of view that the number of interactions
of H2 with surface adsorbed molecular and atomic-ionic species of O2 as well as the rate of
interactions increases with temperature. More so, in this temperature range (350 - 450 ˚C) the
reduction of molecular anionic species (O2- and O22-) to O- and O2- takes place implying greater
charge depletion from the sub-surface space charge layer [1]. The result is the observed
enhancement of Sensitivity (sensor response) which is a function of the increase in the difference
between the maximum resistance of the thin film in air (Ra) and the least resistance of the thin film
in the presence of the analyte gas.
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Once the H2 flow is cut off and N2 gas is let in, electron repletion of the surface-charge layer that
took place as H2 underwent oxidation to form H2O ceases and a counter process of electron
depletion takes place. How this takes place in the presence of Ultra high purity (UHP) N 2 gas is
subject to speculation and should be investigated, possibly with the aid of a gas chromatograph
connected to the ventilating end of the sensor chamber or the use of Temperature Programmed
Reduction. It is possible that UHP N2 is not so pure and contains sufficient traces of O2 able to
undergo the usual processes of surface adsorption and ionisation which results in electron
depletion, band bending and the increase of the surface charge depletion layer resulting in the
observed increase in resistance. During the process of hydrogen sensing it is possible that a
tungsten bronze, HxWO3, could also be formed particularly at 300 ˚C and above. In some instances
support for the formation of such a bronze during H2 sensing was given by the observation of a
change in colour of the films from greenish-yellow to dark green/deep blue. The possible
desorption of adsorbed/inserted H atoms/ions to form H2 or some other gas when accompanied by
the depletion of electrons from the sub-surface space charge layer of WO3 grains/nanostructures
could result in the recovery observed even in the process of N2. This process can be represented
with the following equations:
2H+ + 2e-  2Hads.
Hads +Hads  H2 (g)
The process of recovery in air which contains ~ 20 % O2 goes much faster as we observed later and
is already well-understood and reported.
The ability to recover, except for 350 ˚C, in general decreased moving from 300 to 450 ˚C with
recovery times increasing from 18.56 min to 23.54 min, and 25.30 min at 300, 400 and 450 ˚C
respectively. This contrasting decrease in the rate of recovery with increasing temperatures could
be ascribed to the possibility of sintering/agglomeration of WO3 grains in the thin film or the
formation of HxWO3 bronzes that could not so quickly desorb hydrogen. Considering the lengths of
time taken to reactivate the samples to baseline resistance (5.5 x 107 Ω) and the time spent at the
temperatures 300 - 400 ˚C prior to letting hydrogen into the sensor chamber it is likely that
agglomeration is the more plausible reason for increase in recovery time. A possible reason for the
observation of faster recovery (drop in recovery time) at 350 ˚C (Figure 5.2.3.6 (a) above) is that
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the difference in baseline resistance in air, Ra, and least resistance in H2, Rg, was not as wide (S =
Ra/Rg = 10.57) as at 300, 400 and 450 ˚C, so the system could more quickly recover to prehydrogenation resistance values.

Summary
In summary for this sample of WO3, within the temperature range of 300 - 450 ˚C, the best sensing
response (Sensitivity) was obtained at 450 ˚C. The fastest response times at 300 ˚C. The response
and recovery times however are still too long for practical applications in gas sensor devices and
ways of reducing them should be sought. The difference in resistance between Ra and Rg are
generally about 2 orders of magnitude large which is good for signal processing in gas sensor
micro-electronic circuitry.
In evaluating the WO3 thin films prepared at pH = 0.91, 0.44 and 0.54, it became evident that these
thin films in their pristine state could sense H2 at temperatures no lower than 200 ˚C.

5.2.4. H2 sensing on Reduced Graphene Oxide-doped WO3 by Aqueous Chemical Growth
Having proven that WO3 thin films by ACG could sense H2 at temperatures as low as 200 ˚C and
not less I sort to lower the sensing temperatures by adding graphene. Graphene in its one atomthick, honey-comb like, 2-dimensional arrangement of carbon atoms is now well known for its
excellent thermal conductivity, electrical and optical transparent properties [18]. In the next
exercise reported below a Graphene oxide doped-WO3 sample was prepared by Aqueous Chemical
Growth. This was done by preparing a precursor solution of Peroxotungstic acid solution to which
was added a 3 mL solution of reduced graphene oxide. A control thin film which had no addition of
reduced graphene oxide made to it was also prepared from the same precursor solution under the
same conditions. The pure WO3 thin film and the reduced Graphene oxide-WO3 thin films were
both heat-treated in air at a temperature ~ 450-500 ˚C.

5.2.4.1. Graphene Oxide synthesis and Characterization
Reduced Graphene oxide prepared using Hummers method was used in this study to investigate
what impact graphene would have on the H2 sensing behaviour of a doped WO3 thin film. The
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method involved the exfoliation of graphite in the presence of strong acids and oxidants. In the
actual synthesis 1.5 g of natural ﬂake graphite powder was added to 35 ml of cold (0 ˚C)
concentrated H2SO4. KMnO4 (4.5 g) was added gradually to the acidified mixture while stirring
and cooling in an ice bath. The resultant mixture was then stirred at 40 ˚C for  2 h after which 70
ml distilled water was slowly added to the mixture. After keeping the temperature of the resultant
mixture below 100 ˚C for ~ 15 min, 210 ml of 30% H2O2 solution was added to the mixture. The
resultant mixture was then filtered while washing with 400 ml of 10% HCl aqueous solution to
remove metal ions and thoroughly washed five times with distilled water yielding a brown yellow
powder of graphene oxide. A diluted solution of few layered graphene oxide (FLGO) was prepared
by dispersing (via ultrasonication for ~ 1 h) 0.1 g of the brown yellow powder in 200 ml of distilled
water. A 3 ml aliquot of this was added to the Peroxotungstic acid precursor solution which was
used to grow the graphene oxide doped WO3 thin film on plain glass.
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Figure 5.2.4.1. XRD spectrum of reduced Graphene oxide.

XRD analysis of the graphene oxide thin layer deposited on a microscopic glass slide showed a
broad strong peak at ~ 26˚ synonymous with the presence of carbon material. The peak is normally
presented in carbonaceous material such as graphite, single-walled and multi-walled carbon
nanotubes, activated carbon and graphene.
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Figure 5.2.4.2. Raman Specrum of WO3-thin film doped with Graphene oxide through
Aqueous Chemical Growth.
The peak at 799.66 cm-1 can be attributed to short W-O-W bonds in the stretching mode while the
peak at 702.61 cm-1 can be ascribed to longer W-O-W bonds in the stretching mode. Y. Shigesato
et al [19] and T-S Yang et al report the observation of two such peaks at slightly higher frequencies
that can be ascribed to O-W6+-O bonds in crystalline WO3. [20]
D band and G band peaks at 1455 cm-1 and 1519.86 cm-1 respectively are quite prominent. D band
peak can be ascribed to sp3 carbons present in edge defects or the breakdown of translational
symmetry in graphene oxide. G band peak can be attributed to first-order scattering of the E2g
phonon mode in in-plane bound sp2 carbons present in the graphene oxide. The D/G intensity ratio
ID/IG which speaks of the extent of disorder in the films was calculated to be 1.115. The greater
intensity of the D band peak says that the reduced graphene oxide had numerous defects, could
have been heavily oxidized and was highly disordered with many edge planes. [21-23]
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Figure 5.2.4.3. Photoluminescence spectrum of a graphene-oxide doped WO3 thin film
prepared by ACG.

The plot in Fig. 5.2.4.3 shows the photoluminescence profile of a graphene-doped WO3 thin film
prepared by ACG. The peak at 388 nm and 405 nm (deep blue-violet emissions) at the UV-Vis
boundary edge can be attributed to band-to-band transitions synonymous with WO3 in the
nanocrystalline state. The broad green-yellow emissions at 542 and 553 nm are due to deep level
defects in the WO3 thin films. The red emission at 665 nm can be ascribed to the presence of
graphene or graphene-oxide allied to the WO3 micro-/nanostructures [24]. The broad emissions in
the yellow-green of the spectrum suggest the presence of in-gap defects that allow for trapped
electrons in deep states within the band gap to undergo recombiination with holes in the Valence
Band Maximum. The emissions in UV region may be ascribed to the presence of surface states and
oxygen vacancies within the WO3 thin film
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5.2.4.2. TGA-Differential Scanning Calorimetry (DSC) Analysis for the Graphene oxidedoped WO3 thin film
Thermogravimetric analysis (Figure 5.2.4.4a) of the graphene oxide-doped WO3 thin films was
carried out in the presence of air (60 ml/min) and N2 (30 ml/min). A gradual decline in weight was
observed as the temperature was ramped from room temperature 22 ˚C to 467 ˚C at a rate of 10
˚C/min.
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Figure 5.2.4.4. (a) TGA plot and (b) DSC profile of Graphene oxide - doped WO3 thin film
prepared by ACG.
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Weight loss observed here can be ascribed to the removal of waters of hydration present in a
possibly existing hexagonal WO3 (phase common to sol-gel based methods) as well as surface
adsorbed atmospheric moisture. Any organics present in the film such as that due to the use of the
stabilizing agent iso-propanol must also account for the drop in weight observed in this region. The
percentage weight loss within the region amounts to 0.029 mg and is equivalent to 0.6 wt% of the
initial weight of 4.8204 mg. From 467 ˚C to 638 ˚C a slight gain in weight is observed before a
gradual loss in weight to 894 ˚C, wherein the weight drops drastically to 4.782 g at ~ 920 ˚C. The
gain in weight between 467 and 638 ˚C may be ascribed to the formation of new phases of WO3.
In step 1 of the DSC profile (Figure 5.2.4.4b) and increase in heat flow is observed which is
reminiscent of an endothermic process; heat is being absorbed by the system for the oxidation of
carbon-based organics and graphene/reduced graphene oxide as well as the desorption of surfacebound water and any waters of crystallization present in the graphene-doped WO3 thin film. Step 4
represents the reverse process of cooling the sample from 450 ˚C to 0 ˚C in the presence of air and
N2. A very gentle decline in heat flow (1.93 - 1.65 mW) suggestive of the occurrence of a slightly
exothermic process from 450 to about 400 ˚C then 200 ˚C (1.58 mW) is observed after which the
heat flow increases slightly as temperature approaches 88˚C (1.62 mW) before dropping to 1.54
mW at 0 ˚C. The slightly exothermic process may be due to phase changes that occur when
hexagonal or orthorhombic- WO3 reverts to a more stable monoclinic WO3. The process of
stabilization is usually exothermic from a thermodynamic point of view. Step 6 and step 7 show an
increase in heat flow which is synonymous with further energy requiring processes taking place
such as the further desorption of any residual waters of crystallization and the combustion of any
organics.
5.2.4.3. H2 sensing at 100 - 350 ˚C
H2 sensing carried out at a flow rate of 200 ml/min on both films showed the undoped film to have
a minimum sensing temperature of 200 ˚C. Attempts to get the thin film sense at temperatures
below 200 ˚C failed. A response time for an equivalent 90% change baseline resistance (~ 7.2 x
106 Ω was calculated to be 17.26 min. Full response to a steady-state took 41.66 min. Recovery
took longer and was estimated after 89.73 min to be just about 33% of the baseline resistance
recorded before hydrogenation was attained. The slowness in recovery (pre-hydrogenation
resistance values) at this temperature (200 ˚C) can be ascribed to a slow rate of H2O desorption
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from the WO3 surface , the small concentration of surface-adsorbed anions of molecular O2, O22-,
which are responsible for the depletion of the sub-surface space charge layer that results in
recovery of the baseline resistance. At such low temperatures thermal energy is usually not enough
to overcome the activation energy barrier need for fast desorption of H2O formed from the
oxidation of H2 at the surface of the WO3 thin film. Attempts at using this control thin film to sense
H2 at temperatures below 200 ˚C failed. This suggests that the minimum sensing temperature for
pristine WO3 thin films produced by Aqueous Chemical Growth is somewhat 200 ˚C.
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Figure 5.2.4.5 showing the H2 sensing behaviour of the undoped-WO3 thin film at 200 ˚C.
At this stage H2 sensing with the Graphene oxide-doped WO3 thin film was carried out at lower
temperatures. The results obtained showed that Graphene oxide-doped film sensed H2 at a
minimum temperature of 100 ˚C (Figure 5.2.4.6a). The response time for the sample was estimated
to be 44.23 min and the recovery was practically too slow. The slow response times and extremely
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slow recovery do not render the material immediately applicable to H2 sensing at low temperatures
but at least demonstrate that graphene can play a significant role in reducing the operating
temperatures of WO3-based gas sensor materials intended for H2 sensing.
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Figure 5.2.4.6. H2 sensing and recovery at (a) 100 ˚C (b) 150 ˚C for a graphene oxide-doped
WO3 thin film.
The flow rate for H2 sensing at 100 ˚C is 100 ml/min. H2 sensing at 150 ˚C (Figure 5.2.4.6 b) with
a flow rate of 200 ml/min showed an improved recovery rate, 58.23 min as opposed to the almost
absent recovery at 100 ˚C. Improved desorption of H2O resulting from the rise in temperatures
above the boiling point of water must account for this drastic improvement in recovery rate. The
response time was also found to decrease from an estimated 44.23 min at 100 ˚C to 32.5 min at 150
˚C. The sensor responses (S = Ra/Rg) at these temperatures were respectively estimated at S = 4.00
for the sensing at 100 ˚C and S = 4.06 for sensing at 150 ˚C. The low sensor responses can be
expected at low temperatures.
Increasing the operating temperature to 200 ˚C (Figure 5.2.4.7a) resulted in a further reduction in
response time (t90) to 13.3 min and 18.3 min for a first and second cycle of H2 sensing at that
temperature. Recovery time was observed to be 33.6 min and 47.6 min respectively for the first and
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second cycle of recovery. The recovery rate was only longer because the baseline resistance to
which the system was returning to was much higher than that prior to the introduction of H2 gas.
The sensitivity, S, was estimated at 86.5 and 172.10 for the first and second hydrogenation cycles,
respectively.
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Figure 5.2.4.7. (a) H2 sensing at 200 ˚C, flow rate 200 ml/min (b) H2 sensing at 250 ˚C, flow
rate 200 ml/min.
As expected sensing at 250 ˚C (Figure 5.2.4.7b) saw an even greater reduction in response times
(Res.t90) with response time reducing by ~10 min to 2.48 min. Recovery time (Rec.t90) reduced to ~
20.58 min from previously observed value of 47.6 min for the same baseline resistance of 5.5 x 10 7
Ω. The sensor response, S = Ra/Rg, in the 2nd cycle of H2 sensing at 200 ˚C and that at 250 ˚C was
observed to involve a difference in resistance for Ra and Rg over 2 orders of magnitude large with
S = 875.8 at 250 ˚C.
H2 sensing at 300 ˚C (Figure 5.2.4.8a) over 2 cycles of ‘hydrogenation’ saw the response times
stabilize at 2.31 and 2.24 min for the 1st and 2nd cycle of hydrogenation. In the first cycle the
recovery was estimated at 60.03 min while in the 2nd cycle recovery was estimated at 29.53 min.
The improvement in recovery times in the 2nd cycle of hydrogenation could possibly be ascribed to
the removal of surface adsorbed moisture, improved dehumidification of the sensor surface and
sensor chamber in the first cycle. An increase in sensitivity, S = Ra/Rg, to values S = 1364.26 and
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S = 1082.68 at this temperature could be respectively noted in both the first and second
‘hydrogenation’ cycles with the sample reaching a stead-state response in the presence of H2 gas
(saturation) at a resistance of about 5.5 x 107 Ω. As expected heating the samples to 350 ˚C resulted
in a drastic drop of pre-hydrogenation resistance values in the order of 3 x 106 Ω. As earlier
mentioned this is due to the increase in electrical conductivity resulting from the thermal activation
of electrons as temperature rises.
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Figure 5.2.4.8. H2 sensing (flow rate of 200 ml/min) of graphene oxide-doped WO3 thin film at
(a) 300˚C (b) 350 ˚C.
The 1st H2 sensing exercise (Figure 5.2.4.8b) posts a response time of 2.52 min. Recovery in N2 to
pre-sensing resistance of 3 x 107 Ω takes about 21 min. Recovery in the presence of N2 to almost
steady-state levels of 6.52 x 106 Ω takes ~ 75.50 min. A second phase of hydrogenation at this
value of resistance sees the system post a response of ~ 3.11 min. Upon shutting off the supply of
H2 gas the system is observed to immediately begin recovery without the introduction of N2 gas
into the sensor chamber. For the sensor material to return to a pre-resistance value of 6.52 x 106 Ω
takes about 46.5 min. This process of self-recovery is one in which the resistance of the system is
observed to rise to a value of about 1.27 x 107 Ω, i.e twice the steady-state resistance value which
was attained in the presence of N2 gas. The process of self-recovery to a steady-state takes ~ 114.0
min. That recovery takes place without the introduction of N2 gas or air suggests that quicker
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desorption of surface-adsorbed H atoms and existing H2 gas takes place at the higher temperature of
350 ˚C. This again can be expected against the backdrop of thermal activation. This also gives
credence to a previous proposal made that desorption of adsorbed/inserted H atoms/ions to form H 2
gas could give rise to electron depletion of the near/sub-surface space charge layer.
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thin film. (Solid line is meant to guide the reader’s eye.)
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This would account for the rise and recovery in electrical resistance observed. Worth noting is the
fact that at 350 ˚C (Figure 5.2.4.8b) the system attains steady-state resistance values in a much
lower range of ~ 3 x 106 - 1.3 x 107 Ω than that observed at 200, 250 and 300 ˚C (at least 5 x 107
Ω). Sensitivity at this temperature, S = Ra/Rg, also drops to 353.34 and 398.17 respectively for the
first and second hydrogenation cycle. This drop in steady-state resistance and sensitivity can be
ascribed to the effects of agglomeration which increase the particle size thereby reducing the
surface area available for gas/sensor interactions as well as the ratio of the particles contributing to
the surface charge depletion effect.

