)

r—y Pure

Bangor University

DOCTOR OF PHILOSOPHY

Development of optical fibre devices for distributed monitoring and point-sensing
applications

Marsh, Dan H.

Award date:
2003

Awarding institution:
University of Wales, Bangor

Link to publication

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

» Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
« You may not further distribute the material or use it for any profit-making activity or commercial gain
* You may freely distribute the URL identifying the publication in the public portal ?

Take down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Download date: 28. Aug. 2023


https://research.bangor.ac.uk/portal/en/theses/development-of-optical-fibre-devices-for-distributed-monitoring-and-pointsensing-applications(6f837092-c7e9-4725-a03c-dd8a8d401f3e).html

Development of Optical Fibre
Devices for Distributed Monitoring
and Point-Sensing Applications.

Dan H. Marsh

Department of Chemistry,
University of Wales, Bangor

i e T LAY 2Tt r o T {-'A!.
(\A-,,l “"\,1 Y e b INY Y | 3 "‘;7} ‘i ti Y
V V i ol et W . =
] : 8 Y
g opem ey g Awed & A4 TRLY
LY -G nLbh Yin Uaia
Il L O 5

P ——————

1O BE CONSULTED IN

P A Wl
LIERA RY Qb Y

August 2003

A dissertation submitted to the University of Wales, Bangor in accordance .
with the requirements of candidature for the degree of Doctor of Philosophy.




S, i |

Abstract

This thesis describes the development of novel optical fibre devices and coatings
for sensing and catalysis. The production of a sensor cable able to detect leaks in
petrochemical pipelines is described. The cable consisted of a glass-reinforced
central rod that was coated in a thin polymer layer designed to expand in the
presence of the target fluids. Swelling of the polymer film induced light loss in an
adjacent optical fibre by the production of microbends. These microbending losses
were detected by optical time domain reflectometry over kilometre lengths of cable,
with response times of less than a minute. The development of point sensors using
optical fibre is also described. The possibility of coating optical fibres in
photoactive semiconductor thin films for sensing or photocatalysis is discussed and
a microemulsion technique for the production of nanoscale, mesoporous thin films
of titania is detailed. The sol-gel system consisted of water-containing, inverse
micelles of Triton X-100, (a well characterised non-ionic surfactant) in a dry
cyclohexane environment. Titanium (IV) isopropoxide was used as a precursor and
was hydrolysed within the aqueous micelle cores. After thermal treatment of the
resultant gels, titania materials were obtained as powders and thin films on
conducting glass slides and optical fibres. Powders and thin films on slides were
well crystallised, mesoporous anatase. BET surface areas were, in some cases,
shown to be in excess of 600 m’g’. Calcining of thin films on optical fibre
substrates was shown to be detrimental to fibre integrity and thus, alternative
methods for the crystallisation of films and the removal of organic residues were
explored. Ultraviolet irradiation, hydrothermal treatment and supercritical fluid
extraction were investigated. Supercritical fluid extraction and hydrothermal
methods were shown to be effective in removing organic residues and steam
treatment was successful in the development of an anatase structure at temperatures

more than 200 ° cooler than in conventional thermal treatments.
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CHAPTER 1

An introduction to optical fibre theory.



1.1 Principles of Optical Fibres '
Modern telecommunications fibres are usually made of high purity silica doped with
germanium to produce a desired refractive index. The basic structure (figure 1.0.1) consists of
a high purity core surrounded by a cladding layer which is in turn coated with a protective
acrylate layer involved in mode stripping (discussed later in this section). Several “standard”
classifications of fibre are found. Broadly speaking, fibres are either designated as
“singlemode” or “multimode”. Singlemode fibres have a small core size, usually 9 pm and
hence, only one mode of light can propagate along the fibre. Multimode fibres have larger
cores, usually 50, 62.5 or 85 um and multiple modes will propagate. Core sizes of up to 1000
um are available although these are restricted to military use and other specialist areas and
may use other materials than silica for the core and cladding. These larger core fibres offer a
distinct advantage to sensing applications by virtue of their higher power capacity and
stronger evanescent field. The use of two such fibres for sensing are discussed in later

chapters.

Core

Protective Acrylate

K@\) Multimode (62.5 um core)

Multimode (50 um core)
@ Singlemode (9 um core)

Figure 1.0.1: Diagram to illustrate the cross-sectional structure of optical fibres .
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Although fibres differ by the relative core and cladding dimensions they are more often
described according to a function called Numerical Aperture. This is a measure of the amount
of light that can enter (or “launch™) into the fibre end and is related to the size of the so-called
“cone of acceptance” (figure 1.0.2). Photons which hit the core face with a trajectory from

outside this cone will not internally reflect and will be lost into the cladding and subsequently

into the acrylate layer.

CLADDING

CORE

Figure 1.0.2: Diagram to illustrate the concept of the cone of acceptance at a fibre end.

The cone of acceptance is determined by calculation of the angle of acceptance, which is a
function of the critical angle determined by Snell’s Law of refraction. The numerical aperture

is the sine of the acceptance angle (figure 1.0.3).

Air Cladding

R

Acceptance
Angle

Réy outside 'cone’ is lost
from Core

Figure 1.0.3: Diagram showing the angle of acceptance and its relationship to Snell’s Law.
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There are two types of light source used to launch into fibres. As a general rule LASERs are
used with singlemode fibres and either LASERs or LEDs with multimode fibres. This is due
to the light gathering efficiency of the two types of fibre — again related to the numerical
aperture and cone of acceptance. Multimode fibres have large numerical aperture by virtue of
their large core faces and as such can efficiently gather light from relatively low power
sources such as LEDs. Due to their small numerical aperture, singlemode fibres require a
more intense source, hence the use of LASERs. Typically singlemode fibres have a higher
data carrying capacity than multimode fibres for two reasons. Firstly, modern LASER sources
can be pulsed on femtosecond scales. The high frequency of the pulses allows Gigabits of
data to be transmitted down single fibres. LED sources will pulse at lower frequencies.
Secondly, as only one mode (path) of light propagates along a singlemode fibre the
transmitted signal suffers less distortion per unit distance travelled and per unit time hence

faster data rates can be used.

10000

~1000 ppm OH

1000 - \

100 —

~
o~
=

Loss (in dB.Km-1)

Bl e re—— T - *7*‘* LT“

0.2 0.5 1 2 5]
Wavelength (microns)

Figure 1.0.4: Absorption spectrum of fused silica cores in standard silica
fibre, hydroxide-doped glass fibres an% plastic-clad silica (PCS) fibres. >



Modern fibres operate in the near infra-red (NIR) region at wavelengths of 850, 1300, 1310,
1550 and 1625 nm. These are chosen due to “windows™ in the absorption spectrum of silica
and by consideration of Rayleigh Scattering effects. This is illustrated in figure 1.0.4
(previous page). Combination of the wavelength dependent Rayleigh scattering effect and the
onset of Si-O absorptions leaves a window of transmission centred between 1 and 2 pm.
Superimposition of the silica absorption trace with its characteristic Si-OH absorption peaks
onto this window leaves three distinct transmission windows at the wavelengths marked with
an asterix (*) on the figure. The black line on the figure shows the trace seen for a standard
silica fibre. That for a specially hydroxide doped glass fibre is shown in blue and for a plastic
clad silica (PCS) fibre in red.

For sensing purposes the wavelength chosen depends on the operating principles of the
transduction mechanism and in some specific types of sensor, on the species of interest. The
mechanisms of light propagation along fibres are quite complex, and an in depth analysis is
beyond the scope of this report. The simplest case is seen for singlemode fibres. In this

situation, light propagates as a wavefront along the fibre (figure 1.0.5)

CLADDING

CORE

Figure 1.0.5: Diagram of the wavefront and evanescent field.