Fig. 5.2.4.9 shows that both response and recovery times decreases with increasing temperature.
While response time hits its lowest values of 2.48, 2.31 and 2.52 min between 250 and 350 ˚C,
recovery time has its lowest value of 21.12 min at 250 ˚C after which it is observed to increase
again to 61.33 and 46.5 min at 300 and 350 ˚C. The increase in recovery time at the latter
temperatures may be explained by the possible occurrence of agglomeration that limits the
desorption of adsorbed H2. The occurrence of poisoning of the sensor material through the
occurrence of non-reversible interactions with other gaseous species in the H2/N2 gas flow may also
account for the increase in recovery times at 300 and 350 ˚C.
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A plot of the sensitivity versus temperature (Fig. 5.2.4.10) shows that the sensitivity rising from 4.0
at 100 ˚C to 4.06 at 150 ˚C, then 86.87 and 875.8 at 200 and 250 ˚C respectively. A maximum
sensitivity of 1364.26 is attained at 300 ˚C, after which sensitivity is observed to drop to a value of
353.34 at 350 ˚C. Based on a gaussian fit of the sensitivity against working temperature, the
temperature for optimum sensitivity to H2 gas for this graphenated WO3 thin film is estimated at
287 ˚C.
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Figure 5.2.4.10. Sensitivity profile for a graphene-oxide doped WO3 thin film.
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When compared to the undoped WO3 thin films prepared at pH = 0.44 and 0.54 (Fig. 5.2.4.11), the
graphene oxide-doped WO3 thin film shows superior sensing performance in terms of sensitivity
with maximum sensitivity recorded at 300 ˚C.

H2 sensing by graphene oxide-doped and undoped WO3.
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Figure 5.2.4.11. Comparison of the Sensitivity profiles for a graphene-oxide doped WO3 thin
film and undoped WO3 thin films prepared at pH = 0.44 and 0.54. (Solid line is meant to
guide the reader’s eye.)

Summary
A graphene-doped WO3 thin film was observed to sense H2 at temperatures lower than the 200 ˚C
limit encountered in undoped WO3 thin films. Like in the undoped films the response and recovery
times were lowest at the temperatures of 250 and 300 ˚C. Sensitivity was maximum at 300 ˚C
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which is well in line with the temperature recorded for maximum sensitivity in the WO3 thin film
produced by ACG at pH = 0.44. While the sensitivity to H2 for the graphene oxide-doped WO3 film
was 5 times larger than that for the undoped film prepared at pH = 0.44, it was about 1 order larger
than the maximum sensitivity recorded for the undoped film prepared at pH = 0.54. When
compared to the thin film prepared by ACG at pH = 0.54 the graphene oxide-doped thin film posts
on the average lower response times. This superior performance in sensitivity and response times
can be attributed to the presence of reduced graphene oxide/graphene in the WO3 thin film.

5.3. CO sensing on WO3 thin films on Plain Glass, prepared by ACG at pH =
0.44
In the following section we report results obtained on CO sensing of a WO3 thin film prepared via
ACG from a PTA precursor solution of pH = 0.44. The surface morphology of the thin film has
already been described above. This investigation was carried out in light of the critical importance
that sensing CO, a sometimes useful but toxic gas, has in our daily lives. The results obtained will
be reported here in order of increasing temperature starting with 200 ˚C, the lowest temperature at
which the WO3 thin film was able to sense CO. First point worth mentioning is that all attempts to
get the thin film sense CO at 150 ˚C and 100 ˚C failed. We presume therefore that the thin film did
not sense CO at 150 ˚C and below. Tests were however not carried out on sensing CO between 150
and 200 ˚C.

The sample used here had previously being used for H2 sensing reported above. There is therefore a
possibility that repeated hydrogenation-dehydrogenation cycles at temperatures ranging from 200 350 ˚C had altered the chemistry and microstructure of the surface of the WO3 thin film sufficiently
to influence the results obtained here. Generally the samples were heated to 300 - 350 ˚C.
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Figure 5.3.1. CO sensing of WO3 thin film at (a) 200 ˚C (b) 250 ˚C.
The response time for CO sensing at 200 ˚C and a flow rate of 200 ml/min was 10.9 min while a
recovery to the baseline resistance before the introduction of CO took ~ 17.4 min. Sensitivity, S =
Ra/Rg was ~ 10.5.
Increasing the operating/working temperature to 250 ˚C saw an observed decrease in response time
to 8.55 mins. The recovery time was also observed to increase from 17.4 to 24.82 min. Sensitivity
was estimated to be ~ 14.5 at 250 ˚C. The baseline resistance at 200 ˚C and 250 ˚C decreased
significantly from the traditionally observed 5.5 x 107 Ω to 2 x 106 Ω. The low resistances at 200 ˚C
may be ascribed to the fact that some of the H2 let into sensor system may have been incorporated
into the WO3 host making it semi-metallic thus the reduction in baseline resistance. Heating to 300
˚C may have allowed for further desorption of any existing H, this coupled with electron depletion
from the effect of surface adsorbed O- anions heating effect could have resulted in the slight
increase in resistance to 6 x 106 Ω observed at 300 ˚C.
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Figure 5.3.2. CO sensing on a WO3 thin film at (a) 300 ˚C (b) 350 ˚C.
Response times were observed to further drop at 300 ˚C to 6.6 min and 1.26 min at 350 ˚C. These
results concur with a number of reports which advance that response rate increases (decrease in
time taken) with increasing operating temperature in semiconductor metal oxides, up until the
optimum working temperature after which the response rate declines.
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Figure 5.3.3. Plot of Response and Recovery time versus temperature for CO sensing on a
WO3 thin film prepared by ACG at pH = 0.44. (Solid line is meant to guide the reader’s eye.)
Usually this decline begins at temperatures greater than 450 ˚C for a number of metal oxides, and
can be ascribed often to the effects of sintering on the WO3 thin films surface.
Recovery was in general observed to increase from 200 ˚C to 350 ˚C with the exception of a drop
at 300 ˚C where recovery took 22.3 mins.
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Figure 5.3.4. Plot of Sensitivity (sensor response) vs operating temperature for the WO 3 thin
film on plain glass.

From the Gaussian fit of the plot of Sensitivity vs Temperature it can be estimated that the optimum
temperature for CO sensing in the WO3 thin film synthesized at pH = 0.44 would be 235 ˚C.
The fact that WO3 film prepared at pH = 0.44 was able to sense both H2 and CO says that the issue
of selectivity of WO3 to either gas in the presence of the other needs to be resolved. The issue of
selectivity in metal-oxide semiconductor gas sensors is a well-known problem to which a variety of
solutions have been proposed. [2]

One of such solutions albeit not the best has been to temperature profile gas sensors as in Figure
5.3.5 based on the magnitude of their sensor response at different temperatures. Because different
gases may interact differently with a sensor material within a given temperature range it is possible
to feed these responses into computer programmes designed to carry out pattern recognition of
different gases based on their sensor responses. Selective detection of an analyte gas may then be
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carried out by comparing/matching the generated response against that in the pattern recognition
programme. A similar profile would be programmed to trigger off an indicative alarm/signal. The
method is definitely not likely to be full proof.
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Figure 5.3.5. Comparison of H2 and CO sensing, demonstrating selectivity in a WO3 thin film,
ACG pH = 0.44. (Solid line is meant to guide the reader’s eye.)

Figure 5.3.5 shows how a WO3 thin film prepared at pH = 0.44 responds to H2 gas and CO at
different temperatures. From the plot it can be observed that at 300 ˚C the WO3 thin film in
question will be highly selective towards H2 in the presence of CO. At lower temperatures of 250
and 200 ˚C however this is not the case as the sensitivity of the thin film towards H2 and CO
become comparable.
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5.4. CO2 sensing on WO3 thin films prepared by ACG using a precursor
solution of pH = 0.54
The WO3 thin film prepared from Peroxotungstic acid (pH = 0.54) was also employed to carry out
CO2 sensing. The thin film which had previously been used for H2 sensing was heated in air to 450
˚C in order to eliminate all possible surface contamination, surface-adsorbed moisture as well as

CO2 sensing: WO3 thin films (ACG)
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Figure 5.4.1. CO2 sensing at (a) 300 ˚C and (b) 350 ˚C , for a WO3 thin film grown on plain
glass from a precursor solution of pH = 0.54.
Attempts to get the thin films sense CO2 at 275 ˚C and below failed. CO2 Sensing, flow rate of 200
ml/min, occurred at 300 ˚C however with baseline resistance increasing from ~ 1.5 x 105 Ω to a
semi-steady state value of 6.2 x 105 Ω after introduction of CO2 gas. The time taken to achieve this
change in resistance less than an order of magnitude large was 95.8 mins. The Sensitivity S =
Rg/Ra was estimated to be ~ 4.13. Recovery in the presence of N2 was much faster occurring in ~
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6.4 mins over a large drop in resistance. As one would expect with metal oxides when increasing
the operating temperature the response time decreased to 78.6 mins at 350 ˚C. This sensor response
was over 1 order of magnitude large (S = 33.43). Sensing at higher temperatures was not attempted
in this research but can be expected to occur with faster response times occurring until 450 ˚C. The
ability of WO3 to sense CO2 gas has been hardly reported and is an interesting development to
follow. The response times however needs to be drastically reduced to make WO3 thin films
amenable to practical sensors for CO2 gas.
Sensor response measured by an increase in baseline resistance upon introduction of an analyte gas
is a phenomenon common in the presence of oxidizing gases. These gases instead of injecting
electrons into the near-surface space charge layer as would reducing gases rather deplete electrons
from the space charge layer thus increase the resistance at the sensor surface.

The reaction mechanism for the reduction of CO2 which has been stated before involves its reaction
with surface adsorbed oxygen anions and the simultaneous depletion of electrons from the nearsurface space charge layer to form CO and extra oxygen anions.
CO2 (gas) + 3e-  CO2-(ads) + O-(ads)
CO2-(ads) + O- (ads) + 2e-  CO (gas) + 2O2- (ads)

The process of an already stable CO2 molecule further reacting with an electron is energetically
unfavourable and so requires input of additional energy to overcome the energy barrier hindering
such a reaction, hence the difficulty of sensing CO2 at temperatures lower than 300 ˚C.

5.5. Gasochromism in WO3 thin solid films prepared by ACG on Glass
While carrying out H2 sensing at 300 ˚C on the WO3 thin films some of them were observed to turn
dark blue from pale yellow/yellowish green, in the presence of H2 gas. One such film on plain glass
was optically characterized before and after H2 sensing at a temperature of 300 ˚C.
Crystalline WO3 in the blue coloured bronze state (HxWO3) is well known to best exhibit
electrochromism by being highly reflective in the NIR-IR region while amorphous electrochromic
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WO3 tungsten bronze is known to best exhibit electrochromism by being highly absorbing in the
visible region [25]. The WO3 thin film below was shown to exhibit gasochromism by being highly
reflective in the NIR-IR region this is synonymous to its being highly crystalline. This process
demonstrates the close similarity between gasochromism (Figs. 5.51 and 5.5.2) and
electrochromism in WO3 both of which involve the interaction of H with WO3. Not all the WO3
thin films subject to hydrogenation at 300 ˚C were observed to form such a strongly coloured
bronze.

Figure 5.5.1. Optical microprah of WO3 thin film (a) before H2 sensing and (b) after H2
sensing (gasochromic effect).

Some showed just a slight turn to a dark yellowish-green during the hydrogenation process at 300
˚C while others showed no clear visible change in coloration. At this stage we cannot clearly
explain why the occurrence of this but we are of the opinion that those films that are highly
substoichiometric show a greater capacity for forming dark blue colored

276

Gasochromism: WO3-PG by ACG, pH=1.02.

6

:Before H2 in
:After H2 in
0.6

4

Gasochromism in WO3/plain glass (by ACG),
post-hydrogenation.

0.5

3

2

Transmittance (%)

Transmission (%)

5

0.4

0.3

0.2

0.1

0.0
200

400

600

800

1000

Wavelength (nm)

1

0
200

400

600

800

1000

1200

Wavelength (nm)
Figure 5.5.2. Transmission curve before hydrogenation (solid line) and after hydrogenation
(dashed red line).

bronzes due to the presence of oxygen vacancies forming a greater number of sites available for H
adsorption and subsequent injection. Stoichiometric and over-stoichiometric WO3 thin films as
encountered in chapter four, except for structural defects have little or no oxygen vacancies and
are thus far less likely to accommodate a larger number of H adatoms needed for more evident
coloration. The surface adsorbed H atoms are injected into the WO3 thin films via diffusion through
pores, and possible migration of oxygen vacancies into the thin films especially when one considers
that the hydrogenation process took place at 300 ˚C, temperature at which migration of point
defects, oxygen vacancies, atoms, ions and electrons is known to occur. [3,26] The injected H
atoms interact with the tungsten ions influencing their electronic environments with electrons that
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are released into the bulk. Simultaneous injection of electrons by injected H atoms, localization of
these electrons at W ion sites and their possible hopping from W6+ and W5+ states through the
absorption of energy results in the creation of an absorption band that extends from the blue-green
boundary to the Near-IR giving rise to the blue colouration. [26]
When the inflow of H2 gas into the sensing chamber was cut-off and air/N2 let in at 300 ˚C, the
WO3 thin films were observed to undergo bleaching recovering their pristine colour. When not
heated in air some of the samples as is the case with the sample in Fig. 5.5.2 above were observed
to retain the dark blue colouration over lengthy periods of times (weeks and months) without
undergoing bleaching. This suggests that the coloration effect observed to take place during H 2
sensing is particularly stable, not subject to photodegradation. The occurrence of the absorption
band edge at a higher wavelength (lower absorption band gaps) in the coloured state is
characteristic of metal oxide thin films in which the grain size is seen to increase as a result of an
increase in crystal volumes post intercalation with [H+ + e-] pair [27]. The thin film observed here
was annealed at 500 ˚C for at least 1 h. The phenomenon can be used for optically sensing H2 gas.
For this to conveniently happen there is need for this to take place at much lower temperatures.
Gasochromism reported here was observed to occur rapidly at 300 ˚C. Certainly there is need to
investigate if the phenomenon could occur at lower temperatures, close to room temperature.
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(dashed red line). WO3 thin film here prepared from a different PTA precursor solution.
The gasochromic effect induced in a WO3 thin film by the action of H2 gas at intermediated
temperature 300 ˚C is again demonstrated in Fig. 5.5.3 above. Interestingly the greenish-yellow assynthesized thin film showed lower transmission values throughout the entire UV-Vis-NIR spectral
range than the blue or dark-green coloured hydrogenated film. A similar observation was made
when investigating the electrochromic effect in WO3 thin films prepared on FTO substrates. In that
case (c.f. Chapter six) the transmittance in the as-synthesized film was lower than that observed
when the film was introduced into the acidic electrolyte and when the film was colored then
bleached following the application of a reversible potential. At this stage an explanation cannot be
given for why the transmittance in the reduced state (blue-coloured) is higher than that in the assynthesized state.
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5.6. WO3-PVP porous powders for H2 sensing
As already reported in Chapter three highly macroporous WO3 powders were prepared by
annealing a WO3-PVP polymer melt. The macroporous powders were structurally characterized
using SEM, XRD, TEM, FT-IR, BET N2 adsorption-desorption isotherms and TGA. They were
also investigated for their H2 sensing behaviour between 200 and 350 ˚C. The results obtained are
subsequently presented.
5.6.1. Surface Morphology and purity using SEM, TEM & FT-IR spectroscopy
Scanning electron Microscopy revealed the powders to consist of an intricate network of porous
cage-like WO3 thin films with pores in the 10 - 200 μm range.

Figure 5.6.1.1. SEM micrographs of highly porous WO3 obtained after annealing WO3-PVP
polymers at 500 ˚C.
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In some instances the walls were very thin allowing for different compartments behind the walls to
be viewed with the aid of the electron microscope. After ultrasonicating in MeOH for 10 - 15 min
the WO3 thin films broke down revealing under TEM, WO3 grains in the 8 - 20 nm range.
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minutes (b) FT-IR spectrum of WO3-PVP powder before annealing (black line) and after
annealing (blue line) at 500 ˚C.
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Annealing the WO3-PVP polymer for 3 - 9 h at 500 ˚C helped to ensure that PVP in the polymer
mix was substantially or completely eliminated. FT-IR obtained in Attenuated Total Reflection
mode (Figure 5.6.1.2b) confirmed the elimination of PVP with the medium-strong peaks of -CH2-,
CH3-, -CH= bending and stretching vibration in the 380 - 1500 cm-1 being completed eliminated
(see blue coloured curve in Figure 5.6.1.2b). Strong proof of the almost complete elimination of
PVP polymer is given by the disappearance of the C=O peak at 1600 cm-1 in the FT-IR spectrum of
the annealed WO3 powder. The broad band which is due to the presence of H2O in the PTA
precursor solution is also eliminated in the spectrum of the highly porous WO3 powder. We believe
however that the PVP polymer is not entirely eliminated and is what holds the WO3 particles in a
porous rigid cage-like structure.
5.6.2. Crystallinity of WO3 porous powder using XRD.
X-Ray Diffraction analysis revealed the WO3 powder obtained post annealing at 500 ˚C for 6 - 9 h
to be highly crystalline with strong reflections in the (200) and (220) planes and weaker reflections
in the (112), (222) and (420) planes. The broadness of the peaks at the baseline of the XRD profile
suggests a certain degree of amorphicity.
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Figure 5.6.2. X-Ray Diffractogram of WO3 porous powder post annealing in air at 500 ˚C.
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The reflections observed could be indexed to the JCPDS file no: 024-0747 which suggests that
WO3 in the highly porous powders is in the monoclinic phase. Sol-gel related methods of synthesis
are known to yield after annealing at high temperatures WO3 that is monoclinic at room
temperature. The absence of copious amounts of water as can be expected when one takes into
account the method of synthesis employed here could have limited the formation of a highly
encountered hexagonal WO3 observed during the synthesis of WO3 thin films by the method of
Aqueous Chemical Growth. The formation of hexagonal WO3 is made possible when water is used
as a solvent in the synthesis giving rise to the formation of oxyhydrates, WO3.1/2H2O, in which
WO3 layers containing WO6 octahedra stacked directly or indirectly on each other are separated by
H2O molecules.

5.6.3. Surface Area Analysis using BET –N2 adsorption-desorption isotherms
Surface Area Analysis carried out using BET-N2 adsorption-desorption isotherms generated by a
Micromeritics TriStar Microporosity analyser showed that the surface area of the WO3 powder,
32.66 m2/g (Fig.5.6.3d), was at least five times that of the WO3 thin films grown on Plain glass
substrates by ACG (4.99 and 5.79 m2/g, Fig.5.6.3(b,c)) and fifteen times that collected from the
bottom of the Schott® glass vessels (1.88 m2/g, Fig. 5.6.3a) in which the thin films were grown.
The high surface area per gram of the highly porous WO3 powder should be particularly useful in
gas sensing as the powder offers a wide surface area of gas-sensor surface interactions. The very
thin walls of WO3 also suggest that the grain sizes of WO3 in the walls are in a dimension
approaching the Bohr radius of WO3 (13 nm). At this stage the quantum effect should play a
dominant role with a resultant enhancement in the sensor response being observed as a greater
volume of the WO3 grains now make up the charge depletion layer following ionisation of surface
adsorbed O2 molecules. This point of view can be supported by the TEM images which show
clearly that WO3 grains are in the 8 - 20 nm range. Except for the limiting effect of a thin film of
PVP that holds the WO3 particles together one should therefore expect enhanced gas sensing at
even lower temperatures than that encountered while carrying out sensing using WO3 thin films
prepared by Aqueous Chemical Growth. In that instance (ACG) the thickness of the nanoplatelets
was > 80 nm for most of the platelets, typically falling within the 100 - 350 nm range. This
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thickness is much greater than observed in the WO3 porous powders and should therefore have a
limiting effect on gas sensor responses.
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Figure 5.6.3. (a) BET isotherms of WO3 powder collected from the bottom of a Schott vessel;
(b) and (c) WO3-powders grown on plain glass substrates; (d) WO3 highly porous powder
obtained post-annealing of WO3-PVP polymer.
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5.6.4. Thermogravimetric Analysis (TGA) of highly porous WO3 powder
Thermogravimetric analysis on 3.647 mg of the highly porous WO3 powder (Figure 5.6.4), carried
out by ramping the temperature of the furnace by 10 ˚C/min to 950 ˚C, showed a rapid loss in
weight with the entire loss in weight having occurred by 450 ˚C. The total weight loss was equal to
0.043 mg which amounted to 1.18% of the original weight of the sample. This suggests that the
process of annealing the WO3-PVP polymer in air at 500 ˚C for 3 - 9 h resulted in almost complete
evaporation of the PVP polymer. This supports the previous assertion that WO3 particles (as
observed in TEM) that make up the bulk of the cage-like porous powder are held in place by just a
very thin film of PVP polymer if at all.
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Figure 5.6.4. TGA profile of the highly porous WO3 powder carried out in a gas mix of air
and N2.
There is a possibility that the weight loss experienced here may also be due to the presence of
adsorbed moisture in the sample. The rapid reduction of the weight without any region of plateau
between 100 and 450 ˚C suggests the weight loss is both a function of the desorption of trapped
atmospheric moisture (which begins with the onset of heating at about 35 ˚C) and the
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decomposition of any residual PVP (which is more likely what is being desorbed between 300 and
450 ˚C) in the powder. The gradual increase in weight observed as one ramps from 450 - 950 ˚C
can be ascribed to the formation of a new tungsten oxide phase. This in particular could be the
complete oxidation of sub-stoichiometric WO3-x to yield a fully oxidized stoichiometric WO3
crystal lattice. This is possible since oxygen containing air was flowing through the furnace at the
rate of 60 ml/min. N2 gas was also flowing through the system at 30 ml/min.

5.6.5. H2 sensing in highly porous WO3
H2 sensing was carried out on the WO3 powders by placing them upon a heated stage in the sensor
chamber shown in Chapter 3. To make appropriate contact the Cu/Al electrodes were inserted into
the powder with a distance of about 1.0 cm between the electrodes.
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and 350 ˚C.
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The powder was gently pressed around the electrodes to ensure maximum contact while avoiding
the breakdown of the delicate porous matrix. Sensing was carried out first at 300 ˚C to test if the
powder effectively sensed H2 then 250 ˚C, 200 ˚C and then 350 ˚C (Fig. 5.6.5.1). We believe that
this order of sensing influenced somewhat the observed sensor performance.
Moving from 300 - 200 ˚C the sensor response time (t90) was observed to increase from 6.07 mins
to 20.6 mins then 43.45 mins. This is consistent with the fact the sensor response times are
expected to decrease with increasing temperature as thermal energy supplied to the system makes
possible (i) more rapid and complete ionisation of surface adsorbed O2 molecules as well as (ii)
faster desorption of formed H2O molecules. Both processes are critical for faster and enhanced
sensor response to H2 gas and explain the observed decrease in response time as temperature
increases from 200 - 300 ˚C. At low temperatures of 200 ˚C ionisation of O2 molecules to O2- is
less than at 250 ˚C and 300 ˚C so too desorption of formed H2O, hence the largest response time at
this temperature. The anomalous decrease of recovery times (38.83, 20.58 and 6.42 mins) moving
from 300 to 200 ˚C (Fig. 5.6.5.2) can be explained by the fact the resistance from which the sensor
material must recover is much lower at 300 ˚C than at 250 ˚C and 200 ˚C respectively hence the
need for more time to bring about the oxidation processes needed for commensurate surface charge
depletion to baseline resistance values of 5.5 x 107 Ω.
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Figure 5.6.5.2. Response and Recovery curves for H2 sensing between 200 ˚C and 350 ˚C for
highly porous WO3. (Solid line is meant to guide the reader’s eye.)
This is tied to the fact that the sensor response (sensitivity), S, which is a ratio of the highest
resistance in air (Ra) to the lowest resistance in the presence of an analyte gas (Rg) is highest at 300
˚C and decreases across these temperatures in the order S = 153.20, 45.95 and 7.67 as one moves
from 300 - 200 ˚C.
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Figure 5.6.5.3. Plot of Sensor response (sensitivity) versus Temperature for the highly porous
WO3 powder. (Solid line is meant to guide the reader’s eye.)
The sensor response (Fig. 5.6.5.3) of the highly porous WO3 powder was observed to increase
almost exponentially from 200 to 350 ˚C. This is in line with the expectation that within a certain
temperature range, sensitivity should increase with increasing temperature. At 200 ˚C the sensor
response (S = Ra/Rg) is less than an order of magnitude large. It increases by one and 2 orders of
magnitude at 250 and 300 ˚C respectively. An extraordinary increase in sensor response, 6 orders
of magnitude large is recorded at 350 ˚C i.e sensor response recorded at 350 ˚C is 104 times greater
than that recorded at 300 ˚C. This massive spike in sensor response can be attributed to: - (i) the
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fact that complete ionisation of surface adsorbed O2 to O2- takes place favourably at Toper > 300 ˚C
such that greater surface charge depletion takes place at this temperature giving rise to bigger
sensor response which is a function of the difference between the resistance in air (Ra) and the
resistance in the presence of the analyte gas (Rg).
(ii) the fact that greater desorption of moisture takes place at this temperature resulting in a
minimisation or elimination of competition for surface coverage between water molecules and
atmospheric oxygen. It is well documented that when compared to oxygen present in air, water
molecules adsorb preferentially at oxide surfaces forming OH- groups that bind strongly to the
surface. These hinder the adsorption of O2 molecules and the ensuing ionisation processes
responsible for surface charge depletion at the surface of metal oxide sensor materials. [2]
The anomalous behaviour of the response and recovery times at 350 ˚C can be explained by the fact
that prior to sensing at 350 ˚C the powder had been sensing H2 at 200 ˚C. This temperature is one
at which surface ionisation of O2 molecules occurs much more slowly and desorption of condensed
H2O from the surface and bulk of the porous powder requires more time hence the increase in
response times as one moves from H2 sensing at 200 ˚C to 350 ˚C. The recovery time drops at 350
˚C to 8.37 mins. When one considers the resistance Rg from which the sensor recovers at 350 ˚C in
8.37 mins the rate of recovery is clearly faster when compared to the recovery rate at lower
temperatures. Complete and rapid ionisation of surface adsorbed O2 as well as quick desorption of
water at this temperature (350 ˚C) account for the exceptional increase in recovery rate observed as
a reduction in response time.

5.7. Comparison of Gas Sensing Behaviour of WO3 thin films with WO3 powder
When compared to highly porous WO3 powders synthesized from WO3-PVP polymer solutions
(Fig. 5.7.1) the WO3 thin film prepared by ACG at pH = 0.54 posted a lower sensitivity (sensor
response) at 300 and 350 ˚C. In comparison (Fig. 5.7.1) the WO3 thin film prepared at pH = 0.44
posted a slightly higher sensitivity than the highly porous WO3 powder between 200 - 300 ˚C. At
350 ˚C however the highly porous WO3 powder posts an exceptionally high sensitivity much
higher than the sensor response of all the WO3 thin films investigated and reported in this study.
This exceptional performance demonstrated by the highly porous WO3 powders at 350 ˚C can be
ascribed to effects of large surface area available for gas/sensor interactions and the small particle
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sizes of 8 - 20 nm encountered in the powders. These results serve to highlight the critical role that
increase in porosity and the associated increase in available surface area, as well as grain size
reduction to nanoscale play in the sensing performance of metal oxide-based conductometric
sensors.
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Figure 5.7.1. Plot of the sensor responses (sensitivity) for H2 sensing using highly porous WO3
powder, graphene oxide-doped WO3 and undoped WO3 thin films.
For effective visualisation, the sensitivity of the highly porous WO3 powder prepared by annealing
WO3-PVP polymer has been truncated from 106 to 103 orders of magnitude. Between 200 and 300
˚C the graphene-oxide doped WO3 film posted the highest sensitivities in comparison to the highly
porous WO3 powder and the undoped WO3 thin films. This suggests that at lower temperatures
doping with graphene oxide has greater influence on the sensor response of WO3 thin films than
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porosity has on the sensitivities of the undoped WO3 thin films and porous WO3 powder obtained
from WO3-PVP polymer.
The undoped WO3 thin films showed a higher sensitivity to H2 gas than they did to CO and so too
CO2 (Fig. 5.7.2). This suggests that the thin films can be engineered by profiling the sensitivities at
different temperatures to selectively detect H2.

: H2 sensing, RGO-doped WO3
: H2 sensing, WO3, pH=0.44
: H2 sensing, WO3, pH=0.54
: H2 sensing, WO3 powder(PVP)
: CO sensing, WO3, pH=0.44
: CO2sensing, WO3, pH=0.54
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Figure 5.7.2. Comparison of sensor responses to H2, CO and CO2 gases for the different WO3
platforms.

For effective visualisation, the sensitivity of the highly porous WO3 powder prepared by annealing
WO3-PVP polymer has been truncated from 106 to 103 orders of magnitude.

5.8. Conclusions
WO3 thin films grown on plain glass (microscope slides) through the method of Aqueous Chemical
Growth were observed to sense H2, CO and CO2. While the undoped thin films were observed to
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have attained minimal H2 sensing temperatures at 200 ˚C, their graphene oxide-doped counterparts
posted the lowest H2 sensing temperature of 100 ˚C. The undoped WO3 thin films were observed to
sense CO at a minimal temperature of 200 ˚C and CO2 at a temperature of 300 ˚C and above. The
ability of the thin films to sense other gases such as CO and CO2 requires that the problem of
selectivity be appropriately dealt with. This can be achieved by temperature profiling the CO and
CO2 sensitivities of the undoped thin films against that of H2 especially as this differ by one order
of magnitude and are highest at different operating temperatures of 250 ˚C and 350 ˚C for CO and
CO2 respectively as opposed to 300 ˚C for H2 particularly. From the results presented in this
chapter it is clear that while the WO3 thin films prepared by Aqueous Chemical Growth meet the
minimal sensitivity of 1 order of magnitude that makes them amenable to micro-electronic circuitry
such as in portable devices more work needs to be done to reduce their optimum operating
temperatures to temperatures much closer to room temperature than 100 ˚C. When compared to the
WO3 thin films the WO3 powders prepared by annealing WO3-PVP polymer melts posted at 350 ˚C
extraordinarily high sensivities, six orders of magnitude high that can primarily be explained by
their higher porosity, their higher surface area and their smaller particle size.
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CHAPTER SIX
STRUCTURAL, OPTICAL AND ELECTROCHEMICAL
CHARACTERIZATION OF WO3 THIN FILMS PREPARED BY
AQUEOUS CHEMICAL GROWTH ON FTO AND THEIR
EVALUATION AS ELECTROCHROMIC MATERIALS.

6. Overview:
In the course of this research, after realising that the method of Aqueous Chemical Growth could be
applied to depositing and growing WO3 thin films on plain glass microscope substrates I undertook
to apply the same method to growing WO3 thin films on F:doped SnO2-coated glass (FTO).
Attempts to do so using exactly the same precursor solutions used in the synthesis of WO3 thin
films on plain glass met with immediate success. With the realization that the precursor solutions
were already of very low pH, and that preferential dissolution/acid attack of F:SnO2 could be a side
reaction in attempts to grow WO3 on FTO, I proceeded to leave out further additions of H2SO4/HCl
as was regularly done in the synthesis of WO3 thin films on plain glass substrates. From here on all
the WO3 thin films on FTO were grown at a pH close to 2.21 which often was the pH of the as
prepared Peroxotungstic acid (PTA) precursor solution. The results obtained for the structural,
optical, electrical and electrochemical characterization of the films obtained are hereby presented in
two sections

297

6.1. Surface Morphology using Scanning Electron Microscopy
In the initial stages of the work Scanning Electron Microscopy showed for the most part that the
WO3 thin films grown on FTO substrates were highly porous. Also we established that WO 3
urchin-like microspheres were being formed. Sometimes these were loosely bound to one another
and the thin film could was observed to have cracks. At other times these were closely packed
giving rise to less visible pores and cracks. Figure 6.1.1a below shows a SEM image (left) of bare
FTO before Aqueous Chemical Growth of a WO3 thin film and Fig. 6.1.1b after, shows the highly
porous and cracked WO3 thin film formed over the FTO surface.

(a)

(b)

Figure 6.1.1 (a) SEM of bare FTO substrate; (b) SEM of porous WO 3 thin film after Aqueous
Chemical Growth at low pH.
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(a)

(b)

(c)

(d)

(e)

(f)

Figure 6.1.2. (a-f). SEM images showing nanoparticles, urchin-like spheres, nanoflates,
microspheres.
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(a)

(b)

(c)

Figure 6.1.3. FIB-SEM images viewing fir-like microstructures (a) from a vertical postion; (b)
a semi-lateral position; (c) cross-sectional cut revealing a porous thin film.

Fig 6.1.2a above shows the highly porous films with different nano-sized grains. In Fig. 6.1.2b, c
and d highly porous films with urchin-like microspheres and ultra-thin nanoflakes can be observed.
Fig. 6.1.3a shows WO3 urchin-like microspheres bound up in a more compact arrangement while
Fig. 6.1.3a shows a highly porous WO3 thin film made up of fir-tree like structures. This fir-tree
like structure can be observed in the FIB-SEM micrograph in Fig. 6.1.3b. In Fig. 6.1.3c the
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thickness of the thin film which is estimated to lie between 2.9 and 3.9 μm is shown. We found out
that when we replaced the old reagent batches, for some of the additives, with fresh reagents the
morphologies changed. This suggests that contaminants in some of the batches or the reactivity of
the reagents influenced the chemistry and morphology of the structures obtained.

EDS: WO3-FTO (ACG).
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Figure 6.1.4. Electron Dispersion X-ray spectrum of WO3 thin film on FTO.
EDS on the thin films (Fig. 6.1.4) generally confirmed the presence of WO3 as expected.
Sometimes this was accompanied by the detection of Sn in the thin films. It is possible that with the
low pH (2.21) employed here, that partial dissolution of SnO2 took place releasing minute particles
of Sn that later on settled on the FTO surface forming nuclei around which WO3 structures could
grow.