Due to the narrow core only this “fundamental” mode, the so-called zero order mode is found
and can be diagrammatically represented as a single line travelling along the centre of the

fibre core. This mode is the fastest mode (path) being the shortest path along the fibre.




A portion of the wave travels within the cladding, and in theory the field extends to infinity.
This portion of the wave that travels in the cladding medium is termed the evanescent wave or
field !. The evanescent field will be lost as the radius of any bend decreases below a critical
size. This will be discussed further in the next section. The situation is more complex for
multimode fibres. In this case the core of the fibre is sufficiently large in relation to the
wavelength of light used that multiple paths or modes are available to the launched light. As
shown in figure 1.0.6, the paths are named according to the number of reflections that will

occur and hence the length of the path.

=N High Order Mode
.\'“ ? b /‘
b o Y o
«‘\ ; *,\ /= Low Order Mode
\ ! L] rta
o~ uociade =R s S S e
'!f_, ';' "x.,mnh ",,"' \\ ;‘ ; A(J o '[/
i P Y ; T i I =
S I Nt 7] » Zero Order Mode
‘s.__.__..._,__._:.}-‘ i s . i sl e . i s e e i “M""""‘"‘—T”‘:\A"“‘ jI
/ |' i
; v e',
/ 3 !
- “‘\. *
’./'. LY “

Figure 1.0.6: Diagram to illustrate the paths (modes) within a multimode fibre.

As a result of the differing travel times of the different modes, a single pulse launched into the
fibre will spread out. This effect is known as pulse broadening or “mode dispersion”. This
will limit the data capacity of a fibre and hence, in order to minimise this effect the core of the
fibre is modified by the controlled doping of germanium ions. The refractive indices of the
cores of modern multimode fibres are graded across the core rather than stepped (figure 1.0.7
overleaf), and such fibres are hence termed graded index multimode fibres. By grading the
core of the fibre the numerical aperture is reduced to a value approximately half that of an

equivalent stepped index fibre.
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Figure 1.0.7: Graded index fibre illustrating the modified path of the refracted ray.

As a result of this grading the photons travel in spiral paths along the fibre and spend a greater
amount of their time in the central, higher index (hence faster) region thus reducing the time
delay experienced by the higher order modes.

For a given source of monochromatic light, there are a finite number of modes that can exist
in any one fibre >. This number is related to the area of the core face, the numerical aperture of

the fibre (hence its refractive index profile) and the wavelength of light launched:

Number of modes = 0.5 (n d (NA))®
7\/2

Where NA is the numerical aperture of the fibre, d is the core diameter and A is the

wavelength of light launched into the fibre. Hence, to increase the number of modes
propagating in a fibre it is necessary to increase the diameter of the core, increase the
numerical aperture (by increasing the difference between the core and cladding refractive
indices) or decrease the wavelength of light used. Modal distortion is of less importance when
using fibres for sensing purposes, however when considering non-point or distributed sensors
this effect can be significant. In addition, it should be realised that in solving the modal

distortion problem by steering the propagating wave inwards, the evanescent field is



diminished, which although good for telecommunications purposes is generally a bad thing in
sensing applications.

It is often, as will be seen in later sections, the interactions or loss of this field that is the
crucial step in the transduction mechanism. Thus, for most sensing applications a non-graded
or “stepped index” fibre will be a better option.

It is important to note that the primary coating of acrylate serves a dual purpose. Firstly, it
protects the fibre from water ingress and minor scratching. Secondly, it serves to remove very
high order modes from the fibre system, thus further diminishing the modal distortion. As the
acrylate has higher refractive index than the cladding, any high order modes propagating
through the cladding and reaching the interface between the cladding and acrylate will be
refracted out of the cladding rather than reflecting back towards the core. By thus removing
very high order modes the signal distortion is improved. This is known as mode stripping.
Logically, this process contributes towards power loss in a fibre system.

Losses in fibre systems originate from two sources, intrinsic losses and extrinsic losses.
Intrinsic losses are those caused by interactions of the light with the material of the fibre.
These are the absorption of energy by the medium through which the light is passing and the
scattering of light. Both these processes are wavelength dependant. Absorption losses are a
function of the specific elemental composition of the silica glasses and are minimised by the
careful selection of wavelengths where maximum transmittance is observed. Scattering losses
consist predominantly of Rayleigh scattering, i.e. scattering in all directions, of light of the
same wavelength as that of the incident light. Some small proportion of the light is scattered
as Raman and Brillouin scattering at wavelengths shifted above and below that of the incident
light. These are both weak effects and do not contribute much to the loss calculations. They
are however of substantial importance in the sensing fields as will be seen later. Scattering
increases exponentially with decreasing wavelength and thus operating wavelengths are

chosen by careful inspection of both absorption data and scattering loss data.
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Extrinsic losses are those caused by damage to or bending of the fibre. Two types of bending
loss can occur. Microbending is caused by minute imperfections in the core-cladding interface
(CCI) and is accentuated at certain bend radii. Microbending losses can be advantageous in
sensing as they are easily detected by methods that will be described later. The DISH sensor is
an example of a microbend sensor. Macrobending is caused by bending the fibre to such an
extent that the conditions which lead to total internal reflection (TIR) fail and light is refracted
into the cladding rather than reflecting into the core. This effect can be easily seen if a fibre
carrying visible light is bent in a darkened room. The escaping light is clearly visible. It is
interesting to note that if a fibre is working correctly no light or glow should be visible along
the fibre length except at either end — it is impossible to see the light travelling through the
core where no imperfections exist.

Some loss in a system is inevitable but is allowed for by creating a power budget. This power
budget takes into account the minimum power requirements at the detector and the launch
power of the LASER or LED and thus an allowable proportion of the light can be lost in a
system without detriment to signal transmission. As the power of high frequency LASERs
and LEDs grows, and the sensitivity of detectors increases, the power budget increases
proportionally. This allows telecommunications scientists to design systems that will travel
further and carry more data. For sensing purposes, it allows greater scope for the development
of devices that rely upon the weak effects of Raman and Brillouin scattering, Rayleigh
backscatter in optical time domain reflectometry (OTDR) techniques (further discussed in
Chapter 2) and evanescent field transduction mechanisms.

This chapter only provides a brief summary of relevant theory. A more comprehensive
treatment of optical fibre theory may be found in any of the texts by Wolfbeis *, Cattral °,

Culshaw and Dakin ®, Senior ’ or Corish &,
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CHAPTER 2

Development of an optical fibre sensor system for the

distributed industrial sensing of hydrocarbon fluids
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2.1 Introduction

2.1.1 DISH project history & collaborators

The DISH acronym is an abbreviation of Distributed Industrial Sensors for Hydrocarbons.
The project was established through the LINK SENSORS scheme run by the Department of
Trade and Industry and jointly funded by the DTI and EPSRC. The DISH sensor is based on
the design of a distributed water sensor published by Michie ef al. . The water, pH and
humidity sensor incorporates a water swellable polymer, a so-called “hydrogel”. The DISH
scheme aimed to adapt this technology for hydrocarbon detection by replacing the hydrogel
with an elastomer that would respond to hydrocarbons liquids. The aims of the DISH project
as prescribed in the LINK Scheme application documentation were to “focus on the research
and development of a low cost distributed fibre optic sensing system for the detection and
location of leaked or spilled hydrocarbons such as fuels, light oils and solvents”. “The system
comprises a proprietary fibre optic cable which experiences local microbend loss in the
presence of hydrocarbons. Interrogation of the cable with an Optical Time Domain
Reflectometer (OTDR), enables hydrocarbon spills to be detected and located over a range of

”

several kilometres with a resolution of a few metres.” The DISH consortium consisted of
several collaborators from both the academic and industrial sectors. Security Design
Associates, SDA (Swindon) were the project coordinators and in addition to liasing with the
DTTI and ensuring that key milestones were met it was their responsibility to develop software
for the man-machine interface (MMI) and to conduct market research. University of
Strathclyde (Glasgow) were involved in developing and testing the elastomer materials used.
It was their responsibility to evaluate the swelling response of samples. They are the patent
holders for the water sensor, Hydrofast, which was the precursor to the DISH sensor. Optosci

Ltd. (Glasgow) were responsible for the development of the optoelectronic hardware which

includes the light source, detector, controlling software and data processing. Pinacl CSL

12



(Rhyl) were responsible for the manufacture and development of the sensing element itself,
the sensing cable. Manufacturing machinery was purchased from Roblon of Denmark and
installed in the factory solely for development of the DISH sensor. Evaluation and testing of
the sensor element as manufactured at Pinacl was carried out both in house (at Pinacl) and at

the chemistry department of the University of Wales, Bangor.