6.2 Crystal structure determination by X-Ray Diffraction (XRD), HRTEM &
SAED
X-ray diffraction analysis was carried out on a WO3 thin film on FTO, prepared by ACG for 8 - 12
h. This (Fig. 6.2.1a) showed the absence of any crystalline peaks that could be attributed to the
presence of crystalline WO3 in the as-synthesized thin film. Rather, apart from the peaks that could
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be attributed to tetragonal SnO2 in the FTO substrate, only a weak broad peak at 12˚ 2θ
synonymous to the existence of WO3 in a highly amorphous phase was observed.
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Figure 6.2.1. X-ray diffractogram of WO3 thin films (a) as-synthesized (b) after annealing.
As expected after annealing at a temperature of 400 ˚C for 0.5 h, the crystallinity improved
dramatically (Fig. 6.2.1b) with WO3 in the annealed film observed to exist in both the hexagonal
(JCPDS card no: 33-1387) and monoclinic (JCPSDS card no: 71-4121; 05-0392) phase. The
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monoclinic phase indexed to JCPDS card no: 05-0392 appears to be sub-stoichiometric W18O49,
suggesting the presence of oxygen vacancies which can be expected at the annealing temperature of
400 ˚C used here. Oxygen vacancies have been advanced by workers like S.K. Deb et al [1], as
playing a critical role in enhancing coloration in WO3 chromogenic phenomena. This polymorphic
nature of WO3 in different phases within one form has been reported [2]. It is well known that
metastable hexagonal WO3 reverts to the monoclinic phase unless stabilized by the presence of
atoms or cations such as Na+, K+, and Cs+. In the absence of these ions and their stabilizing effect
metastable hexagonal WO3 will be observed to revert to a more stable monoclinic phase.
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Figure 6.2.1 c. X-ray Diffractogram of an as-synthesized semi-amorphous WO3 thin film.
X-ray Diffraction carried out on other WO3 thin films prepared by ACG showed them in the assynthesized form (Fig 6.2.1c) to be crystalline with a fair degree of amorphicity. WO3 in this semiamorphous film can be indexed to cubic phase (JCPDS card no: 41-0905) while the existence of
another phase, possibly a hydrated form of WO3, that could not be indexed was observed.
Elsewhere XRD (Fig. 6.2.1d) analysis showed WO3 in another thin film grown on FTO to be in the
hexagonal phase with strong reflections in the (100), (001), (110), (200), (201), (220), (221), (311),
(401) planes that could be indexed to JCPDS Card no:01-072-1147. The formation of hexagonal
WO3 through other sol-gel based methods, after annealing, has been widely reported [3].
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Figure 6.2.1d. XRD pattern of hexagonal mesoporous WO3 urchin-like microspheres on FTO.
From X-ray diffractogram it could be seen that though the WO3 thin film was predominantly
crystalline it also showed some degree of amorphicity. Using HRTEM (Fig. 6.2.2a) the lattice
fringes were estimated to be 0.304 nm. This is close to the value for the interplanar spacing
between the (200) planes in hexagonal WO3. Bright, regular diffraction spots observed through
SAED (Fig. 6.2.2b) carried out on the hair-like protrusions confirm crystallinity of WO3, with
diffraction spots that can be ascribed to reflections from the (200) and (201) planes of hexagonal
WO3. Streaks observed in the electron diffraction pattern (Fig. 6.2.2b) can be ascribed to the
existence of planar defects or disordered intergrowths that may result from varying oxygen
stoichiometry within the hair-like nanoscale protrusions [5,6]. In hexagonal WO3, W atoms are
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octahedrally coordinated with O atoms to form WO6 octahedra which join by sharing O corner
atoms. Open channels within the octahedra provide interstitial sites for ion insertion [4,5].

(201)

d = 0.304 nm

(200)

(200)

(a)

(b)

Figure 6.2.2. (a)HRTEM depicting lattice fringes on nanosized hair-like protrusion; (b)
SAED on single crystal of a WO3 hair-like protrusion.

6.3. Surface Chemical Analysis of WO3 thin films on FTO by X-ray
Photoelectron Spectroscopy
Just as was the case in XPS carried out on the WO3 thin films on PG, XPS carried out on WO3 thin
films on FTO was in a binding energy range of 0 - 1400 eV. The C1s peak was used as a reference
with its binding energy being at 285 eV. From the survey scan (Fig. 6.3.1a) the presence of W, Sn,
O, C and N was confirmed in the sample. The existence of N and C in the sample could be a result
of surface contamination. For the XPS core-level spectrum of W 4f, a doublet characteristic of W
in the 4f7/2 and 4f5/2 states was observed at binding energies, Eb, of

35.5 eV and 37.6 eV

respectively. These are all indicative of W bound up in the presence of oxides/ tungstates with the
W being in the W6+ oxidation state.
A broad intense peak was observed for the O1s peak which when deconvoluted showed a major
peak occurring at 530.3 eV, and a minor peak with a smaller Full Width at Half Maximum
occurring at 532.0 eV. The larger deconvoluted peak at 530.3 eV could be attributed to the
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presence of WO3 while the smaller peak could be attributed to the formation of OH bonds between
adsorbed moisture and surface-bound O atoms in the WO3 thin films.
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Figure 6.3.1 (a) XPS wide survey scan of WO3 thin film on FTO (b) High resolution scan of
W4f doublet.
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This could also be due to the existence of some form of hydrated WO3 (WO3. 1/2H2O) which may
not have been lost at the calcination temperatures of 400 ˚C or may have been absorbed postcalcination, on exposure to air.
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The binding energy peaks for Sn occurred at 486.9 and 495.3 eV for the Sn 3d5/2 and Sn 3d3/2
oxidation states respectively. These peaks suggest the existence of Sn in the SnO or SnO 2 form.
With XPS being a surface technique having a depth profile of about 8 nm the detection of Sn at
surface level lends credence to the assertion made following EDS analysis in Chapter four that
preferential dissolution of SnO2 from the surface of FTO took place in the presence of acidic (pH =
2.1) Peroxotungstic acid (PTA) during the process of Aqueous Chemical Growth. From the XPS
survey scan the W/O ratio can be estimated to 1:2.82 which points to the sub-stoichiometric nature
of the film investigated. Sub-stoichiometry has been advanced as a favourable condition for good
coloration during electrochromism [7].

6.4 Determining Chemical bonding using FT-Infrared Spectroscopy
Figre 6.4.1 showed the FT-IR spectrum of a microsphere-containing WO3 film on FTO carried out
in the 400 - 4000 cm-1 spectral range, after calcinating the films in air at 400 ◦C. The 500 - 1000
cm-1 is a finger print region for framework O-W-O, W-O-W symmetric and antisymmetric
vibrational stretching and bending modes caused by O-W-O, W-O-W bonds and O-lattice
vibrations [8,9]. A broad peak of low intensity observed at ~ 3412 cm-1 could be assigned to O-H
stretching bonds and may be attributed to the presence of water adsorbed on the surface of the WO3
films post calcination or the existence of WO3 in a hydrated form. Stretching and bending of O-H
bonds takes place in W-OH bonds that are formed when O-H bonds bond strongly to surface
oxygen atoms or surface adsorbed water molecules [9]. The low intensity of this peak suggested
that the presence of H2O may only be a surface phenomenon and not the inclusion of H2O
molecules into the bulk/bond structure of the films. The peak at 1664 cm-1 could be ascribed to HO-H bending as observed in WO3 thin films prepared by sputtering, sol-gel [8], and
electrodeposition techniques [10]. Its presence confirmed the presence of water in the WO3 films
possibly as waters of crystallization or moisture adsorbed unto the surface of the thin films and
entrapped in air spaces between the microspheres. The broad but intense band between 420 and 950
cm-1 with a sharp peak at 585 cm-1 can be ascribed to W-O-W bonds in bending mode as well as
WO3 lattice vibrations. The bands of small intensity at 2536 cm-1 and 2158, 2016 cm-1 can be
ascribed respectively to CO2 and residual moisture in the spectrometer.
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Figure 6.4.1. FT-IR (ATR mode) spectrum of WO3 thin film on FTO.

6.5. I-V characterization of WO3 thin films grown on F-doped SnO2 FTO by
ACG
The I-V curve in Fig. 6.5.1 was generated by carrying out measurements on a bare FTO substrate
using a 4-point probe collinear electrical characterization device. The close-to-metallic behaviour
of the FTO surface is demonstrated with electron transport on the surface obeying Ohm’s law in
which the current (I) measured on the FTO surface is directly proportional to the voltage (V)
applied. The current registered here reaches a maximum of 5 μA range for a small applied voltage
of 0.15 V in both the forward and reverse direction. This behaviour can be expected of F-doped
SnO2 as F-doping introduces an excess of electrons in the semiconductor SnO2 making it
conductive. From this I-V plot, the resistance R (= V/I) of the FTO surface is calculated at a
maximum Voltage of 0.15 V for Imax = 5 mA, to be 3 Ω. This value is well in line with the low
resistances expected of a material exhibiting semi-metallic/metallic-type current-voltage
characteristics.
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Figure 6.5.1. Current-voltage (I-V) curve of a bare FTO substrate.
When a layer of WO3 is grown on the surface of FTO the I-V characteristics are altered following
the behaviour pattern of a highly insulating or semiconductor material.
The WO3 thin film examined below (Fig 6.5.2) showed highly insulating properties which may be
explained by the possible absence of surface defects such as oxygen vacancies that give rise to an
excess of electrons typical of n-type semiconductor materials. For applied voltages less than 20 V
the thin film showed no measurable generation of an electric current. At 20 V in the forward bias
however, there was a breakdown in the dielectric capacity of the WO3 thin film and a massive spike
in conductivity with current (I) values going from 0-5 mA. This result suggests that at the
breakdown voltage of 20 V the electrons within the valence band of this highly insulating WO3
gain enough energy to surmount the energy barrier provided by the band gap into the conduction
band. Highly insulating behaviour is also possible in over-stoichiometric WO3 which may have
been generated when the samples were heated air.
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Figure 6.5.2. I-V curve of a highly insulating WO3 thin film prepared by Aqueous Chemical
Growth on FTO.

In the WO3 thin films on FTO investigated below (Fig. 6.5.3) typical semiconductor behaviour is
observed. A measureable current only becomes clearly evident after the application of about 1.0 V.
Between 0 and 1.0 V the thin film is appreciably non-conducting. Current however increases
exponentially from 0 to 5 mA between 1.0 and 4.0 V. The breakdown voltage in this thin film lies
between 1 and 1.5 V, which is much less than that encountered in the highly insulating WO3 thin
film (20.0 V) probed above. This suggests that the thin film probed here is less of an insulator than
the previous thin film. An increase in the applied voltages between 1.5 and 4.0 V results in the
generation of an appreciable current which increases exponentially as the number of electrons
promoted from the Valence Band Maximum to the Conduction Band Minimum increase.
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Figure 6.5.3. I-V curve of a semiconducting WO3 thin film prepared by Aqueous Chemical
Growth on FTO, before (inset) and after H2 sensing.
The presence of oxygen vacancies and other defects at the WO3 surface and sub-surface leave an
excess of negatively charged free electrons that make WO3 an intrinsic n-type semiconductor.
Applying sufficiently high potential to such a surface causes electrons to flow in a unidirectional
manner thus the current. One can expect this WO3 thin film with a lower-breakdown voltage to
have a lower energy barrier for the promotion of electrons into the Conduction band (CB) than the
previous thin film with a higher break-down voltage. The presence of oxygen vacancies in such a
film introduces the existence of donor-like states just below the CB which contain trapped electrons
that have a lower energy barrier to overcome in order to be promoted into the CB. The existence of
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oxygen vacancies has been reported by some workers to play an important part in the coloration
effect in electrochromic WO3.

6.6. Electrochemical Characterization of WO3 thin films by ACG on FTO
Voltammetric measurements were carried out on a BAS 50B electrochemical analyzer
(Bioanalytical systems inc, West Lafayette-Indiana). A 3-electrode electrochemical system made of
WO3 thin films on FTO as the working electrode, Pt wire as the counter electrode and Ag/AgCl
(sat’d 3M NaCl) as the reference electrode was used. The electrolytes were de-aerated for 10 - 15
mins before each electrochemical experiment which was carried out at room temperature. To
prevent re-diffusion of oxygen into the electrolytes during experimentation, a gentle flow of N2 gas
was let over the surface of the electrolytes at an angle such as would minimise disturbance of the
electrolyte as well as the set up of convection currents able to significantly influence the mass
transport of ionic species.
6.6.1. Cyclic voltammetry
The general trend observed when carrying out Cyclic voltammetric measurements on the WO3 thin
films (c.f Fig. 6.6.1.1) was that increasing the scan rate resulted in a linear increase in both the
anodic and cathodic peak currents. The increase of the anodic and cathodic peak currents with
increasing scan rate can be expected as more of the reductant [H+ + e-] and oxidant (WO3) species
get oxidized and reduced. From the plot it is clear that there was no clear cathodic peak potential,
Epc. The absence of a clear Epc suggests a redox process that is not strictly reversible. The anodic
peak potentials, Epa, were also observed to shift to more positive potentials as the scan rate
increased from 10 - 100 mV/s. This is a clear indication that the redox process here is not of a
reversible type, where the peak potential is generally independent of the scan rate. The increase of
the anodic peak potential with increase in scan rate is characteristic of electrochemical processes
that are controlled by the diffusion of ionic species to and fro the electrode/electrolyte interface
[11,12].
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Figure 6.6.1.1 Plot of Current density versus increasing scan rates (10 - 100 mV/s).

That the reduction/oxidation process at the WO3/electrolyte interface was not reversible can again
be deduced from the peak potential difference where Epa - Epc > 200 mV a clear sign of nonreversibility.This in contrast to reversible redox processes where Epa - Epc ≈ 0.059/n V at 25 ˚C.
By linearly plotting the log of the anodic/cathodic peak current versus the square root of the scan
rate, v1/2, it is possible to tell if a reaction is diffusion-controled or not. With the WO3 thin films
since there were no clear cathodic peaks the spike currents at the end of the reverse scan in the +1.0
V to -1.0 V direction were used as the cathodic current peaks. The corresponding anodic peak
current (ipanodic) values and cathodic peak current (ipcathodic) values obtained in the forward scan (-1.0
V to +1.0 V) were used to obtain plots of the ipanodic and ipcathodic vs. v1/2.
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Figure 6.6.1.2. Plot of the anodic current Ipanodic versus the square root of the scan rate (v1/2).
A plot of ipanodic vs. v1/2 (Fig. 6.6.1.2) yielded a straight line at lower scan rates suggesting that the
oxidation of the WO3 bronze or de-intercalation was essentially a diffusion-controlled process. As
the scan rates increased however a deviation from a straight line plot began to appear suggesting
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the possibility of the involvement of adsorbed reaction intermediates such as H+, OH- and H2O
molecules. The occurrence of reactions occurring at porous electrodes could also lead to deviations
from a straight line plot. A plot of the cathodic current ipcathodic vs v1/2 yielded a fairly straight line
with regression R2 = 0.9923. Deviations from a straight line plot were located at low scan rates (20
and 40 mV/s) which at this stage we can account for by the adsorption and inclusion of H+ unto and
into the WO3 crystallites. The straight line nature of the plot however suggests that process of H +
intercalation into the WO3 thin film is also diffusion-controlled.
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Figure 6.6.1.3. Log-log plot of the anodic current (Ipanodic) versus scan rate (v).
Log-log plots (Fig. 6.6.1.3) of the anodic and cathodic peak currents versus the scan rates, log
ipanodic vs log v and log ipcathodic vs log v, can also be used to determine whether the electrochemical
processes occurring are adsorption-controlled or diffusion-controlled or both. When the values for
the slope are specifically 1.0 and 0.5 the electrochemical processes are said to be respectively,
adsorption-controlled and diffusion-controlled. When the values are intermediate the processes are
said to be simultaneously adsorption and diffusion-controlled.
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A log-log plot of the anodic peak current versus scan rate for the WO3 thin film on FTO suggests
that the diffusion of H+ out of/away from the WO3 electrochrome is the rate-limiting step. This was
confirmed by the slope value of 0.63 obtained for the anodic waves. The slight deviation from this
value may be ascribed to the highly porous nature of the WO3 thin films which gives room for
increased adsorption and trapping of H+ and H2O/OH- molecules.
To determine the diffusion coefficient of H+ from the electrolyte into the WO3 thin films the
Randles-Sevcik equation [13] was used, for which
ip = 2.72 x 105 x n3/2 x D1/2 x C0 x ʋ1/2

(1)

where D is the diffusion constant, C0 is the concentration of active ions (H+, Li+ ions in this case)
in the electrolyte, ʋ is the scan rate, ip is the peak current (both ipcathodic and ipanodic) and n is the
number of electrons taking part in the electrochemical process. [14-17]
6.6.2. Electrochemical Impedance Spectroscopy on thin film WO3 prepared by ACG

Electrochemical Impedance Spectroscopy on one of the WO3-FTO samples was carried out using a
Zahner IM6ex electrochemical workstation. EIS measurements were performed at a fixed potential
of 119 mV and a perturbation amplitude of 5 mV within the frequency range of 0.1 Hz -10 kHz, in
a 0.1 M H2SO4 solution. The working, counter and reference electrodes were respectively WO3 thin
film on FTO, Pt wire and Ag/AgCl (sat’d 3M NaCl).

The Nyquist plot in the first cycle (Fig. 6.6.2.2a) showed a depressed semi-circle at high frequency
which extended in the region of lower frequency into a line inclined at about 45˚ to the real Z-axis.
The presence of the semi-circle corresponds to an electron transfer limited process. It says that at
high frequency the H+ intercalation/de-intercalation process is limited by a resistance to chargetransfer at the electrode (WO3)/electrolyte (0.1 M H2SO4) interface. The vertically line denoting
Warburg impedance in the low frequency region denotes an H+ ion diffusion-controlled process.
Extrapolating the left-end of the semi-circle (Fig. 6.6.2.1) to the real part of the impedance axis in
the high frequency region gave the resistance of the solution/electrolyte, Rs, to be ~ 16.3 Ω.
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Extrapolating the right end of the semi-circle (in the direction of the region of lower frequency) to
the point where it intercepts the real impedance axis (Zr’ (Ω)) yields a resistance value equivalent
to Rs + Rct, where Rct = Resistance to charge transfer at the electrode/electrolyte interface. From
this relation a rough estimate of Rct = 1.75 Ω, given that Rs + Rct = 18.05 Ω. This very low value
of ohmic resistance to charge transfer at the electrode/electrolyte interface can be ascribed to the
highly porous nature of the WO3 thin film that allows for easier H+ intercalation/de-intercalation.
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Figure 6.6.2.1. Nyquist plots of EIS recorded in 0.1 M H2SO4 solution for a WO3 thin film
grown on FTO, by Aqueous Chemical Growth.
In the lower frequency region of the Nyquist plot a straight line oriented at about 45˚ to the real Z
axis is observed. This linear part of the Nyquist plot attributed to Warburg impedance is typical of
diffusion-controlled reactions.
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Figure 6.6.2.2. Nyquist plots for an electrochemical system of WO3-FTO in 0.1M H2SO4, at
different cycles (a-e), moving from high frequency to low frequency.
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140

The reduction/elimination, with increasing cycles, of the semi-circle in the region of high frequency
to give way to a profile consisting principally of the line representing the Warburg impedance, says
that with increasing cycles the charge-transfer resistance posed by the electrode/electrolyte
interface is overcome giving way to an electrochemical process which is all diffusion-controlled.

This type of behaviour can be explained thus. During the first cycle (Fig 6.6.2.2a) the electrons
being inserted into the WO3 thin films through the FTO electrode, face significant resistance to
charge transfer as they tunnel across the FTO/WO3 interface via not always good contacts into the
WO3 thin films. H+ ions from the electrolyte also face charge transfer resistance at WO3/electrolyte
interface as they seek to penetrate the WO3 thin film. At this stage both electron tunnelling across
the FTO/WO3 interface and H+ intercalation across the WO3/electrolyte interface contribute to
charge transfer resistance. This results in the semi-circle observed in the high frequency region.
Resistance, Rs, to the diffusion of the H+ across the electrolyte is also offered by the electrolyte.
As the frequency at which the potential is applied moves to lower values, resistance to charge
transfer plays a lesser role and the process of H+ intercalation becomes diffusion-controlled hence
the observation of a straight line (Warburg impedance) at lower frequencies.
In the 2nd cycle the resistance to charge transfer which is reduced (smaller or more depressed semicircle, Fig. 6.6.2.2b) as a result of electron inclusion into the WO3 electrochrome can be accounted
for, to a greater extent, by the resistance to H+ diffusion across the WO3/electrolyte interface. Upon
inclusion of H+, the formation of HxWO3 (tungsten bronze) contributes metallic character to the
previously semiconducting/insulating WO3 thin film. This metallic character implies greater
conductivity in the WO3 electrode hence lesser charge transfer resistance. Because the process of
H+ intercalation forming tungsten bronze is not always fully reversible each additional EIS cycle
will result in increasing residual conductivity hence less charge transfer resistance. By the 4 th cycle
(Fig. 6.6.2.2d) the WO3 thin film is highly intercalated with H+ ions and electrons offering little
charge transfer resistance to the H+ intercalation/de-intercalation step so that the rate-limiting step
for the intercalation process becomes the diffusion of the H+ from the electrolyte to the WO3
surface. The electrochemical process at this stage is essentially diffusion-controlled with almost no
charge transfer resistance to H+ intercalation even in regions of high frequency (c.f. Fig 6.6.2.2d;e).
Fig 6.6.2.2f shows a superimposition of the Nyquist plots from the first cycle to the 5th cycle
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showing the dominant role diffusion plays with each successive cycle. With the perturbations of
low amplitude used in this investigation, these EIS results show that once the resistance to charge
transfer has been overcome at a WO3 electrode/electrolyte interface the process of H+
intercalation/de-intercalation becomes highly reversible as shown by the straight line plots (inclined
at 45˚ to the real Zˊ-axis) obtained for the impedance measurements in Fig. 6.6.2.2e. This is in
contrast to the results obtained during cyclic voltammetry which seem to suggest that the process of
H+ intercalation/deintercalation is irreversible. We know from previous results by other workers
that the proton intercalation/deintercalation process in WO3 is highly reversible, able to withstand
as many as 103 - 105 cycles. This discrepancy in the results between CV and EIS reported here can
be explained by the fact that EIS makes it possible to probe the WO3 electrochrome without
disturbing the structural stabiity of the WO3 thin films. CV does not in the initial cycles of proton
intercalation/de-intercalation, especially so in acidic electrolytes. However if the problem of
structural stability can be overcome as in Li-based electrolytes the quasi-reversible nature of the
intercalation/de-intercalation process in WO3 over many cycles can be established. Based on this
one can dare to say that should the WO3 thin films still maintain the bulk of their integrity after the
initial phases of structural instability in the first Cyclic Voltammetry runs then a fairly reversible
behaviour in the proton intercalation/deintercalation processes will be observed until such a period
as when delimination off the FTO electrode surface occurs.

The EIS results presented here for the sake of time have not been exploited to obtain the kinetic
parameters governing the diffusion-controlled process of H+ intercalation/de-intercalation nor have
they been fitted to establish the appropriate Randles equivalent circuits that best model diffusioncontrolled processes. They serve at this stage however to confirm that the H+ intercalation process
is diffusion controlled and to show that high porosity in the WO3 thin films influences the
electron/ion kinetics. Further development of the results obtained will be reserved for future work.
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6.6.3. Chronoamperometric probing of a WO3 thin film by ACG
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Figure 6.6.3.1. Current-time response for double step chronoamperometry carried out on
WO3 thin film on FTO at +1.0 V and -1.7 V for 10 milliseconds.
Oxidation potential was +1000 mV while the reduction potential was -1700 mV. The pulse width
was 5 millisecs while the sensitivity was fixed at 1 x 10-1 A/V. A standard 3-electrode
electrochemical cell configuration was used in which a WO3 thin film coated- FTO substrate was
used as the working electrode while a Pt wire served as the counter electrode and a Ag/AgCl (sat’d
3M NaCl solution) electrode as the reference electrode. Chronoamperometry involves stepping the
potential of the working electrode from a value at which no faradaic reaction occurs to a potential
at which the concentration of the electroactive species in the electrolyte becomes effectively zero.
The potential of the working electrode was stepped between +1.0 V and -1.7 V. The exponential
decay of the current with time (Fig. 6.6.3.1) is typical of diffusion-controlled electrochemical
processes. The method was used to get an estimate of the bleaching and coloration time which was
close to the value of 5 ms for both bleaching and coloration.
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6.6.4. In-situ Spectroelectrochemical Characterization of WO3 thin film on FTO
In situ spectroelectrochemical characterization was carried out on a WO3 thin film on glass
produced by ACG. This thin film had been prepared following a typical synthesis of WO3 thin
films from PTA solutions of pH = 2.21. The electrolyte used was a 0.1M H2SO4 acid solution. A
virgin FTO substrate cleaned with methanol and distilled water, then dried with N2 gas was used as
a blank in an electrochemical cell coupled to a UV-VIS NIR spectrophotometer. The
electrochemical cell consisted of a quartz cell (1 cm thick) in which we managed to insert a Pt wire
as the counter electrode while an FTO-glass substrate on which was deposited the WO3 thin film
functioned as the working electrode. The WO3 thin film used was annealed at 400 ˚C to improve its
adhesion to the FTO-glass substrate.
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Figure 6.6.4.1. Absorbtion spectrum obtained in-situ during the application of an open circuit
potential and a fixed redox potential of ±0.7V.

The absorbance of the WO3/FTO electrode was evaluated in open circuit potential (0.0 V) and was
observed to strongly absorb light in the UV region of the electromagnetic spectrum. Absorption of
light in the visible and Near-IR regions was substantial (between 0.4 and 0.6 units on a scale of a
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scale of 3.) but comparatively smaller than absorption in the UV region. When a fixed reduction
potential of -0.7 V was applied to the film, the absorbance in the visible and Near-IR region was
observed to increase above that obtained in open circuit potential. On applying a reverse oxidation
potential of +0.7 V the absorbance was observed to drop well below the absorbance in OCP. This is
particular so in the visible region between 600 and 630 nm. For both the bleached and coloured
films, absorbance was found to increase in the Near-infrared and Infrared. This is synonymous with
a drop in transmission within this region, an occurrence typical of electrochromic WO3 in the
coloured state. The drop in transmittance is generally ascribed to the formation of a metallic
HxWO3 bronze which due to its Drude-type behaviour (sea of free electrons) reflects incident light
hence a reduced transmission of light in the NIR and IR regions for coloured WO3 thin films.
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Substrate: WO3 (ACG) on FTO.
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Figure 6.6.4.2. Absorption spectrum of WO3 thin films in the presence of an increasing redox
potential.

Increasing the redox potentials ± 0.7 V to ± 1.0 V results in an increase in the optical modulation of
absorbance of incident light from the Visible to the Near-IR region. The modulation is however
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largest at about 600 nm. In the coloured state an increase in absorbance of light in the 500 - 1100
nm range is observed. This implies that light from the green to the red region of the spectrum is
increasing absorbed. Light in the blue region is least absorbed hence the blue colour of WO3 thin
films when in the coloured (reduced) state. In the bleached state light in the yellow-green region
(600 nm) of the spectrum is least absorbed with maximum absorption taking place in the Red-Near
IR regions. Blue and violet light are also more absorbed hence the greenish-yellow coloration of
the films in the bleached state.

From the plot of absorbance vs wavelength the onset of the absorption edge can be used to directly
estimate the optical band gap of the WO3 thin film prepared. Tangents drawn to this region of the
absorption curves for both the colored (-0.7 V), bleached (+0.7 V) and pristine WO3 thin films
(open circuit potential, OCP) put the onset of absorption in the UV region to be at ~ 345 nm.
Using the formula

Eg = hc/λ

(2)

where Eg = to the optical band gap, h is equal to Planck’s constant, c is the speed of light and λ is
the wavelength , the optical or electronic band gap of the WO3 thin film can be evaluated. Such an
evaluation gave Eg = 3.59 eV. This value which suggests an electronic band gap for WO3 that is
much higher than that obtained in bulk (2.9 eV) can be attributed to a high degree of amorphicity
(due to reduction in size of the grains to nanoscale – small grain size) or the existence of oxygen
vacancies in the WO3 thin film. Both amorphicity and oxygen vacancies result in structural
distortions within the WO6 octahedra that result in off-centering of W, relaxation of the W-W bond
lengths and bring about changes in the splitting of W-O bonds that give rise to the widening of the
band gap [7]. The electrochromic nature of the WO3 thin films prepared by Aqueous Chemical
Growth is through in-situ spectroelectrochemistry successfully demonstrated.

6.7. Ex-situ evaluation of electrochromic effect via cyclic voltammetry
Cyclic Voltammetry (Fig. 6.7.1) was carried out on another porous WO3 coated FTO substrate in a
0.1M H2SO4 solution, between potentials of -1000 mV to +1000 mV with scan rates ranging from
50 – 200 mV/s. Transmission (%T) measurements using a UV-Vis-NIR spectrophotometer were
carried out ex-situ post cyclic voltammetry. When compared to bare FTO (dashed red line) the
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presence of WO3 on FTO allowed for high H+ intercalation and high charge transfer as porous
WO3 coated-FTO with its high surface area incorporates much higher charge (346.541 mC) than
does bare FTO (0.129 mC). The application of a cathodic potential brought about simultaneous
insertion of H+ ions and electrons into the WO3 matrix resulting in the formation of a tungsten
bronze which was intensely blue colored (Fig. 6.7.2b). The observed color change from semitransparent to deep blue may be ascribed to optical intervalence charge transfers that take place as
electrons hop between WVI and WV metal ions post the double insertion of electrons and protons
into interstitial sites present in WO6 octahedra [18]. Oxidation (anodic scan) resulted in de-insertion
of the H+ and e- yielding a semi-transparent thin film. When out of the electrolyte the intensely
blue colored WO3 thin film bleached in under 1 h returning to the traditional pale yellow color of
bulk WO3.
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Figure 6.7.1. Cyclic Voltammetry for WO3 thin films on a FTO substrate in a 0.1M H2SO4
electrolyte, at scan rates of 50 mV/s. 150 mV/s and 200 mV/s.
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By scanning from a negative potential of -1 V to a +1 V and back (Fig. 6.7.1), the anodic peak
potential as well as the anodic peak current (ipa, in brackets) was observed to increase from 519.6
mV (0.022 A) to 558.3 mV (0.028 A) and then 705 mV (0.031 A) with increase in scan rates from
50 mV/s, 150 mV/s to 200 mV/s. Cathodic peak current/spike current [19] (ipc) on the reverse scan
was observed to increase from -0.0248 A at a scan rate of 50 mV/s to -0.0424 A at a scan rate of
150 mV/s, after which a drop to -0.0273 A was registered at 200 mV/s.
The drop in the maximum cathodic current at 200 mV/s can be ascribed to the partial retention of
previously intercalated H+ ions during the preceding 150 mV/s scan which then limits the amount
of H+ that can be further inserted into the WO3 film. It may also be accounted for by the partial
disintegration of the WO3 film into the electrolyte of low pH as a result of dissolution.
Insertion charges (Qc) were observed to decrease from 172.63 mC at 50 mV/s to 55.22 mC and
59.15 mC at 150 mV/s and 200 mV/s respectively. De-insertion charges (Qa) were observed to
follow the same trend moving from a maximum of 174.10 mC at 50 mV/s to 56.40 mC and 70.16
mC at 150 mV/s and 200 mV/s respectively. The drop in Qa and Qc can be accounted for as due to
partial retention of charge during the preceding discharge cycles. The partial retention of previously
intercalated H+ ions may be explained by the possible formation of a stabilized phase of H2WO4
which is not easily reversed. C-K. Wang et al [23] confirm the degradation of electrochromic
properties in Li+ intercalation of amorphous WO3, as a result of the formation of an irreversible
phase of Li2WO4. The possibility of the occurrence of a similar scenario in the case of the H+
intercalation of hexagonal-WO3 reported here should not be ruled out but needs to be proven.
Granqvist [3] makes mention of the possibility of the insertion of a second hydrogen atom into a
WO3 crystal already containing one hydrogen atom. This, he argues from a theoretical point of
view, is possible since the H atom in HWO3 pseudo-cubic lattice is not centrally placed but rather
close to the O atom such as to form a hydroxide (O-H) bond with a maximum bond length, dOH =
1.1 Å. This allows for the insertion of a second H atom which can form another O-H bond that
would add greater stability to the previously formed HWO3 lattice. De-inserting an H+ ion from an
energetically stabilized H2WO4 lattice would require greater energy and so too inserting a H+,
hence the observed reduction in insertion and de-insertion charges at 200 mV/s.
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The partial disintegration of the WO3 thin film may also be explained as being a consequence of
stresses set up within the films following the structural expansions hexagonal WO3 undergoes as a
result of H+ insertion into the trigonal and hexagonal tunnels (channels) of its 3 and 6-membered
rings [3]. The Qc/Qa values decrease from 0.992 at 50 mV/s to 0.972 at 150 mV/s and 0.843 at 200
mV/s. This suggests that reversibility in this particular thin film decreased with increasing scan rate
dropping from 99.2% to 97.2% then 84.3% as the scan rate increased from 50 mV/s to 200 mV/s.
Despite this charge imbalance optical switching between the bleached and colored states remains
clear. Based on the Randles-Sevcik equation [20], the diffusion coefficient of de-insertion of H+
ions was calculated to be 1.33 x 10-11 cm2/s at 50 mV/s, 7.34 x 10-12 cm2/s at 150 mV/s and 6.46 x
10-12 cm2/s at 200 mV/s. That for insertion of H+ into the WO3 thin film at 50, 150 and 200 mV/s
was respectively 1.66 x 10-11 cm2/s, 1.62 x 10-11 cm2/s, 5.04 x 10-12 cm2/s. These values fall within
the range of values for H+ diffusivity reported by Patil et al and Sivakumar et al [20,21] but are
averagely 2 orders of magnitude less than the 4.36 x 10-10 cm2/s and 6.08 x 10-10 cm2/s values
Sivakumar et al [21] report for films (1.7 μm) they treated at 300 ˚C. This drop in D values at all
scan rates should be expected and can be explained by the fact that the H+ diffusion to and from
WO3 films is reduced because of the diffusion-limiting effect of crystallization at 500 ˚C, an effect
caused by increase in density of the WO3 matrix, formation of grain boundaries and increase in
grain size as annealing temperatures rise [20]. Despite the highly crystalline nature and thickness of
the films (averagely 2 - 3 μm) their high porosity however allows for fairly fast coloration and
bleaching rates. This fairly fast electro-optic response can be ascribed to the use of an electrolyte
containing highly mobile H+, the open structure of perovskite-like hexagonal WO3 and the presence
of semi-amorphous WO3 which promotes fast diffusion of H+ [18,24]. The cyclic voltammograms
(Fig. 6.7.1) show that the ion insertion/de-insertion process was not entirely reversible especially as
the anodic peak potential is observed to increase with the increase in scan rate, an indication of
slow insertion kinetics which leads to irreversibility [22].

Optical switching on application of a redox potential was visually observed to lie between 15 - 25
seconds at a scan rate of 50 mV/s, moving to and fro the maximally bleached and colored states.
Coloration rates were observed to be slower than the bleaching rates. With all optical transmission
measurements having been obtained ex situ, maximum transmission modulation (∆T) between the
coloured and the bleached states for the thin film investigated in Fig. 6.7.2a, amounted to ~ 8.74%
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at 434 nm, 6.92% at 629 nm, 9.48% at 700 nm and 14.49% in the Near IR (950 nm). In the colored
state a gentle decrease in transmittance, typical of WO3 thin films in the polycrystalline state is
observed as one moves from the visible to the Near IR region. This is as reported in literature
[9,19-22].
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Figure 6.7.2. (a) Optical transmission in colored and bleached state, obtained ex situ; (b)
Digital photograph of WO3-FTO substrates (inset) showing WO3 in the bleached (pale yellow,
left) and colored state (blue, right).

The inset in Fig. 6.7.2b shows that the film adhered poorly to the surface. This generally occurred
after 10 - 15 cycles and can be ascribed to dissolution effects (explained earlier) on WO3 in the
electrolyte of low pH, as well as semi-compactness due to the partially amorphous and porous
nature of the films. The thin films produced should have greater stability in Li+ based electrolytes
resulting in longer life cycles [18].
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An important parameter for the evaluation of a thin film with respect to electrochromism is that of
Coloration Efficiency. Coloration efficiency (CE) which is a measure of the optical contrast per
unit charge inserted into the film was calculated using eqn. 3 [9],
CE (λ) = ∆OD(λ)/Q/A = ln(Tb(λ)/Tc (λ))/Q/A

(3)

in which ∆OD(λ) is the change in optical density at a given wavelength, λ; Tb(λ), Tc(λ), are
respectively transmittance in the bleached and colored states at the given wavelength, and Q/A the
charge (Q) inserted per unit area (A) of the electrode.
Based on this, CE at a scan rate of 150 mV/s for the film (A = 1.45 cm2) investigated in Fig. 6.7.1
is estimated to be 18.91 cm2/C at 435 nm, 9.85 cm2/C at 629 nm, 13.78 cm2/C at 700 nm, 23.38
cm2/C at 950 nm and 23.99 cm2/C at 1000 nm. The values presented here at an inserted charge of
55.22 mC are in the range of values obtained by Sivakumar et al [21] for WO3 thin films prepared
by e-beam evaporation and annealed at 300 ˚C. The results obtained are however smaller in
magnitude and are a confirmation of the fact that highly crystalline WO3 thin films obtained after
annealing at high temperatures show reduced electrochromic performance when compared to
amorphous unannealed samples. This is due to the densification of the WO3 layer which makes ion
insertion much more difficult [3, 9, 20, 21].
The results also suggest that the change in optical density per unit charge inserted was
comparatively smaller than that reported in literature [20, 21]. It is also possible that the while the
charge inserted into the dense crystalline WO3 matrix was high the optical response was
comparatively small. This may be explained by the fact that measurements of transmission for
bleaching and coloring were carried out ex situ. In situ measurements of transmission during
bleaching and coloring should result in increased, more accurate values for CE. Hopefully,
investigating the electrochromic effect in amorphous thin films produced by Aqueous Chemical
Growth should also show improved results.
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(a)

(b)

(c)

Figure 6.7.3. Digital photographs of WO3-FTO substrate (a) before (b) during cyclic
voltammetry in a three-electrode electrochemical cell; (c) From left to right: bare FTO;
annealed WO3-on-FTO before H+ intercalation; annealed WO3-on-FTO after H+
intercalation.