2.1.2 Target hydrocarbons and applications

The DISH sensor is targeted at the petrochemical processing, storage and distribution
industries including those which use hydrocarbon fuels in the automotive, aviation and
shipping industries. The sensor could be used to monitor the integrity of storage tanks and
their interconnecting pipe networks both on terrestrial and marine installations as well as in
double-skinned tankers around the world’s oceans. Continuous monitoring of fuel lines in
aircraft, both commercial and military, would allow the development and installation of
comprehensive bypass systems to isolate damaged sections before ignition or explosion could
occur. The sensor could be adapted to monitor different feedstock pipelines in a chemical
plant so providing a complete leakage detection system for all the fluids used. Pipeline and
fuel-line integrity monitoring systems currently in use are generally based on a network of
pressure monitors which detect changes in hydraulic pressure within the pumped systems and
thus infer where leaks must be occurring. The DISH sensor aims to eliminate the time delay
involved in locating damaged sections by identifying leaks to within a metre, in real time, thus
allowing a more rapid response to potentially hazardous leaks. Hydrocarbon liquids from
across a broad spectrum of activities were used to evaluate the sensor and its responses. Table
2.1 (overleaf) describes the fluids used, their respective compositions and their origins and

applications.

13



Fluid

Fraction & source

' Boiling point range

Typical constituents / additives

Uses

Unleaded motor | Light gasoline & 1 30-220°C C4 — C10 hydrocarbons; Fuel for spark ignition internal 4
spirit naptha fractions; detergents, dyes & antiknock combustion engines. ‘
blended fluid ' compounds (<0.1 %), ‘oxygenates’ e.g.
EtOH (5 %), MeOH (3 %), methy] t-
7 | butyl ether (15 %). ‘
Lead replacement | (as above) ' (as above) C4 — C10 hydrocarbons; detergents, (as above) 4 |
petrol dyes & alkyl lead compounds (0.03 — ‘
Supergreen (as above) (as above) As for LRP; octane-rating improving Pre-1986, high octane rating 5
additives internal combustion engines \
ULS Diesel Gas oil fraction 163 - 357 °C Crude mix of C9 — C20 hydrocarbons; | Automotive diesel fuel. 6
(heavy middle obtained by ‘straight run’ distillation of
distillates) gas oil
Gas oil Gas oil fraction 150 — 450 °C Highly complex mixture of C11 — C25 | Agricultural, railroad and marine 6 |
(heavy middle hydrocarbons including paraftins, diesel fuels. 68 possible gas oil
distillates) cycloalkanes, polycyclic aromatics, products. ‘
mixed aromatic cycloalkanes and |
olefins
Aviation kerosene | Kerosene fraction 145 - 300 °C C9 — C16 hydrocarbons including Commercial (non-military) Jet 7
(light middle alkanes, cycloalkanes, alkylbenzenes, | fuel.
distillates) -  alkylnaphthalenes. |
Condensate Gas oil fraction } 205 — 400 °C ' Complex mixture of C11 — C25 Chemical feedstock and for 7 |
(vacuum distillation hydrocarbons; blending with heavy fuel oils. \
S | condensate) I . . , , I
Fuel oils Blended from heavy ' 350 - 650 °C ' C20 — C50, density > 1000 kgm™, Fuel for industrial plants, ships, 8

distillation residues
and gas oils

complex heterocyclics, high MW
asphaltenes and organometallics, upto
20 % 3 to 7 ring polycyclics

power stations in boilers,
furnaces and engines.

Table 2.1: Description of the hydrocarbon fluids used together with their respective compositions, origins and applications.
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2.1.3 Distributed microbend sensors

Sensors based on the principle of induced microbending losses operate by encasing an optical
fibre within a device or stucture that will provide a periodic mechanical stress to the fibre at
either single, multiple or continuous regions along its length. The applied periodic stress
induces the formation of multiple small bends (microbends) in the fibre which in turn cause a
periodic perturbation at the core-cladding interface. This perturbation causes guided modes
within the core to be coupled to radiative modes in the cladding which are subsequently lost
from the fibre. This power loss can be monitored in one of two ways. Simple measurement of
the throughput power, i.e. the ratio between the launched and received powers requires access
to both ends of the fibre and will involve calibration procedures to reference the detector to

the source. Figure 2.0.1 illustrates this set-up.

microbend

source A , detector

A [ R e e e | |
region

Figure 2.0.1: Microbending loss measurement.

This first type of microbend sensor will enable a point loss to be calculated, that is, there is no
way of knowing where along the fibre the losses are occuring and therefore will prevent
identification of the precise location of the chemical species. This does not present any
problem when designing point sensors where short lengths of fibre are used in a handheld or
probe form. When wishing to gain information on the spacial distribution of an analyte it is
necessary to use the second type of microbend system, a distributed system. In this situation,
optical time domain reflectometry (OTDR) is the detection mechanism. In OTDR both the
source and detector are at the same end of the fibre. The basic principle of this technique is
that pulses (typically between 20 and 200 ns) of light are launched into the fibre, and the time

taken for the backscattered light from that pulse to return to the detector is calculated.
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As Rayleigh scattering occurs at every point along the fibre core, the returning pulse is
considerably longer than the initial pulse. As the speed of light in the fibre and the time since
the pulse was sent are known, it is a simple matter to calculate the distance along the fibre
from where the received light was scattered. This calculation combined with the measurement
of the intensity of the returning light enables the plotting of a graph of received power vs
length. The trace should be linear if the fibre core is homogenous along its length, and has a

negative slope as can be seen in figure 2.0.2.

—— end of fibre

power / dB

\

5 : : .
& length / km 2 3

Figure 2.0.2: OTDR trace showing end of fibre as sharp drop-off of backscattered light.

The negative slope is due to the continuous loss of power along the fibre by scattering and
absorption which causes the travelling pulse to gradually diminish in power and thus the
Rayleigh scattering from further along the fibre has lower intensities. The end of the fibre is
clearly seen by a sharp drop in power. Any losses in the system will be visible as steps in the
trace. The slope before and after the step will have the same gradient as the fibre is
unchanged. Multiple steps are possible and will show where loss is occuring along the fibre
length. OTDR techniques are routinely used in the telecommunications industry to check
whether cables have been installed correctly and to identify breaks or damage to the fibre

system.
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Figure 2.0.3 shows the trace that would be observed for losses occuring at 1 km, 2 km and 3

km lengths along the fibre.
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Figure 2.0.3: OTDR trace showing loss events at 1, 2 and 3 km.

The mechanisms by which a chemical or physical change can induce these losses into a fibre
are many and varied*'*. The simplest mechanism involves crushing the fibre between plates
which contain ridges at a period that will induce microbends to form when the plates are
squeezed together. A coil of fibre placed between two such plates would form the basis of a
pressure sensitive sensor. In figure 2.0.1 (above) the central section of the diagram was simply
marked “microbending region”. The reason for this is that the mechanism by which
microbending is induced into the fibre by a measurand of interest varies greatly °'. The
closest that is possible to a generic design was discussed by Lagakos ef al**. They describe
the “microbender” as a fibre sandwiched between two plates. The plates are covered on their
inner faces by ridges of a certain amplitude and separation such that when the two plates are
squeezed by an external force the fibre is bent periodically. This design has been integrated
into numerous pressure sensors in such devices as burglar alarms and slippage sensors. A
variety of other structures can be used. The simplest of which is a variation of the “generic”
structure. Patented by Grossman **, this sensor was designed for vehicle monitoring. A simple
cable structure containing ridged tapes transferred a periodic force to the central fibre each

time a vehicle compressed the cable structure.

17



Capable of “distributed” (i.e. over a length rather than at a point) measurement, a precursor to
the DISH sensor was designed ' to detect water and monitor pH in an aqueous environment.
This sensor, named Hydrofast, has a structure similar in design to the DISH construction, the
principle difference being a water swellable hydrogel material in place of the hydrocarbon
sensitive elastomers used in the DISH sensor. Thus the DISH structure has promise of
application to many analytes. The only requirement being a polymer that will swell in the
presence of the required analyte. A 1991 patent filed by Bergqvist >* describes a microbend
temperature sensor that involved a central structure which expanded with temperature, an
axially laid fibre optic and a helical wire bound at a critical periodicity. Donlagic and

Culshaw, have published results *>*°

that suggest another possible modification to the
microbending sensor. It is reported that by splicing a length of singlemode fibre between the
launch optics and the microbend sensor it is possible to launch only the fundamental mode
into the multimode core, i.e. only the zero order mode is present. It is reported that this brings
down the dry attenuations to less than 1 dB km™. The “dry attenuation”, usually quoted in dB
per km, is defined as the loss per unit length of a fibre in its dry state (i.e. not wetted with an
analyte hydrocarbon liquid). “Wet loss” is thus the loss induced when the sensor is exposed to
an analyte. It is also reported that as the zero order mode is more microbend sensitive than

the other modes the loss induced by a given applied periodic force may be up to six times the

loss induced if the multimode fibre is fully filled.

2.1.4 The DISH sensor
For distributed sensing, a cable that incorporates a ridged structure or similar and some means
of applying pressure to the ridges and fibre in the presence of an analyte such as a swellable

polymer will form the basis of a chemical sensor. The DISH sensor is an example of this.
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One of the components of the DISH sensor is a fibreglass reinforced plastic (GRP *’) rod.
This rod is present to provide mechanical strength to the sensor cable both under strain and
under compression. It also provides a solid substrate against which the expanding elastomer
can exert a force thus ensuring that the forces associated with the swelling polymer are
transferred to the optical fibre.

The rod itself contains large numbers of fine glass fibres embedded in a thermosetting resin. It
is these fine glass fibres that take any strain in the cable and the resin which gives
compressive strength. A diagram of the structure of the coated GRP rod is shown below in

figure 2.0.4.

Silicone coating,.

e-glass fibres

Figure 2.0.4: Diagram of a cross-section of a silicone coated GRP rod. The inset box
represents a 100 pum x 100 pwm area containing glass fibres with a diameter of 10 - 15 pm.

The GRP rod is coated with a thin layer of a polysiloxane elastomeric material that is

designed to swell in the target liquid. Polysiloxanes (silicones) have the general structure "

shown in figure 2.0.5.

HO~+-Si-0-—H

R n

27-30

Figure 2.0.5: General structure of silicone elastomers
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The simplest silicone is polydimethylsiloxane (PDMS) where the siloxane chain has the

general structure shown 2% in figure 2.0.6 where n typically lies in the range 3000 to 5000.

CH, [ CH; | CH,

| |

HO—Si—O4—Si—0O1—Si—OH

| \
by | by | b

n = 3000 - 5000

Figure 2.0.6: General structure of polydimethylsiloxane ***°.

Early syntheses were carried out by the hydrolysis of dichlorodimethylsilanes as shown 2**

in figure 2.0.7.

CH, CH,

| |

Cl—Si—Cl | + 2H,0 —» HO+4-Si—0

n CHg

-H + 2nHCI

CH, i

Figure 2.0.7: Production of PDMS by hydrolysis of dichlorodimethylsilane **°.

Modern syntheses are carried out by ring opening and subsequent polymerisation of cyclic

polysiloxanes.
\ [
0
CH; ___si Si—CH, 90 % CH, [ CHy | cH,
/ \ KOH, 140 C | | |
o \ NaOH, 170 C  HO—Si—0+-Si—o}—Si—oH
— - |
/ - CHy | CHy | CH,
CH;—Si Si—CH,
/ \O/\ n = 3000 - 5000
CH, CH,

Figure 2.0.8 Base catalysed ring opening and polymerisation of octamethylcyclictetrasiloxane *-*°.
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The base catalysed ring opening of octamethylcyclictetrasiloxane (figure 2.0.8) is reversible
and at curing temperatures up to 200 °C the equilibrium lies 90 % towards the polymerised
chains ?*?°. At temperatures in excess of 200 °C the polymer chains are broken as the
equilibrium moves towards the cyclic species. In the case of the Dow Corning elastomer used
in the DISH sensor (designated ‘EP4412°) the equilibrium lies such that less than 5 % of the
cyclic species are present. Silicones are by definition *’ relatively weak compared to more
dense and higher modulus organic polymers. In order to improve the elastomer’s modulus and
tensile strength the polysiloxane chains are bound to each other, or crosslinked, using either
chemical or physical interconnections, such that irreversible sliding of chains past each other
is prevented 27, This is achieved either by periodically attaching large, bulky groups to the
chain which inhibit free movement of the chains, or by chemically binding chains to each

2731 involves

other. Chemical binding can be achieved in a variety of ways. Hydrosilylation
attaching pendant vinyl groups to one in every 50 to 100 silicon atoms on half of the chains
and inserting silicon hydrides at the same frequency on other chains. In the presence of Pt
catalysts at temperatures in excess of 60 °C, these react with no loss in mass *' forming
permanent linkages between neighbouring chains and establishing a network with greater
tensile strength and modulus than the equivalent uncrosslinked elastomer. Alternatively ¥/, it
is possible to react pendant alkoxy groups with neighbouring silanol groups in the presence of
organo-tin catalysts. The strength of crosslinked silicones can be further improved by the
addition of other materials to the elastomer mix. It is common to find a large suite of additives

and fillers present in any silicone product >*"%

. Fillers are used to increase the batch viscosity
and artificially increase the density and modulus (strength) of the material. The addition of
calcium carbonate or precipitated silica to polysiloxane rubbers is a common practice and may

account for 20 % or more of the volume of some elastomer products >" 2.
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The addition of silica fillers can increase the tensile strength of silicones by a factor of 40,
from 0.34 MPa for an amorphous, uncrosslinked elastomer up to 13.8 MPa *’ in cases where
strong filler-polymer bonding exists. Bonding between fillers and polymer chains can be both
physical or chemical in nature. For silica filling materials, Van de Waals bonds exist together
with hydrogen-bonding of silica silanol groups with polymer silanol groups and chain oxygen
atoms *°. Fillers increase the viscosity of the uncrosslinked elastomer such that plasticising
additives are required to improve ‘processability’. These plasticisers vary in nature.
Hydrocarbon oils, mostly mixtures of paraffins, napthenes and aromatics may be used. In
addition vegetable oils, coal-tar and pine oil products may be found. Paraffins (mixed alkanes)
have a tendency to bleed out and so are used in only small amounts. Napthenic process oils
are compatible with most elastomers as are aromatic oils which due to their excellent

compatibility are the most widely used product *’.