The digital photographs above (Fig. 6.7.3) give a visual demonstration of the WO3 thin film before
insertion into 0.1M H2SO4 electrolyte and (b) therein and (c) after removal from the electrolyte..

6.8. Summary and Conclusions.
Using the method of Aqueous Chemical Growth WO3 thin films that were highly porous and
predominantly in the hexagonal and monoclinic phase were grown on FTO substrates. Cyclic
voltammetry and Electrochemical Impedance Spectroscopy showed that the process of H+
insertion/de-insertion into the WO3 thin films was diffusion-controlled and that the films
investigated

were

porous.

Using

absorption

spectra

generated

during

in-situ

spectroelectrochemistry probing of the WO3 thin films on FTO, the optical band gap of the films
was estimated to be 3.59 eV, a value well in agreement with that obtained for our samples on glass
and that reported by other workers. Based on cylic voltammetry and ex-situ transmission
331

measurements the coloration efficiency of the thin films was estimated to reach a maximum of
23.99 cm2/C (λ = 1000 nm). The comparatively low values of coloration efficiency could be
ascribed to the effects of crystallisation and densification during annealing. The diffusion
coefficients for H+ insertion (coloration) were estimated to lie between 1.66 x 10-11 cm2/s and 5.04
x 10-12 cm2/s while those of H+ de-insertion (bleaching) lay between 1.33 x 10-11 cm2/s at 50 mV/s
and 7.34 x 10-12 cm2/s at 150 mV/s. These results are in good agreement with those obtained by
other workers for H+ diffusion coefficients in crystalline WO3.
I-V characterization of the thin films using a four-point probe I-V measuring device suggests that
the WO3 thin films on FTO can be highly insulating or semi-conducting depending on the
conditions prevalent at the time of synthesis and annealing. Apart from being used as a working
electrode in electrochromic devices the semi-conducting WO3 thin films on FTO may also find
applications in photoelectrochemical cells for H2O splitting and energy generation, photocatalysis
for environmental remediation, and as electrode materials in dye-sensitized solar cells.
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CHAPTER SEVEN
ELECTROSPUN WO3 NANOFIBRES ON FTO-COATED GLASS
AND PLAIN GLASS FOR APPLICATIONS IN
ELECTROCHROMISM AND HYDROGEN SENSING
7. Overview
In this chapter, electrospinning of sol-gel prepared WO3/Polyvinylacetate (PVA) polymers unto
FTO and Plain Glass microscope slides (PG) was used to prepare highly porous, ultrathin WO3
nanofibres that were employed in electrochromism and hydrogen gas sensing. The WO3/PVA fibrecoated FTO substrates obtained were calcined for 1 - 3h, at 500 ˚C, leading to the loss of PVA and
the crystallization of the WO3 nanofibres. SEM before calcination revealed that the WO3-PVA
fibres were made up of randomly aligned ultrathin fibres hundreds of micrometres in length with
average diameters of about 135 ± 23 nm. SEM post calcination showed a reduction of the fibre
diameters to the 50 - 102 nm range. AFM confirmed the surface roughness to be ~ 81 nm after
calcination while XRD showed the formation of crystalline WO3 upon calcination. Complete
decomposition of PVA and high purity of the WO3 nanofibres obtained after calcination was
confirmed through FT-IR analysis. Optical characterization of the calcined samples post H+
intercalation in 0.5M H2SO4 showed optical modulation in the Visible-Near IR range to be greater
than 10%. From our observation, increasing the amount of WO3 nanofibres deposited on FTO
resulted in improved optical modulation of the samples post H+ intercalation. For H2 sensing WO3
nanofibres on plain glass (PG) showed less fast response and recovery, with lower sensitivities than
WO3 thin films and powders respectively prepared by ACG and the annealing of WO3-PVP
polymers. It is my opinion that these lesser performance is tied to the fact that there was a much
lesser volume of WO3 nanofibres on the glass substrates as compared to the ACG grown WO3 thin
films and the WO3-PVP derived powders.

7.1. WO3 thin films by Electrospinning
Before findings made during this research are presented on the use of electrospun WO3 nanofibres
for applications in electrochromism and H2 sensing, it would be important to make mention of what
was the reason for employing electrospinning as a method for producing WO3 nano-fibres.
336

7.1.1. Why Electrospinning?
Electrospinning offers the possibility of synthesizing a number of functional materials (a metal
oxide in the case of this research) as 1-dimensional nanofibres on a variety of solid substrates
(glass, Si wafers, mica, alumina, etc) using high voltage currents that spin unto these substrates,
precursor sol-gels of the targeted metal oxide. These precursor sol-gels have been mixed with a
polymer of sufficiently high volatility and viscosity which when electrospun makes possible the
deposition of ultrathin fibres in the submicron/nano-scale. Two principal advantages obtained from
electrospinning polymer mixes of desired functional materials are a larger specific surface area and
high porosity of the electrospun films for the same equivalent of material in the bulk. [1]
7.1.2. Why reduce materials from bulk to 1-dimension?
Like for gas sensing in thin films reducing particle size to 1-dimension as is possible with
electrospinning should give rise to enhanced gas sensor response and higher sensitivity especially if
one dimension of the nanofibre is lower than twice the thickness of the space-charge depletion
layer implying that the bulk of the fibre takes part in the sensing [2]. Reducing to 1-dimension
implies more atoms per gram of the material are exposed to the surface i.e. surface bound. Surface
bound atoms are generally more reactive than bulk sequestrated atoms, so more surface bound
atoms implies more surface activity which in terms of gas sensing implies more atoms interacting
with gases per unit mass of the sensing material (WO3 as per this work). This sums up to greater
sensitivity for 1-d materials. When grain size becomes comparable to twice the Debye-length (less
than), a space charge region can develop that involves the greater part/volume of the grains. [2]

Electrospinning improves chances of having grain size in nanofibres comparable to the Debyelength, such that space-charge depletion can take place across the bulk of the whole nanofibre
thereby turning nanofibres into effective sensors along their whole length. 1-d materials offer
shorter diffusion path lengths for gases due to the ensueing porous nature arising from their
individuality as nanowires, nanofibres, nanobelts, or nanorod. This would mean for a sensor
platform produced from percolating 1-d nanofibres or nanowires one should theoretically expect
faster responses to analyte gases as these diffuse faster to surface active sites in the bulk/ sensing
platform of nanofibres/nanowires/nanobelts/nanorods.[3]
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For electrochromism reducing to one dimension implies greater surface area for interacalation/deinteracalation, shorter diffusion path lengths for the labile cations (H+ and Li+) that need to be
inserted into the material. Shorter diffusion lengths for cations may imply faster optical switching
times i.e faster coloration and bleaching rates. The electrochromic properties of WO3 thin films
have been shown to depend on their structure, morphology and composition which in turn are
largely dependent on the deposition/synthesis techniques and operating conditions employed [4,5].
Apart from electrochromism, gas sensing is another application for which numerous studies on
WO3 thin films and powders show that the resultant gas sensing properties are strongly related to
the morphology, porosity and size of the WO3 particles [6-8]. In carrying out this part of the
research, it was therefore my expectation that the method of electrospinning will give 1dimensional WO3 nanofibres films on FTO and plain glass substrates that have enhanced
electrochromic and gas sensing properties.

Electrospinning is a relatively recent, highly versatile method of preparing thin films of polymer
solutions and melts of a wide range of materials among which are metal oxides. It is a method that
allows for the synthesis of highly porous thin films made of fibers whose thicknesses/diameters
range from the micro- to the nanoscale. It has and still finds applications in a wide variety of fields
among which are the making of textiles for wound dressing, anti-ballistic dresses, tissue
engineering, biosensing, gas sensing, catalysis, photocatalysis, electrochromic displays, fiber reinforcement, water filtration, environmental remediation, etc. [1,9,10]

A critical advantage of thin films prepared by this method of synthesis is their extremely high
surface area and their high porosity when compared to bulk forms of the same material, which is
particularly valuable in applications such as gas sensing where increases in surface area generally
imply increase in surface active sites where analyte gas adsorption can take place. Increase in
porosity of the thin films implies easier permeability and easy access for analyte gases to reach
active sites resulting in an increase in response time.

Electrospinning also known as electrostatic spinning had its first crucial patent approved in 1934 by
Anton Formhals [1], Mainz, Germany. In the 1970s Simm et al patented the electrospinning of
fibres with a diameter less than 1 μm. After the 1990s a significant rise of interest in
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electrospinning as a method for producing highly functional polymer fiber systems in laboratory
conditions has been noted [1,10]

Hybrid fibres with composed of metals and metal oxides can be synthesized as well as nanofibres
with a core-shell structure by simultaneously electrospinning unto the same substrate polymer
solutions of different volatilities and thermal degradation temperatures. When polymer fibres are
electrospun unto substrates they form a mat whose thickness generally depends on the deposition
time, the viscosity of the solution, the voltage used, the distance between the substrate and the
syringe tip. Adhesion of these highly porous mats to the substrates surface is usually poor such that
the electrospun polymer fibres can be lifted up the substrate and collected. In order to increase the
adhesion of the polymer fibres to the substrates these undergo heating at high temperatures
sufficient enough to cause evaporation of all polymer melts or solutions used, leaving only the
metal, metal oxide as fine or highly porous fibres [10].
.
For the polymer melts or solutions, a wide variety of polymer precursors can be used some of
which are soluble in water and others only in organic solvents. Polymer precursors are chosen
according to what functionality is targeted for the desired fibres, what properties (glass-transition
temperature, speed of crystallization, solubility, pH value, entanglement density, molecular weight)
are wanted for the corresponding electrospun fibres, what morphology is required of the
electrospun fibres, what heat-treatment these would be subjected to post [10].
7.1.3. Parameters influencing Electrospinning
Parameters influencing electrospinning can be listed as follows [1,10]:
-Concentration of the polymer melt/solution
-Electrical conductivity
-Surface tension
-Feed rate
-Distance between the target substrate and tip of fibre source
-Temperature
-Humidity
-Molecular weight of the polymer precursor
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-Volatility of the solvents employed
-Viscosity of the polymer solution
-Solubility of the polymer precursors in water (solubility in water highly desirable for many types
of applications especially those in which the polymer needs to be evaporated to obtain pure fibres
of a desired metal, metal-oxide, composite materials.
For fibres including carbon-based materials such as carbon nanotubes, graphite, graphene, etc it
would be appropriate to use highly volatile alcohols [1,10].

A wide variety of polymers have been used as is reported in the literature [1,10], amongst which
are polyethyleneoxide (PEO), polyacrylonitrile (PAN), polyvinyl acetate (PVAc), polystyrene (PS),
polyvinylalcohol (PVA), polyvinylpyrrolidone (PVP), etc. Generally fibre-diameter and fibre
uniformity are observed to increase with increase in polymer concentration with beads forming at
lower concentrations and almost no fibres being formed at all at very low polymer concentration.
Bead formation can be reduced by increasing polymer electrical conductivity.
Though solvent volatility maybe helpful in allowing rapid evaporation of undesired solvents, high
solvent volatility has been observed to negatively influencing the formation of highly distinct fibres
by causing filming. Polymers of high viscosity generally require large distances between the target
substrate and the tip of the fiber source (syringe). High voltages in the orders of kV, capable of
causing death, are required for polymers with high viscosity [1,10].Coaxial electrospinning allows
for the electrospinning of complex polymer fibre systems.
7.1.4. Brief review of literature on applications of electrospun WO3 fibres for gas sensing
Though electrospinning had been widely used to prepare thin films of ceramic metal oxides such as
TiO2, SnO2, BaTiO3, CeO3, ZnO, SnO2-ZnO, TiO2-WO3, etc, until 2009 not much work was
reported in the literature about the use of electrospinning to produce ultra-thin films of WO3 [1116]. In this review we will therefore concentrate on reviewing what has been reported this far so far
as electrospun WO3 is concerned. In recent years a number of groups have reported on the
preparation of WO3 nanofibres by electrospinning among whom are X. Liu and co-workers [17]
who reported the synthesis and characterization of electrospun monoclinic WO3 ultrathin
nanofibres obtained by calcinating electrospun WO3/PVA polymer microfibres at 500 ˚C. H-S.
Shim et al [18] reported results on the electrochromic properties of ITO supported-WO3 nanowires
340

fabricated by calcinating electrospun WOx/PVB-CVA-CVAc composite nanowires prepared from a
mixture of WCl6, Poly(vinyl butyral-co-vinyl alcohol-co-vinyl acetate), anhydrous ethanol and
N,N-dimethylmethanamide. G. Wang et al, [19] describe the obtention of orthorombic WO3
nanofibres by annealing at 500 ˚C, a polymer solution made from a tungsten isopropoxide sol-gel
precursor and polyvinyl acetate dissolved in Dimethylformamide solvent. The WO3 nanofibres
obtained were observed to have a very quick response of less than 20 seconds to NH3 at 350 ˚C.
J.Y. Leng et al, [20], report the formation of WO3 nanofibers from WCl6/PVP polymer and their
use as sensors for NH3. The nanofibres annealed at 500 ˚C displayed very fast response (1s) and
recovery times (5s) when sensing 100 ppm NH3 at 200 ˚C. C. Sui et al [21] report the formation of
electrospun microfibres of monoclinic WO3 prepared from PVA/H3PW12O40 gel which they
employed for photocatalytic degradation of Rhodamin B. Nguyen T-A. et al [22] report the
synthesis and structural characterization of mesoporous tungsten trioxide nanofibres by the
electrospinning and subsequent calcination of non-woven fibre mat made from a solution of
W(OC2H5)6, PVP, Pluronic P123 triblock copolymer and anhydrous ethanol. A. Nikfarjam et al
[23] report the synthesis of Pd-WO3 nanofibres prepared from a mixture of PdCl, Polyvinyl
pyrrolidone (PVP) and peroxopoly tungstic acid (P-PTA) which they use for H2 sensing at 300 ˚C.
With these they obtained highest sensor responses of 30 at 300 ˚C, for 500 ppm H2 in air. Their
response and recovery times under these conditions were 20 and 30s respectively. J. Sungpanicha
et al report [24] the synthesis of WO3 nanofibres from ammonium metatungstate and Polyvinyl
acetate (PVA), at 20 kV. The WO3 nanofibres prepared were annealed at 500 ˚C for 1 - 2h.
Workers like I.M Szilágyi et al [25] report the synthesis of electrospun WO3 nanofibres prepared
from Polyvinyl pyrrolidone (PVP) and ammonium metatungstate as precursors. Surface
modification, with TiO2, of the WO3 nanofibres produced was carried out via Atomic Layer
Deposition (ALD). The TiO2-modified WO3 nanofibres were observed to show enhanced
photocatalytic properties when compared to unmodified WO3 nanofibres and commercial TiO2
(Degussa). More recent activity includes the synthesis by J. Muangban et al [26] of WO3 nanofibres
from PVA and ammonium metatungstate hydrate. The monoclinic WO3 fibres obtained had
diameters of 30 - 250 nm. Also the synthesis of WO3 Pd-doped nanofibres is reported by N. Kim et
al [27] who employ this for the detection of H2S and toluene gases.
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With comparatively little reported in available literature on the use of electrospinning as an
alternative method for producing nanoscale WO3 applicable for hydrogen sensing and
electrochromism, we present in this chapter our own preliminary findings on the synthesis,
structure, electrochromic and hydrogen sensing properties of electrospun WO3 nanofibres from a
WO3/PVA polymer. A major advantage of the method of synthesis used in preparing the WO3PVA polymer solution used in this work is that it was prepared by the action of H2O2 on pure W
metal powder, thus rendering the process environmentally less hazardous. The results presented in
this research confirm electrospinning as an alternative means of producing crystalline 1dimensional WO3 nanofibres that show good potential for applications in electrochromism and
hydrogen sensing.