CHy [ CHy | cH;
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Figcure 2.0.9: Structure of a short chain. low molecular weight silicone liquid plasticiser =

In silicone elastomers where high surface area siliceous particles are added, a low molecular
weight silicone with chain length of less than 25 (figure 2.0.9) may be used as a plasticising
liquid which exists as a free liquid within the elastomer’s network > In the DISH sensor an
optical fibre is laid alongside the elastomer coated rod. The fibre and the coated rod are bound
to each other such that they are held together firmly but not crushed. Figure 2.1.0 illustrates

the basic structure of the sensor.
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optical fibre binding thread coated GRP rod

Figure 2.1.0: Structure of the DISH sensor showing longitudinal (top) and cross-section (bottom)
views of the coated GRP rod, optical fibre and binding thread.

The fibre lies alongside the coated rod and is held in place by a binder thread. This binding is
set at a critical deformation period which will cause maximum microbending losses by
coupling guided modes to radiation modes which are subsequently lost from the cladding.
This will be further discussed in subsection 2.2. The operating principle of the DISH sensor 1s
relatively simple. When the sensor comes into contact with a hydrocarbon liquid the

hydrocarbon is absorbed into the elastomeric coating. This is illustrated in figure 2.1.1.

Figure 2.1.1: Structure of the DISH sensor in its swollen state after wetting with a hydrocarbon liquid.



The elastomer swells as a result of the absorption of liquid and this volumetric expansion
deforms the fibre. Only that portion of the fibre which is unbound can move with the
expanding rubber, thus the fibre experiences a periodic deformation along its length such that
the guided modes within the fibre are coupled out of the core and into the cladding where they
are attenuated. This microbending loss is detected by OTDR monitoring as described
previously. The step which is induced in the OTDR trace can be difficult to distinguish from
the noise in the signal and so as to facilitate easy identification of the step two traces are used.
A background or reference trace is recorded and subsequent traces are compared with the
reference by superimposing the two traces. Additional features will be seen on any OTDR
trace. Spikes will be seen in the trace at the beginning and end of the sensors where strong
reflections from the face of the sensor core and the distal tip cause higher than average

backscatter. These features are shown in figure 2.1.2.

end of fibre

power / dB

2
length / km

Figure 2.1.2: Illustration of a typical OTDR trace showing the appearance before (black) and
after (red) an event has been detected.

The detection of events in this way is illustrative of the way in which manual testing of the
assembled sensors is carried out. Detection of events in the integrated system works by
software manipulation of raw data obtained from the custom OTDR unit and is displayed as a

simple alarm readout on a laptop computer (figure 2.1.3 overleaf).

24



3

Backscattered light returns from fibre and is detected in the OTDR unit.

Power and time data is transmitted in its raw form to the analysis software.

"

Custom software inspects data for events by identifying differences
between new data and a stored reference trace. Any differences are
further distinguished by differential analysis. Events with amplitude
exceeding a preset trigger level are reported as detected events and the
location, in metres, is displayed on screen.

Figure 2.1.3: Order of operation of integrated sensor system, by which events are detected.

Silicones have a characteristically poor resistance to hydrocarbon solvents 2”*° due to this
swelling response. The swelling of silicones and elastomers is a well-known phenomenon
3293134 The expansion results from passive diffusion of solvent molecules across a diffusion
gradient into the matrix of the silicone where they become associated with the polymer chains
* via loose interactions. The swelling response may be thought of as partial dissolution of a
polymer by a solvent. The long chain molecules of linear or branched polymers will interact
with solvent molecules, causing coil expansion from an unperturbed state. In the case of un-
crosslinked polymers the chains may become completely disentangled and a homogeneous
solution would result. However, in the case of crosslinked materials this is not possible and
swollen states are obtained. In general, the dissolution (swelling) of polymers is energetically

favourable as typical polymer solutions show large positive deviations from ideal behaviour,
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thus ensuring that the free energy of mixing is large and negative. Deviations in entropy are
attributed *°° to size differences between solvent and polymer molecules, i.e. the movement
of individual polymer chains is severely impeded by neighbouring chains in the solid state. In
the solution state the restrictions are removed and thus the chain is in continual motion and
able to adopt a vastly increased number of equi-energetic conformations hence an increased
entropy contribution. Deviations in the enthalpy term are caused by solvent-polymer
interactions and may be estimated by consideration of solubility parameters. Solubility
parameter is related to the cohesive energy density (CED) which is in turn related to the

molar energy of vaporisation, E, and the molar volume, V:

3= (E/V) * = (CED) *

The enthalpy term, AH, for a particular solvent/polymer pair may be related to the solubility

parameters of solvent and polymer by **:
— 2
AHmixing - (6solvent - 6polymer) (Vsolvent)(q)polymer)

where (I)polymer is the volume fraction of the polymer. Compatible mixtures will have similar

solubility parameters and thus small AHpixing. Thus with a small positive enthalpy
contribution and a large positive entropy term, the free energy of mixing is large and negative.
The solubility parameters of liquids are readily calculable from vaporisation energies as
explained above, however those of polymers must be obtained by comparative techniques. It
is generally agreed *2%?* that the swelling response will continue until the forces arising from
the cohesion of the polymer chains balance the osmotic pressure ** and the extent of swelling

4L Tt is

depends upon the relative hydrophobicity/hydrophilicity of the solvent and polymer
also thought that the structure and density of the elastomer must be taken into account by

consideration of the effective chain density >, the ‘polymeric free volume’ *’and the void
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microstructure >*. The viscosity of the solvent also affects the rate of expansion *. Predictions
of the percentage expansion may be performed by consideration of solubility parameters *=°
or by definition of a polymer-solvent interaction parameter >, However, it is emphasised by

Doig et al. *

that the relationship is not simple; that significant errors are often found between
theoretical calculations and physical measurements. It is further emphasised that if physical
measurement allows simple and accurate determination of the degree of expansion for a

particular solvent-elastomer pair, then the usefulness of theoretical prediction is questionable

3 The presence of hydrogen bonding between solvent and polymer will further complicate
the system “**. A hydrogen bonding index, 7, aids in the prediction of compatibility. For
example, acetone and carbon disulphide have identical high solubility parameters but have
very different Y (9.7 and 0.0 respectively). Hydrogen bonds will, in general, result in the

enhancement of the solubility of polymer chains in a particular solvent. Flory Huggins theory

342 can provide an accurate prediction of swelling but only for a limited number of cases.
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2.2 Experimental

2.2.1 Manufacture of sensor cable & selection of components

The central strength member used was a 0.9 mm diameter, commercially produced, fibreglass
reinforced rod. A suitable silicone material was identified after exhaustive testing **. This
elastomeric coating was Dow Corning Silastic EP4412, a one part, addition cure silicone
designed specifically for ease of coating. The one part block, as purchased, is a mixture of
several components. The curing reagents contained within the block are inactive due to the
presence of an inhibiting agent which must be removed before curing will commence. In
order to apply a thin coating of EP4412, the silicone precursor may be dissolved in an
appropriate solvent (methylethylketone or xylene), to make a 15 — 25% by volume solution.
The item to be coated can then be dipped into the solution and withdrawn. The coating
thickness is controlled by the speed of withdrawal from the coating solution and by the choice
of solution concentration. To cure the applied coating, the dipped item must first be heated to
between 50 and 70 °C to drive off the solvent before a second heating stage (up to 170 °C) is
employed to drive off the volatile inhibitor and allow the curing agent to act. A second
silicone coating, Varflex, reportedly similar to the Dow Corning elastomer was also tested. It
is possible that the Varflex silicone contained substantial amounts of silica or calcium
carbonate filler as a fine white powder was detected on the surface of the silicone which had
an opaque appearance unlike the transparent EP4412 °. Telecommunications grade,
multimode optical fibres were chosen due to their relatively low cost compared to specialist
fibres, their good availability and the lower cost of the optoelectronics required. Fibres from
several different manufacturers and of differing quality were chosen to enable identification
of the best performing grade and type. Two main classes of multimode fibre exist with core
dimensions of 50 and 62.5 pm, and both were used in manufacturing trials to ascertain the

most appropriate choice. The two fibre types were labelled as 50/125 or 62.5/125 to denote
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the core and cladding diameters. Early sensor prototypes incorporated fibres used straight off
the reel from the manufacturer without additional coating. These fibres had a thin coating of
acrylate material which brought the final fibre diameter up to 250 um. The UV cured
acrylates provide mechanical protection from compression or abrasion and prevent water
ingress into the fibre. It also serves to maintain a degree of flexibility to the fibre which is lost
after removal of the acrylate. The generalised structure of an acrylate polymer is shown in

figure 2.1.4 below.