7.2. Materials and Methods
7.2.1. Synthesis of WO3 nanofibres from WO3-PVA polymer
Preparation/synthesis of WO3 micro/nanofibre thin films by Electrospinning
In a typical manoeuvre [17], 1.8g of W powder was weighed into a beaker, to which was added
while vigorously stirring and cooling in a water bath, 100 ml (30 wt%) H2O2. The ensuing reaction
was observed to be rather exothermic. Stirring was allowed to proceed for more than 72 hours after
which a slightly pale-yellow solution was observed. Undissolved W powder excess was filtered out
after decanting and vacuum filtering. To the clear pale-yellow solution (40 ml) obtained was added
10 ml ethanol and then 8g of PVA (Aldrich, Mw = 72-80,000). The resultant sol-gel was
continuously stirred for 3 - 4 days to ensure homogeneity and sufficient viscosity. For
electrospinning schematically represented in Fig. 7.1, the resultant mixture was loaded into a glass
Pasteur pipette into which was inserted a Cu wire directly connected to a high voltage supply
capable of generating DC voltages up to 30 kV. An earthed piece of Al foil to which the FTO
substrates were appropriately fixed was placed at distances between 12 and 13 cm from the tip of
the Pasteur pipette. The electrospinning was carried out in air at varying voltages (10 kV - 25 kV)
and the samples obtained were annealed in air at 500 ˚C, for 2 - 3 h resulting in the formation of
WO3-x nanofibres.
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Figure 7.1. Schematic representation of an electrospinning unit with a grounded stationary
collector.
7.2.2. Methods of Characterization
SEM images of the nanofibres were obtained using a LEO-Stereo Scan 440 Scanning Electron
Microscope. Atomic Force microscopy measurements acquired in tapping mode were carried out
using a NanoMan V VEECO Atomic Force Microscope (iThemba LABS). X-ray Diffraction
measurements (XRD) were obtained through the Bruker AXS D8 ADVANCE X-Ray
diffractometer, using Cu Kα radiation, λ = 1.5418 Å. The X-ray tube current and voltage were set
at 40 mA and 40 kV respectively. Infrared (IR) measurements in the 4000 - 400 cm-1 range were
carried out using a Perkin Elmer Fourier Transform-IR spectrophotometer. Optical characterization
of the WO3-PVA-FTO substrates before and after calcination, and post-H+ intercalation, was
carried out in air, at room temperature. This was done within the 200 - 1100 nm spectral range
(UV-Vis-NIR region) through the use of a CECIL 2000 series spectrophotometer. H+ intercalation
(via electrochemical redox reactions) on a calcinated sample of WO3-PVA-FTO was carried out in
0.5M H2SO4 liquid electrolyte using a three electrode electrochemical cell powered by
ECOCHEMIE’s potentiostat-galvanostat, AUTOLAB PGSTAT 302N, with WO3-x-FTO as the
working electrode, Pt wire as the counter electrode and Ag/AgCl as the reference electrode. Gas
sensing was carried out using a two point probe electrode, coupled to a heating stage and held in a
sealed gas chamber into which controlled atmospheres of H2 and N2 gas were introduced with the
help of mass flow-meters. A variable voltage thermoregulator controlled temperature in the heating
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element, while a multimeter logged to data acquisition software and hardware recorded the changes
in resistance with time.

7.3. Results and Discussion
7.3.1. Surface morphology by SEM and AFM
SEM revealed upon synthesis a rather random display of ultra thin fibres forming a highly porous
mesh-like structure. No preferrential alignment of nanofibres was observed (Fig. 7.2). The fibres
had a high-aspect ratio with lengths of the as-synthesized ultrathin WO3-PVA fibres in the order of
tens of microns while their average diameter (width) was in the sub-micron to nanoscale; ~ 135 ±
23 nm before calcination (Fig. 7.2c) and about 57 - 121 nm post calcination (Fig. 7.2d).
(a)

(b)

(c)

(d)

Figure 7.2(a-c): SEM image of WO3-PVA ultrathin fibres on FTO before calcination;(d)
SEM image of calcinated WO3-x nanofibres on FTO after calcination.
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AFM measurements (Fig. 7.3a,b) on a 10 µm x 10 µm array confirmed the sub-micron to
nanoscale nature of the fibres prepared and an estimate of their surface roughness approximated to
81 nm.

(a)

(b)

Figure 7.3 (a): 2-D AFM image of calcined WO3-PVA fibres on FTO; (b) AFM image
(view along x-y-z plane).

7.3.2. Crystallinity and phase determination by X-Ray Diffraction
X-Ray diffraction analysis showed the as synthesized WO3-PVA polymer fibres to be largely
amorphous in nature (Fig. 7.4a) and present in amounts not easily detected using XRD. A
comparison of XRD profiles for pre-calcination WO3-PVA sub-micron fibres electrospun at 20 kV,
12.5 cm, 5 mins (Fig. 2a) and the resultant post-calcination WO3-x nanofibres showed that
amorphous WO3-PVA fibres were converted to polycrystalline WO3-x nanofibres (Fig. 7.4b)
having peaks that could be indexed to the XRD patterns of tetragonal WO3-x (JCPDS file 71-292).
This conversion to nanocrystalline dimensions was confirmed by the appearance of rather distinct
peaks of very low intensity within the 10 - 35˚ 2θ of the XRD profile. The average grain size in the
nanofibres was estimated to be 57 nm, using the Debye-Scherrer equation for estimating crystallite
size.
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Before and after calcination, the strongest peaks observed in the sample were due to reflections
from (110), (101), (200), (211), (220), (310), (301) and (321) planes (Fig. 7.4b) found in tetragonal
SnO2 on glass (JCPDS No. 41-1445). After calcination at 500 ˚C (2h), then 600 ˚C for 1h, the
amorphous WO3-PVA is rendered polycrystalline with detectable amounts observed on the FTO
substrates (Fig.7.4b) for which electrospinning was carried out at 20 kV. No observation of
polycrystalline WO3-x on substrates deposited at 25 kV, 15 kV and 10 kV can be accounted for by
almost complete vaporization of WO3-PVA electrospun unto FTO.
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Figure 7.4 (a): XRD for uncalcined WO3-PVA fibres on FTO; (b) XRD for calcined WO 3
fibres on FTO.
Electrospinning carried out at 20 kV, distance of 12.5 cm, for 5 mins shows between 10-35˚ 2θ, the
effective formation of nanocrystalline WO3-PVA on FTO substrates.
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Figure 7.5(a): Optical transmission before calcination; (b) Optical transmission post
calcination at 500 ˚C.
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This is explained by the fact that the WO3-PVA film deposited during electrospinning at 20 kV was
thicker than for all other voltages (evidence of this is given by low % transmission values obtained
for the ‘20 kV, 12.5 cm, 5 mins’ sample (Fig. 7.5a,b). The thickness of the film allowed for the
formation of nanocrystalline WO3-x in amounts detectable by XRD analysis.
7.3.3. Elimination of PVA and WO3 bond-type recognition by FT-IR
Complete removal of PVA polymer was confirmed by the elimination of FT-IR peaks synonymous
with the presence of PVA (Fig. 7.6a,b), these were peaks due to CH2-bending (medium, 1550 cm1

); alkyl CH2- stretching (strong, 2856 cm-1; 2916 cm-1) and OH-stretching (weak, 3000-3581 cm-1)

[28].
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Figure 7.6(a): FT-IR for WO3-PVA fibres before calcination; (b) FT-IR for WO3-PVA
fibres post-calcination.
The strong CH2-bending peak, 2856 cm-1, was absent after calcination (Fig. 7.6b), so too the CHbending peak at 1550 cm-1 confirming the decomposition of PVA. The formation of W-O-W
networks was confirmed by the appearance of peaks (weak) in the vicinity of 600 cm -1, 850 cm-1,
1083 cm-1 indicating the presence of W-O deformation and W-O-W networks.
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7.3.4. Optical Characterization and Electrochromic Behaviour
For a WO3-PVA-FTO sample electrospun at 20 kV, 12.5 cm, 5 mins; maximum % transmission
(%T) in the visible range, before calcination, was less than 10%. After calcination at 500 ˚C,
maximum %T was observed to increase to a maximum of 50 % in the NIR region. With further
calcination at 600 ˚C, %T of WO3-x-FTO substrate was observed to increase to a maximum of 69%
in the NIR region as a result of a further decrease in the thickness of the WO3-x film. Calcination
brought about decomposition of PVA which gave rise to an increase in %T as observed in Fig.
7.5b. The absorption edge for the incident radiations was at the border between UV radiation and
visible light, λcut-off ~ 310 nm. This is in agreement with literature which situates the absorption
edge of nanostructured WO3 to be at the edge of the UV-Vis boundary [21,24]. From Fig 7.5a,b it
can be observed that the general trend in terms of percentage light transmitted through the samples
whether before calcination or after is that of a decrease as the voltage increases from 10 kV-25 kV.
This is because at a fixed distance and deposition time more WO3-PVA nanofibres are deposited on
the FTO substrates with increase in electrospinning voltages.
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Figure 7.7 (a): Cyclic Voltammogram for H+ intercalation of WO3 on FTO, post- calcination
at 500 ˚C; (b) Optical transmission before and after H+ intercalation in 0.092M H2SO4
aqueous solution.
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H+ intercalation of the calcined WO3-x-FTO substrate (20 kV, 12.5 cm, 5 mins) in 0.092M H2SO4
with a potential imposed from -1.0 V to +1.0 V (Fig. 7.7a) at 50 mVs-1 scan rate for 15 cycles
resulted in the WO3 nanofibre-coated FTO substrate switching colours from semi-transparent to
grey in under than 30s. When the potential was increased from 0 to +1.0 V oxidation H+ deinsertion and electron extraction, alongside bleaching took place and the anodic current was seen to
rapidly rise to a maximum at +1.0 V with peak current, ianodic = 1.232 x 10-1 mA. Reversing the
potential from +1.0 V to -1.0 V reduction (H+ intercalation and electron insertion, with
corresponding gain in colouration) took place with the cathodic current rising to a maximum at 0.575 V, icathodic = -4.002 x 10-1 mA.
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Figure 7.8.(a) XRD profile of thicker WO3-x thin film electrospun at 25 kV, 13 cm working
distance for a period of 30 mins; (b) Optical transmission measurement (in the UV-Vis-NIR
region) of the WO3-x thin film before and after in H+ intercalation in 0.5M H2SO4 electrolyte.
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Figure 7.9. (a) Cyclic Voltammogram of WO3-x nanofibre containing thin film carried out at a scan
rate of 50 mV/s, between potentials of -2V to +2V; Electrospun WO3 fibres on FTO-glass
substrate in H2SO4 electrolyte (b) before intercalation (c) after intercalation.
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Optical characterization of the intercalated sample (Fig. 7.7b) after drying in air showed optical
transmittance modulation to be about 2.1% at 509 nm; 4.88% at 550 nm; 9.44% at 749 nm, the
limits of the visible region; 10.14% at 815 nm in the Vis-NIR region, and 9.20 % at 1051 nm.
Increasing the thickness of WO3-x adhered to the FTO substrate was achieved by increasing the
deposition time through electrospinning, 30 min for 25 kV at 13 cm; producing thin films of WO3PVA nanofibres which when annealed yielded highly crystalline WO3 nanofibres as evidence by
the X-ray diffractogram in Fig. 7.8a. This thin film when intercalated with H+ in a 0.5M H2SO4
resulted in a more visible electrochromic effect (hence greater optical modulation (see Fig. 7.8b),
11.43% in the visible region) under similar working conditions (Fig. 7.9a-c). This may be
explained by the fact that a greater amount of WO3-x on FTO resulted in an increase in surface sites
available for H+ intercalation and electron insertion.
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7.3.5. WO3 nanofibres on Glass by Electrospinning
In this section we report results on the electrospinning of WO3-PVA nanofibres carried out on plain
glass substrates. These were annealed at 500 ˚C for 3 h, structurally characterized using XRD and
SEM then investigated for H2 sensing at 300 ˚C.
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Figure 7.10. X-ray Diffractogram of WO3-PVA nanofibres before annealing. XRD of WO3
nanofibres after annealing.
X-Ray diffraction before annealing (Fig. 7.10(a)) showed the WO3-PVA nanofibres on Glass to be
highly amorphous. The broad peak at ~ 23 ˚ 2θ can be ascribed to the presence of PVA in the
polymer thin film. This peak coincides with the broad peak typical of glass substrates. XRD
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analysis of the WO3-PVA-Glass samples post annealing at 500 ˚C for 3 h (Fig. 7.10(b)) shows the
appearance of sharp peaks in the low angle region which point to the crystallization of the
previously amorphous WO3 nanofibres within the WO3-PVA fibres mats. The sharpness of the
peaks say that the WO3 nanofibres formed are highly crystalline. The peaks observed can be
indexed to the JCPDS file no. 33-1387 which represents a hexagonal phase of WO3. We however
know that hexagonal WO3 is metastable but can be stabilized through the insertion of cations such
as Na+ and K+ that may be found in solution or may have migrated from the glass substrate into the
WO3 nanofibres. Proof of this cationic inclusion into channels in hexagonal WO3 must however be
demonstrated. A more like scenario is that a stable form of hexagonal WO3 was formed by the
removal of waters of hydration present in hydrated WO3.nH2O that must have been presented in the
WO3-PVA polymer annealed to obtain WO3 nanofibres.

7.3.6. H2 sensing of Electrospun WO3 nanofibres on Plain Glass substrates
With regards to a gas-sensing mechanism, as already mentioned in Chapter two and five, gas
sensing in solid state metal oxide semiconductor materials takes place primarily at the surface of
the materials [6,7]. Heating the nano-fibre WO3-x thin film in air/N2 results in the conduction band
undergoing electron depletion by the interaction of adsorbed O2 with surface exposed WO3-x, this
results in a measured increase in resistance following the ionisation of the surface adsorbed O2
[equations (1) and (2)].
O2(g) + e-  O2(ads)-

(1)

O2(ads)- + e-  2O(ads)-

(2)

The introduction of the analyte gas, H2, brings about a decrease in the resistance of the thin film
through the interaction of H2 with O- adsorbed on the WO3-x surface to form water. This process is
accompanied by the release of electrons (see equation 3) into the conduction band (CB) resulting in
an increase in conductance observed as a drop in resistance (Fig. 7.11).
2H2(g) + 2O(ads)-  2H2O(g) + 2e-

(3)

Reintroduction of the inert gas and heating in air results again in electron depletion in the
conduction band bringing about an increase in measured resistance of the thin film and a recovery
or restoration to the initial state.
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Figure 7.11. H2 sensing of WO3 nanofibres on a plain glass microscope slide carried out a 300
˚C and a gas flow rate of 200 ml/min.

As was the case in both the WO3 thin films prepared by Aqueous Chemical Growth and the WO3
powders prepared from the annealing of WO3-PVP polymer melts, the baseline resistance observed
with these WO3 nanofibres-on-glass was 5.5 x 107 .Ω. After the introduction of H2 gas into the
sensor chamber the response time for the sample was estimated to be 5.4 mins. The recovery time
needed for the sample to return to baseline resistance of 5.5 x 107 Ω was ~ 12.5 mins. The time
taken to return to 90% of the baseline resistance was ~ 4.58 mins. The fast response and recovery
times obtained here can be explained by the high surface-to-volume ratio of the nanofibres as well
as the porosity. The high surface-to-volume ratio offers a larger surface area for gas-solid
interactions between H2 and active sites on the WO3-x fibres. The porosity makes H2 diffusion into
the WO3-x nanofibre matrix easier for gas interaction. The continuous nature of the nanofibres may
offer fewer grain boundaries which makes rapid mobility of electrons possible. The sensor response
(sensitivity, S) of the film was however quite low, S = Ra/Rg = 5.5 x 10 7 Ω /1 x 107 Ω = 5.3, this
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especially if compared to results obtained for other methods of synthesis under the same conditions
of H2 flow rate (200 ml/min) and temperature (300 ˚C) (see Figure 7.14) which compares the
sensitivities of WO3 thin films by ACG (S = 32.63, 70.44); WO3 powders from annealing of WO3PVP polymer(S = 135.5), and PTA-impregnated WO3-nanofibres on FTO (S = 417.73)).

7.3.7. Hydrogen sensing in WO3-x nanofibre-containing thin films
After intercalating the WO3-x nanofibre films electrospun on FTO, in a 0.5M H2SO4 solution, we
observed after leaving the WO3 nanofibre-FTO substrate in the electrolyte for 2-3 days, that a thin
continuous film had been formed over the part of the WO3/FTO subtrate that was in unhindered
contact with the electrolyte (see Fig. 7.9b and c). This surface modified WO3-x-FTO substrate was
dried in air at ~ 80 - 120 ˚C and was subjected to hydrogen sensing at 300 ˚C, 200 ml/min of H2.
Response time for this sample (Fig. 7.12) during the first second and third hydrogenations was
estimated from the plot of resistance vs time to be 0.65 mins, 1.07 mins and 0.8 mins for 90%
change in resistance while the time for complete recovery was 26.12 mins, 15.09 mins and 19.64
mins. The sensitivity (sensor response) was between 2 and 3 orders of magnitude high implying
excellent sensitivity and the thin film was observed to show good stability over multiple
hydrogenation/dehydrogenation cycles. To check the validity of the results obtained Hydrogen
sensing was carried out on a bare FTO substrate under similar conditions of temperature and gas
concentration. This showed very low sensitivity, much less than 1 order of magnitude (inset, Fig.
7.12), with the response time after the first hydrogenation being ~ 9.2 mins. The very low
resistance (< 1 Ω) recorded by the Cu/Al electrodes for the bare FTO substrate during H2 sensing
(see inset, Fig. 7.12) is proof that the SnO2 is indeed doped with electron-donating Fluorine giving
the SnO2 layer a strong metallic character.
Against this, we erroneously assumed that the unusual performance was due to the formation of
WO3-SnO2 heterojunction as demonstrated by Sharma et al [ 29] and Ling et al [30] who report the
observation of an enhanced sensitivity (sensor response) when WO3/SnO2 heterojunction sensors
were used to sense NO2 gas.Probing the surface modified WO3 nanofibre-FTO substrate with
SEM-EDS and XPS showed no proof whatsoever of the presence of WO3 nanofibres on a F:SnO2
surface nor the coexistence of WO3 and SnO2. On the contrary what was observed was the presence
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of a fine SnO2 film different from that usually observed on pristine FTO-glass substrates. It is my
opinion that the WO3 nanofibres on the surface had been etched away when the WO3-x nanofibreFTO substrate was left standing for 2 - 3 days in the H2SO4 electrolyte. In its place had however
been left a fine film of SnO2 which precipitated out of the FTO substrate under the action of the
acidic electrolyte (0.5M H2SO4) used. The extraordinary H2 sensing performance recorded on the
surface-modified WO3 nanofibre-FTO substrates was therefore due to the presence of a finely
divided SnO2 film and not the formation of WO3/SnO2 heterojunction interface. SnO2 is an n-type
semiconductor metal oxide reputed for its excellent sensing capabilities, preferentially used
alongside ZnO for the sensing of H2 and other reducing and oxidizing gases.
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Figure 7.12. Hydrogen sensing carried out at 300 ˚C, for 200 ml/min flow rate of H2 gas,
on a WO3-x thin film on FTO electrospun.