R
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acrylate acrylate
monomer polymer

Figure 2.1.4: General structures of acrylate monomer and acrylate polymer.

In addition, the acrylate aids in the removal of very high order modes from the cladding by a
process known as mode stripping. This is important in the control of dispersion effects. As the
acrylate has a refractive index greater than that of the cladding, any optical modes propagating
within the cladding and striking the cladding-acrylate interface will be refracted out of the

fibre. Figure 2.1.5 shows the refractive index profiles of multimode fibres.

miziniminin
AT T

50/125 62.5/125

Figure 2.1.5: Illustration of the refractive index profiles of multimode optical fibres. The profiles
for stepped index and graded index fibres are given for both 50/125 and 62.5/125 fibres.

29



Later prototypes incorporated fibres that had been coated with thicker layers of protective
polymeric materials used in telecommunications cabling. These coatings were of varying
thickness, typically 450, 600 or 900 um outer diameter. The sensor was bound at a pitch that
gave a period equivalent to the calculated fundamental period for microbending. Binding was
also carried out at the 1%, 2™, 3™ and 4™ harmonics as it has been shown *’ that multiples of
the fundamental period will also result in coupling of guided modes. The calculations for both

50/125 and 62.5/125 optical fibres are shown in box 2.1 below.

Critical period, A= 2man
NA

Numerical Aperture, NA = (n;”> — n,*)"

50/125 62.5/125
n, (cladding) = 1.457 n, (cladding) = 1.457
n; (core) =1.472 n; (core) =1.487
core radius, a=25 um core radius, a=31.25 um
NA = (1.472% - 1.457H)"? NA = (1.487* — 1.457H)'*
=0.210 =0.297
Ac=2man;, = 1101 pm Ac=2man;, = 983 um
NA NA
~A.=1.1 mm ~A:=0.98 mm

Box 2.1: Calculation of critical microbending periodicity for 50/125 and 62.5/125 fibres.

The thread used to bind the sensor together was a lightweight aramid yarn manufactured by
Roblon of Denmark. The thread was applied helically to the sensor under controlled tension

and lay length.



Binder tensions are quoted in units of grams-force, g, defined as the tension produced in a
thread when a mass of 1 g is suspended vertically under the influence of gravity and
equivalent to 0.00981 N. The binding was carried out at Pinacl Ltd, Rhyl.

To assess the rate of swelling of the silicone coated rods, samples (50 mm) were cut and their
initial diameters were measured to sub-micron accuracy using a laser micrometer (Anritsu,
Japan). Each sample was immersed in a flask of a particular hydrocarbon liquid and removed
at time intervals of 1 minute to observe increases in diameter. The data was tabulated for each
liquid and curves were plotted of total diameter vs. time. Samples of coated rod were placed
in vials (25 ml) containing samples of hydrocarbon liquids in order to investigate the
resistance of the silicone coatings to petrochemicals. The rods were left for 7 days and then
removed and scanning electron micrographs were recorded.

Sensors incorporating an acrylate covered (bare) fibre were developed and tested and were
referred to as ‘first generation’ prototypes. Fibres which were sheathed with a protective
polymeric coating (buffering) were then assembled into sensors which were developed and
tested under the designation ‘second generation’ sensors. Subsequent to the successful
development of buffered sensors, these were then further developed to optimise response to
petrols and were referred to as ‘third generation’ sensors. Third generation sensors were
installed in a series of field trials to test, demonstrate and integrate the combined monitoring

system.

2.2.2 First generation prototypes — bare fibre sensors

Upon production of each prototype during the course of the development, the sensors were
subjected to analysis by optical time domain reflectometry (OTDR). OTDR allowed a quick
check of whether or not a fibre was undamaged along its length and allowed a length

measurement to be made. The OTDR software allowed measurement of power losses at



marked events. For sensing applications, the OTDR could operate in real time, continually
updating the trace. Alternatively, it could be operated in time-averaging mode over a
prescribed time which considerably improved the signal to noise ratio. This was often used
when only small differences were under scrutiny. In the case of the DISH sensor, changes in
optical power of only 0.1 dB for a one metre event were expected. This represented a power
loss of less than 2.5 % of the signal. Superimposition of a reference trace and a live trace
allowed these small variations to be seen.

Immediately after manufacture, sensors were checked to ensure that no defects were caused
during manufacture such as kinking or breaking of the fibre. An estimate of the dry
attenuation of the fibre was made. The dry attenuation gave an indication of the condition of
the fibre after assembly compared to that of the fibre before binding. A slight increase was
expected dependent on the tension applied. The response of sensors was assessed on a test
bench, designed so that the sensors could be left on their reels during testing. A one metre
section of sensor cable was reeled off and fixed to the bench top. In all cases, a standard

length of 1 metre was wetted with liquid. Figure 2.1.6 shows the setup of the test rig.

PAYOFF REEL — drum wound with assembled sensor cable.

EXPOSURE ZONE - region where 1 m of sensor was wetted with analyte.
TAKEUP REEL - reel to wind tested sensor onto.

OPTICAL TESTING HARDWARE — OTDR or power meter.

COMPUTER - for data recording and output.

ke O N ¥

Figure 2.1.6: Diagram of the test bench used to perform wetting tests and response analysis of
manufactured sensor cables.
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The test bench was used with either an OTDR unit or a data logging power meter. Throughput
measurements gave more accurate assessment of sensor response time and the magnitude of
the loss induced by wetting. When used with OTDR techniques, access to only one end of the
optical fibre was required whereas with throughput power measurement methods it was
necessary to connect to both ends of the sensor. For OTDR measurements the fibre was
connected to a commercial OTDR unit (Antel, dual band, modular OTDR) and a reference
trace taken. A 1 metre test length of sensor was wetted with a hydrocarbon liquid (typically
unleaded petrol or lead replacement petrol) whilst a live trace was taken.

As the liquid was added, a time averaged trace was taken for between 30 seconds and 3
minutes. The presence of any loss events on the trace was recorded and an estimate of the size
of the loss together with its location (in m) along the fibre was recorded for comparison with
the known exposed position. Throughput measurements were performed on an EXFO IQ data
logging power meter with two sources, a dual band LED source operating at 850 or 1300 nm
for multimode measurements and a dual band LASER source operating at 1310 an 1550 nm
for singlemode applications. The IQ unit had an InGaAs detector. Measurements could be
taken in 3 formats: relative power measured in decibels (dB), absolute power measured in
microwatts (WW) or absolute power in relative units called dBm, (defined as dB above 1
mW). The most commonly used systems were the relative methods (dB and dBm) due to their
easy interconversion. Referencing to the power source, without the test fibre, via a standard
fibre of known attenuation, allowed measurement of the loss induced in the fibre by external
influences and gave an accurate measure of the attenuation of the fibre system under test. This
in turn allowed precise measurement of the loss per unit length by combination with OTDR
results; these values were quoted as dBkm™. Although the OTDR generated loss

measurements they were approximations based on the gradients of the traces obtained.
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Alternatively, the fibre was connected to the source and detector and a reference was taken
with the fibre undisturbed and dry. Experiments were then carried out, monitoring the loss in
the fibre whilst changes in temperature, pressure and humidity were applied or the sensor was
exposed to physical deformations such as twisting, bending and straining or exposed to
chemicals. Thus, with the use of data logging software, response curves were generated for a
sensor fibre. Using the exposure testing rig shown above in figure 2.1.6, a 1 metre section of
each sensor was exposed to petrochemicals whilst connected to a power meter, source and
data logger. Readings were taken 10 times per second and a response curve plotted. Similar
tests were also carried out using a hand held source and power meter.

Two sensors were assembled using bare multimode fibre of two grades in order to assess
whether the quality of the optical fibre affected the response characteristics of the sensor. The
recorded grade refers to the bandwidth at 850 and 1300 nm respectively. The two fibres used
were Fibrecore 160/200 (lower grade) and Fibrecore 200/600 (higher grade). The assembled
sensors were manufactured with a binder tension of 18 g and with a 4 mm lay length to
minimise dry attenuation. A 50 um EP4412 coated rod was used as the central strength
member. Both sensors were exposed to unleaded petrol and their responses in each case were
monitored by OTDR.

Because of concerns about the durability of the acrylate coating in the environment (with
particular emphasis on water penetration) a bare fibre sensor was immersed in water whilst
connected to the OTDR unit and the resulting trace monitored for signs of degradation. In
addition, the acrylate coatings of the optical fibres used were assessed by immersion tests.
Samples of multimode optical fibre were cut (50 mm) and immersed in vials (25 ml)
containing assorted solvents and reagents. These were left for 24 hours before removal of the
fibres. The appearance of the acrylate was recorded. A qualitative assessment of how easily

the acrylate could be removed from the fibre was performed.



2.2.3 Second generation — buffered fibre sensors

As before, all response tests were performed using a standard length (1 metre) of sensor. As a
result of concerns about the physical strength and chemical resilience of the bare acrylate
fibres it was decided to investigate the use of buffered optical fibres. Buffering or coating of
optical fibre with plastic materials is used in the telecommunications industry to protect fibres
from mechanical damage. The acrylate had been shown to deteriorate in under 24 hours in the
presence of petrol. Multimode fibres were extrusion coated with Hytrel, a DuPont block
copolymer of short-chain diol erephthalate and long-chain polyether diol terephthalate *.
Hytrel is designed specifically to resist chemical attack and has no extractable plasticiser. A
325 um coat of Hytrel was applied over the acrylate layer to give a total external diameter of
900 pm. A thinner coat of 175 pum was also used which gave a total outer diameter of 600
pm.

An experimental layer, 100 um thick was attempted giving a total outer diameter of 450 um.
Figure 2.1.7 compares the appearance of the coated fibre sensors with that of the bare fibre

Sensors.

bare 450um 600um 900 um
fibre F P P

Figure 2.1.7: Relative dimensions (seen in cross-section) of a bare fibre sensor and buffered
fibre sensors.

The response of buffered fibre sensors was assessed using both OTDR and throughput

measurement methods. Dry attenuations were recorded before and after manufacture.
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2.2.4 Third generation — petrol tuned sensors

Once a working design incorporating a buffered (and therefore protected) fibre had been
established it was then necessary to tune the design to optimise its sensitivity to each analyte.
Sensors for petrol detection were manufactured with varying tensions, lay lengths (binding
periods), silicone type and coating thicknesses. These were assessed for dry attenuation,
response to petrol, recovery after exposure and response to repeated exposure. Response
testing of final tuned designs to other analytes such as solvents and other fuels was carried
out. In order to determine the optimum operating conditions of the sensor and whether or not
significant problems would be encountered in hot or cold environments the sensor was
subjected to a program of environmental testing. This involved the live monitoring of a sensor
whilst inside an environmental test chamber programmed to cycle temperature and humidity.
The sensor was monitored using the power meter. A reading was taken every 10 minutes.
Measurements using a broad spectrum, high intensity light source (Xe arc lamp, Oriel) and
photodiode array detector were made of the absorbance characteristics of an assembled sensor
from the near UV to near-infrared region. The detector was calibrated against a Hg emission
source for the range 250 — 700 nm and a Ne emission source for the range 650 — 1100 nm.

As shown in figure 2.1.8, a coil of optical fibre was placed into an oven and connected to the
light source and detector. The detector was in turn connected to a personal computer with the

controlling software (Instaspec Basic).

PC
DETECTOR
e_ Ry )

OVEN LIGHT SOURCE

Figure 2.1.8: Bench setup for the UV-visible spectrophotometer analysis of optical fibre under an
applied temperature regime.
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Background traces were taken with the oven at room temperature and the light source off. A
reference trace was taken at room temperature with the light source on. A continuous time
series of traces was taken. 2000 accumulations were taken and combined additively to give
each trace, every 35 seconds for 90 minutes. The oven temperature was ramped up to 85 °C
over 30 minutes, kept constant for a further 30 minutes and then allowed to cool slowly for a
further 30 minutes. The attenuation at 850 nm, relative to the reference was recorded from
each trace. Further similar experiments were performed on other fibre samples and on lengths
of assembled sensor.

Response tests were performed using an alternate setup which allowed the standard 1 metre
length of sensor to be fully immersed in the analyte liquid. Previous tests had been limited to
wetting and then covering a length of sensor. The new tests were performed with separate,
handheld source (EXFO, FOS-124A, dual band LED 850/1300nm) and power meter units
(EXFO, FOT-22A, Ge detector). These were connected to a sensor which was inserted into a
coiled glass tube of total length 1 m. Figure 2.1.9 illustrates the setup used. The liquid under
test was then poured into the tube and the response of the sensor with time was monitored.

A final, long term test was initiated whereby a Hytrel sensor of 50 m in length was coiled in a
winchester bottle. The sensor was connected to the data-logging power meter (EXFO, 1Q unit)

and tap water was added.

SOURCE

GLASS COIL

Figure 2.1.9: Apparatus used to test the response of sensors that were fully immersed in analyte
liquids. A handheld light source and power meter were connected to either end of a sensor cable. A
1 m length of sensor was contained in a glass coil which was filled with the liquid under test.
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The power levels were recorded over 24 hours and the data trace plotted to observe
fluctuations in the transmitted power. The sensor remained in the bottle for a further 18
months. Power readings were taken every 2 months for six months and then every 6 months

thereafter.

2.2.5 Field trials

A field trial was setup in Tewkesbury, UK. A sensor system with a total length of 1.4 km was
established by alternating 100 m lengths of third generation buffered petrol sensor with 100 m
lengths of optical fibre cable (Meteor , Pinacl). The sensor lengths were placed into 2 m

troughs as shown in figure 2.2.0.
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Figure 2.2.0: Diagram showing layout of Tewkesbury field trial. System comprised of six 100 m
lengths of sensor cable with their central sections within a 2 m trough (numbered 1 to 6). Each
length of sensor (A) was spliced to the next with 100 m lengths of outdoor optical fiber cable (B).
A 250 m lead-in was attached at the front-end of the system. Total system length was 1.4 km.

Testing was performed with the commercial OTDR (Antel). Systematic testing of each trough

in turn was performed by exposing the sensor within the trough to petrol. The magnitude of
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the loss and the location in metres along the sensor was recorded. Blind tests were then
performed. Troughs were selected at random and exposed, the response of the OTDR was
monitored to see whether it was possible to determine which trough had been wetted.

A second field trial was established three months later in the grounds of Pinacl, Rhyl, Wales.
A 400 m sensor was laid out across the ground and then left for 2 weeks exposed to the
weather and to disturbance by animals. The sensor was tested in a different way to that
performed at Tewkesbury. Portable troughs, 1.5 m in length and covered with a lid were used.
The troughs were filled with dry, fine sand and the section of sensor to be wetted was buried
to a depth of 1 cm. After wetting of the sand with petrol (250 ml) along the trough’s length,
the lid was fixed and sealed to prevent evaporation and the response of the sensor was
monitored by OTDR.