358

7.3.8. Hydrogen Sensing of WO3 nanofibres on FTO
For curiosity’s sake and for purposes of comparing the results obtained from the FTO substrate in
which a SnO2 precipitate was formed post etching away of WO3 nanofibres, hydrogen sensing was
carried out on an unmodified, annealed sample of WO3 nanofibres electrospun for 15 mins at 25
kV, 12.5 cm away from the FTO substrate. The results as can be expected (Fig. 7.13) showed a
baseline resistance of 4 x 103 Ω which is much higher than the baseline resistance recorded on a
bare FTO substrate heated at 300 ˚C (~ 0.55 Ω, c.f. Fig. 7.12).
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Figure 7.13. H2 sensing (flow rate, 200 ml/min) of electrospun WO3 nanofibres on FTO,
carried out at 300 ˚C.

This increase in baseline resistance can be ascribed to the presence of WO3 electrospun fibres and
from previous results in Fig. 7.12 above is clearly not due to the F-doped SnO2 surface. The
observed response time for this sample is estimated to be 10 mins. The cut-off of H2 and the
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introduction of N2 gas did not result in any recovery. This inability to recover can be explained as
being due to short circuiting of the system following the possible evaporation of very thin WO 3
fibres between the Cu/Al electrodes used and the FTO substrate, or the possible shifting of the
electrode during the measurement process so that the Cu/Al electrode made contact with portions
of the conductive FTO substrate that were not covered by WO3 nanofibres. This result supports
what already should have been expected that FTO as a substrate is not suitable for depositing WO 3
nanofibres intended for conductometric/resistance-based gas sensing.
7.3.9. Comparison of H2 Sensing performance of some thin films prepared in this work.
Compared to the unmodified WO3 nanofibres on FTO substrates (section 7.3.8) the WO3
nanofibres on plain glass substrates (section 7.3.6), under the same conditions of temperature (300
˚C) and flow rate (200 ml/min), showed better performance as a gas sensor platform with faster
response times (5.4 mins as opposed to 10 mins), better ability to recover (12.5 mins as opposed to
no recovery) and a good sensor response ~ 1 order of magnitude large.

Compared to the other forms of WO3 prepared in this research the WO3 nanofibres on plain glass,
in terms of sensitivity (sensor response) did not fair so well as far as H2 sensing at 300 ˚C (flow
rate, 200 ml/min) was concerned. It is my opinion however that if one takes into consideration the
fact that the actual mass of WO3 involved in this electrospun fibres is much less than that
encountered in the WO3 thin films prepared by ACG and WO3 powders obtained from WO3-PVP,
then the WO3 nanofibres on plain glass show a fairly average sensing performance on a
volume/volume ratio. Though not suitable for H2 sensing the WO3 nanofibres on FTO substrates
with their high porosity could make good candidates for photoelectrochemical electrodes in devices
such as Dye Sensitized Solar Cells and anodes in photocatalytic splitting of water for H 2 and O2
production.

Apart from the graphene oxide-doped WO3 thin film by ACG, none of the different samples
investigated for H2 sensing showed a better performance, at a flow rate of 200 ml/min and
operating temperature of 300 ˚C, in terms of sensitivity, response time and recovery time than the
sample in which SnO2 precipitated out of the WO3 nanofibre-FTO sample, post H+ intercalation.
This performance can however be ascribed to the presence of finely divided SnO2 on the surface of
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this sample and not the initially electrospun WO3 nanofibres. The plot in Fig. 7.14 below shows a
comparison of the sensitivities to H2 gas of all these samples taken at a gas flow rate of 200 ml/min
and a working temperature of 300 ˚C.
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Figure 7.14. Comparison of Sensitivities of 200 ml/min flow of H2 at 300 ˚C for WO3 thin
films, nanofibres and powders, prepared by ACG, electrospinning and annealing of WO3PVP polymer.

7.4. Conclusions and Recommendations
Electrospinning was effectively used to prepare WO3-x nanofibres on FTO produced after
calcinating electrospun WO3-PVA ultrathin fibres at 500 ˚C. Surface morphology, crystal structural
properties and purity of the WO3-x nanofibres produced was ascertained by SEM, AFM, XRD and
FT-IR respectively. Maximum optical transmission of the resultant WO3-x -FTO substrates was
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observed to be ~ 69.07% at 808.8 nm. H+ intercalation of calcined WO3-PVA-FTO substrates in
acidic medium shows that the resultant FTO-supported WO3-x nanofibres exhibit an evident amount
of electrochromism, maximum optical modulation being 10.82% in the NIR region (808.8 nm)
even after having undergone bleaching upon exposure to air. In situ measurements of change in
transmission during the process of colouration will eliminate bleaching in air prior to ex situ
transmittance measurements thus giving evidence of greater optical modulation by the electrospun
WO3-x nanofibres. The electrospun fibres on plain glass were observed to possess an average
response time and recovery time < 5 mins for 90% change in resistances, showing a sensor
response about 1 order of magnitude high to H2 gas (99.9%) at 300 ˚C.
Though poor in gas sensing and electrochromic performance when compared to WO3 thin films
prepared by Aqueous Chemical Growth, the results presented here show that electrospinning holds
potential for producing WO3 nanofibres that hold promise for gas sensing and electrochromism, and
should be further explored.
To improve the work reported in this chapter the following are recommended.
1. Increase the loading of WO3 nanofibres on the Plain Glass and FTO substrates so as to get a
more accurate evaluation of the gas sensing and electrochromic properties. Increasing the
loading of WO3 on the substrates can be achieved by increase the number of electrospinning
cycles carried out on each substrate. By varying the loading the impact of an increase in
WO3 loading on the electrochromic and gas sensing properties can be assessed.
2. The electrospun WO3 nanofibres were not investigated for their H2 sensing performances
below the 300 ˚C and across a wider window of operating temperatures and concentrations.
This should be done to find out what is the lowest operating temperature and lowest
concentration (detection limit) at which the WO3 nanofibres will sense H2.
3. A better comparison of the electrochromic and gas sensing properties of electrospun WO3
nanofibres with that of WO3 thin films by Aqueous Chemical Growth should also be carried
out provided that this is done after achieving a somewhat comparable loading on a
volume/volume ratio.
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CHAPTER EIGHT
CONCLUSIONS AND RECOMMENDATIONS
In this work I set out to show, primarily, that Aqueous Chemical Growth could be an alternative,
simple yet cost-effective method for producing micro-/nanostructured WO3 thin films suitable for
gas sensing and electrochromism. I also made it the secondary aim of this work to use the method
of electrospinning to produce thin films of 1-d WO3 nanofibres applicable for gas sensing and
electrochromism. This was attempted in the expectation that by reducing particle size in WO3 thin
films from bulk to nanoscale, through both methods, I would obtain better gas sensing and
electrochromic performances. A prime motivation for the use of these two methods (especially the
first) was that both methods once the parameters governing synthesis and growth of their respective
thin films are mastered and understood offer the user greater control over the size and shape of the
structures present in the desired thin films.

I effectively succeeded from the work reported in this thesis to show that Aqueous Chemical
Growth (ACG) is indeed a reliable, simple and cost effective method that can be used to synthesize
thin films of novel 2-d and 3-d WO3 micro-nanostructures unto conducting and non-conducting
glass substrates. This is especially so as the impliments needed for the synthesis of WO3 thin films
by ACG are a simple laboratory oven, a glass Schott bottle, a precursor solution of peroxotungstic
acid produced by the action of hydrogen peroxide on W powders, and a typical laboratory furnace
able to heat up to 500 ºC. Electrospinning was also successfully used to prepare 1-d WO3
nanofibres.

While the method of Aqueous Chemical Growth used low pH (0 < pH < 2.2), aqueous
Peroxotungstic acid as a precursor solution, the method of electrospinning used tungstate-PVA
polymer solutions as a precursor. By annealing the as-synthesized thin films at temperatures
between 400 and 500 ˚C the adherence of the films to the substrates was improved with PVA
polymer and waters of hydration being eliminated to yield highly pure 1, 2, and 3-d WO3 micro/nanostructures applicable for gas sensing and electrochromism. Though success was registered in
using both Aqueous Chemical Growth and Electrospinning to synthesize 3-d, 2-d and 1-d structures
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of WO3 a clear understanding of the parameters that promote the synthesis of vertically aligned
nanoplatelets over nanorods, nanobelts or 3-d hierarchical microscopheres and vice versa as
encountered in Aqueous Chemical Growth is yet to be understood and established. This in my
opinion should therefore be the subject of a carefully planned, meticulous and detailed study. From
this research we however can now say with a fair degree of confidence when using peroxotungstic
acid precursor solutions, that low pHs < 2.5 are a necessary condition for the nucleation and growth
of WO3 thin films unto conducting and non-conducting glassy substrates.
Aqueous Chemical Growth which was carried out at temperatures between 80 and 95 ˚C saw the
formation of nanoplatelet-containing polycrystalline thin films of WO3 unto plain glass microscope
substrates. Room temperature XRD measurements on these films, post calcination at 500 ˚C,
showed that WO3 in the thin films existed in the hexagonal, monoclinic and cubic phase with
average crystallite size in some of the films lying between 17 nm and 9 nm. Optical
characterization of the annealed films using UV-VIS-NIR spectrophotometry and in situspectroelectrochemistry showed that optical band gaps of 3.18 eV to 4.12 eV obtained from the
films investigated was well in agreement with the values reported for crystalline WO3 thin films
with particulates in the nanoscale and semi-amorphous regime. XPS, four-point collinear probe I-V
characterization and photoluminescence studies showed some of the annealed films to be substoichiometric, semiconducting, possessing surface states and deep-level defects as well as oxygen
vacancies in some instances. Sub-stoichiometry and the existence of oxygen vacancies and surface
states within the thin films is a property particularly advantageous in gas sensing and
electrochromism.
From the gas sensing results obtained we observed that the annealed WO3 thin films were able to
effectively sense H2 at temperatures lower than 300 ˚C with the lowest temperature being 200 ˚C.
This reduction in sensing temperatures from 300 ˚C could possibly be attributed to the
preponderance of 2-d nanoscaled platelets in the thin films encountered in the course of this
research. When doped with reduced graphene oxide one of the WO3 thin films was observed to
sense H2 at an even lower temperature of 100 ˚C.
While the sensor responses (sensitivities) for the undoped WO3 thin films produced by ACG were
generally observed to be between 1 and 2 orders of magnitude large, a reduced graphene oxide
(RGO)-doped thin film prepared by the same method was observed to post the highest sensitivity of
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about 3 orders of magnitude, at 300 ˚C. This thin film doped with RGO was also observed, when
compared to the undoped WO3 thin films prepared by ACG, to post some of the smallest response
times in H2 sensing. These results suggest that sufficient doping with graphene is likely to produce
WO3 thin films that not only sense gases such as H2 at low temperatures but also do so with higher
sensitivity and faster response times. These results suggest that doping WO3 thin films with
graphene oxide is one sure way of improving their overall sensing performance. With sensor
responses 1-2 orders of magnitude large the WO3 thin films produced by ACG make potential
candidates for applications in portable gas sensors based on micro-electronic circuits. The response
times as well as the detection limits however need to be improved on and should be further
researched.

From this research it was also observed that the WO3 thin films could also be used to sense for CO
and CO2 gases. The fact that WO3 films prepared at by ACG were able to sense not only H2 but
also CO and CO2 says that the issue of selectivity of WO3 to either gas in the presence of other
gases needs to be resolved and should be further researched. The issue of selectivity in metal-oxide
semiconductor gas sensors is a well-known problem to which a variety of solutions have been
proposed, one of which is differentiating between analytes gases by profiling their sensor
performance on the basis of different sensitivities posted at different working temperatures.
Comparing the H2 sensing performance of the thin films to the CO and CO2 sensing performances
within a temperature range of 200 - 350 ˚C suggests that in the case where ACG grown WO3 thin
films are being used as gas sensor platforms this method of profiling the gas sensitivities at
different temperatures could well be used to selectively detect H2 gas in the presence of CO and
CO2.
The ability of the WO3 thin films to sense CO2 was a novelty. This was however observed to occur
only with high CO2 concentration, at 300 and 350 ˚C. Though CO2 sensing at temperatures higher
than 350 ˚C was not attempted in this research one can anticipate that this will occur with faster
response times at such temperatures. More work on this should therefore be carried out. With
response times (t90) of 60 minutes and more being posted by these thin films it is clear that there is
great need to drastically reduce the response times so as to make WO3 thin films suitable for CO2
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gas sensing. Reducing the response times, the detection limits as well as the operating temperatures
to values in the vicinity of room temperature should be the subject of further research.
We also observed while carrying out H2 sensing at 300 ˚C on the ACG grown-WO3 thin films that
some turned dark blue from pale yellow/yellowish green, in the presence of H2 gas. Others showed
just a slight turn to a dark yellowish-green during the hydrogenation process at 300 ˚C while others
showed no clear visible change in coloration even after entering into contact with H2 at high
temperatures. At this stage we cannot clearly explain why the inconsistency of this phenomenon
known as gasochromism but we are of the opinion that those films that are highly substoichiometric
show a greater capacity for forming dark blue colored films during hydrogen sensing than those
that are not. The occurrence of this gasochromic effect in ACG grown thin films, the reduction of
the temperature at which it was clearly observed (300 ˚C) to values close to room temperature is
one that should be further explored.

When compared to highly porous WO3 powders synthesized from WO3-PVP polymer solutions,
WO3 thin films prepared by ACG posted a distinctly lower sensitivity (sensor response) to H2 gas
at 350 ˚C. Before these temperatures the WO3 thin film (pH = 0.44) with granular morphology
(average grain size = 9 nm) posted slightly higher sensitivities than the highly porous WO 3
powders. That with 3-d nanoplatelet structures (pH = 0.54) posted a lower performance. The
extraordinary sensitivity demonstrated by the highly porous WO3 powders at 350 ˚C can be
ascribed to the effects of large surface area available for gas/sensor interactions and the small grain
sizes of 8 - 20 nm encountered in the powders. The role of porosity, increased surface area and
grain size reduction in enhancing the sensing performance of metal oxide-based conductometric
sensors was clearly demonstrated by both the highly porous WO3 powder produced from WO3-PVP
polymer and the highly granular WO3 thin film produced by ACG.
Through the method of Aqueous Chemical Growth, WO3 thin films that were highly porous and
predominantly in the hexagonal and monoclinic phase were also grown on FTO substrates. Cyclic
voltammetry and Electrochemical Impedance Spectroscopy showed that the process of H+
insertion/de-insertion into the WO3 thin films was diffusion-controlled. Using absorption spectra
generated during in-situ spectroelectrochemistry probing of the WO3 thin films on FTO the optical
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band gap of the films was estimated to be 3.59 eV, a value well in agreement with what was
obtained for WO3 thin films grown on the plain glass microscope slides. I-V characterization of the
thin films using a four-point probe 1-V measuring device suggested that the WO3 thin films on
FTO could be highly insulating or semi-conducting depending on the conditions prevalent at the
time of synthesis and annealing.

Based on cylic voltammetry and ex-situ transmission measurements the coloration efficiency of the
thin films was estimated to reach a maximum of 23.99 cm2/C (λ = 1000 nm). The comparatively
low values of coloration efficiency could be ascribed to the effects of crystallisation and
densification during annealing. The diffusion coefficients for H+ insertion (coloration) were
estimated to lie between 1.66 x 10-11 cm2/s and 5.04 x 10-12 cm2/s while those of H+ de-insertion
(bleaching) lay between 1.33 x 10-11 cm2/s at 50 mV/s and 7.34 x 10-12 cm2/s at 150 mV/s. These
results are in good agreement with those obtained by other workers for H+ diffusion coefficients in
crystalline WO3. Based on these results it is clear that the method of Aqueous Chemical Growth
offers a viable route for producing WO3 thin films applicable for use in electrochromic devices.
There is however a need to improve on the coloration efficiency of the thin films as well as their
structural stability and their cycle life. The WO3 thin films produced on FTO may also find
applications in photoelectrochemical cells, photocatalysis and dye-sensitized solar cells and can in
this regard be further researched.

Using the method of electrospinning WO3 nanofibres were produced on FTO and plain glass after
calcinating at 500 ˚C, WO3-PVA ultrathin fibres electrospun on these substrates. Though less
performant than WO3 thin films produced by Aqueous Chemical Growth the results obtained show
that electrospinning holds promise for producing WO3 nanofibres that are applicable to gas sensing
as well as electrochromism. By significantly increasing the loading of WO3 on these different
substrates possibly through an increase of the number of electrospinning cycles and deposition
time, it is likely that the electrochromic and gas sensing properties of the WO3 nanofibre platforms
will be greatly improved. By coaxially electrospinning WO3 polymer precursors with polymer
precursors of other metal oxides or polymer precursors of noble metals such as Au, Ag and also
Pt/Pd it is possible to obtain metal oxide-doped or noble metal-doped WO3 nanofibres that show
improved sensing performance at low temperatures. The same method of coaxial-electrospinning
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can also be applied to produce graphene-doped WO3 nanofibres which should also show enhanced
gas sensing and electrochromic performances.

From the work done in this thesis WO3 thin films grown by ACG show better gas sensing and
electrochromic performances than WO3 nanofibres produced by electrospinning. These results may
however be only because of the relatively poorer loading of WO3 present in the electrospun fibres.
For better comparison of the electrochromic and gas sensing properties of electrospun WO3
nanofibres with that of WO3 thin films by Aqueous Chemical Growth a somewhat comparable
loading on a volume/volume ratio must therefore be achieved in the electrospun nanofibres. This
too is work that should be further researched.

The findings presented in this thesis and the recommendations suggested in this chapter show and
explain why WO3 has generated and will continue to generate in the near future substantial interest
in the materials research community as it offers numerous opportunities and possibilities for both
fundamental and applied research that spans that the disciplines of physics, chemistry, materials
science, nanosciences and nanotechnology.
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