This trial was the first time that the prototype custom OTDR and software was successfully

used with a finished sensor design. The layout of the second trial is illustrated in figure 2.2.1

below.
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Figure 2.2.1: Diagram showing layout of first Pinacl field trial. System comprised a single 375 m
sensor. The sensor was laid out in a field as shown with small coils inserted between 10 m straight
lengths. A 1.5 m, portable, sand filled trough was moved to any point for response testing. The sensor
was interrogated with both the Antel OTDR and the custom built unit.
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A third field trial was set up at Pinacl using the same layout as in figure 2.2.1 above except
that a longer sensor length was used. An optimised third generation petrol sensor of over 2 km
in length was used, giving a total system length of 2500 m. The sensor was tested with petrol
at varying distances along its length to determine the maximum operational range of the
integrated system. The custom OTDR unit was used together with the custom-designed event
detection software.

A final field trial was performed at Pinacl to test the combined system with a finished sensor
design, the custom OTDR and the final user interface software. A single 400 m length of third
generation petrol sensor was laid out so as to imitate a petrochemical storage depot. The
layout of the depot was installed into the custom user interface and testing was performed at
one of several locations along the sensor. Testing was performed within portable sand filled
troughs. The display of the user interface was monitored to determine whether a correct alarm
would be generated and whether the location would be calculated accurately. The system was
also tested to see whether multiple events could be detected by simultaneously exposing more
than one section of sensor. Figure 2.2.2 shows the layout used and the schematic installed in

the analysis software.
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Figure 2.2.2: Diagram showing layout of second Pinacl field trial. System comprised a single 400

m sensor. The sensor was laid out to represent a petrochemical storage depot with six tanks. This
layout was installed in the custom OTDR software as shown in the inset.
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2.3 Results and discussion

2.3.1 Assessment of sensor components

The results of the swelling assessment for a rod with a 100 pum thick coating of Varflex rubber
are displayed in figure 2.2.3. The rod had an initial total diameter of 1050 um. The
micrometer had a maximum measurable diameter of 1310 um. Thus, it is not possible to infer

to what degree the expansion continued after reaching 1310 pm.
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Figure 2.2.3: Results of swelling tests on a 100 um thick coating of Varflex silicone.
NB: The y-axis shows total outer diameter of the coated rods. Percentage swellings quoted in the
text refer to the increase in thickness of the elastomer coating itself.

The data suggest the Varflex rubber responds quickly to volatile liquids. The liquids can be
divided on the basis of their responses into four categories. The petrols (unleaded, lead-
replacement and supergreen) responded most quickly, achieving 50 % swell in 30 seconds
and an increase in coating thickness relative to the original thickness of at least 120 %.
Aviation kerosene and the condensate responded less quickly taking twice as long to reach 50
% swell but achieved a percentage increase equivalent to that of the first group, (120 %)
within the same time frame. The third group consisted of only the ULS diesel, which achieved

50 % swell very quickly in under 30 seconds but only reached a percentage increase of 70 %.
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Gas oil took considerably longer, in the region of 1 — 2 minutes, to reach 50 % swell and
achieved only a 65 % increase in thickness.

The recovery of the Varflex coated rod (in still air at room temperature) was assessed to
determine if the trend observed for the expansion held true for the recovery during drying.
Figure 2.2.4 shows the recovery data obtained. Samples were left immersed in each fluid for
at least 30 minutes to ensure maximum swell had been reached. It is important to note that all
the samples have a starting swollen diameter of 1310 um. This demonstrates that although the
expansion data given in figure 2.2.3 previously show slow expansion for ULS diesel and gas
oil, maximum swell is eventually achieved, within 30 minutes, in excess of 1310 um outer

diameter for ULS diesel and in excess of 1200 pum in the case of gas oil.
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Figure 2.2.4: Recovery data for 100 um thick coatings of Varflex silicone.

At first glance the recovery data fall into two distinct groupings with the petrols being the
fastest to recover. Condensate was the quickest to return to its original dimensions, in under
two minutes. A broad division into two groups based on whether or not the sample returned to

its original dimensions results in two clear groups. ULS diesel, gas oil and aviation kerosene
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did not recover completely and may require intervention to drive off all absorbed material.

Washing with a lighter solvent such as petrol could aid the recovery by diluting the heavier

material.

The results of the swelling assessment for rods with 50 pm thick coatings of EP4412 rubber

are displayed in figure 2.2.5. Initial rod dimensions were between 1000 and 1010 um.

outer diameter / um
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Figure 2.2.5: Expansion data for rods coated with 50 pum of EP4412.

The expansion data for EP4412 reflect the results seen for Varflex except for the aviation

kerosene, which was the quickest to respond in this case. Aviation kerosene, and the petrols

showed a percentage increase in coating thickness of at least 170 % and achieved 50 % swell

in substantially less than a minute. The condensate achieved a 50 % swell between 30 and 60

seconds after immersion and reached a 145 % increase in coating thickness. Gas oil and ULS

diesel also reached their 50 % swell in under a minute but reached a maximum coating swell

of less than 115 %. It is worthy of note that the EP4412 coating thickness increased by a

factor of at least two and by as much as 2.7 in the cases of unleaded petrol, aviation kerosene

and supergreen.



Recovery data, as shown in figure 2.2.6, are similar to those seen in figure 2.2 4 for Varflex.
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Figure 2.2.6: Recovery of 50 um thick coatings of EP4412.

Again, gas oil and aviation kerosene failed to recover completely within 10 minutes. ULS
diesel showed an improved recovery in the EP4412 compared to the Varflex material, almost
recovering completely to the original dimension within the 10 minute timeframe. As
previously for the Varflex silicone, the condensate showed a very rapid recovery rate,
recovering to its dry dimensions in 1 minute. Although the two sets of data cannot be directly
compared due to the difference in coating thickness it appears that the EP4412 was the better
of the two materials as the coating thicknesses increased by at least 100 %, even for the less
responsive fluids. Maximum swell increases of up to 170 % were seen for EP4412 as opposed
to 120 % for the Varflex material. The elastomers responded fastest to the lower molecular
weight and more volatile fluids. This is consistent with the mechanism of swelling described
in the introduction and in the literature *>*%. As reported by Favre and co-workers in a number

of papers ****

pdms films and membranes typically demonstrate an affinity for low molecular
weight, non-hydrogen bonding organic solvents and show large degrees of swelling. Here,

both silicones responded fastest to the petrols, which are characterised by low average

molecular weight and high volatility (low boiling point). Both sensors also showed slow
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swelling rates in response to the heavier, less volatile liquids, such as diesel and gas oil. These
trends were mirrored in the rates of recovery. The elastomers recovered fastest after exposure
to the petrols than after exposure to diesel and gas oil. Rates of swelling and recovery after
exposure to the intermediate fluids, the aviation kerosene and condensate were more unusual.
Despite both silicones showing a relatively fast response to aviation kerosene, the rate of
recovery was the slowest of all the fluids. It would be consistent with previous work ** to infer
that the hydrocarbon components of the aviation kerosene form strong associations with the
elastomer chains after absorption and are therefore desorbed slowly upon recovery. The
opposite behaviour is seen for the condensate. In the case of both elastomers the condensate
causes an expansion rate intermediate between that of petrol and diesel. The rate of recovery
is greatest for the condensate in the case of both silicones, characterised by rapid and
complete recovery to the starting dimensions. It is likely that only very weak interactions are
formed between the hydrocarbon components within the condensate and the elastomer chains
and thus the desorption and accompanied contraction is rapid. The errors in the swelling data
in this experiment were high and difficult to quantify. The method involved the removal of
the sample from the liquid in which it was immersed in order to take a reading of diameter.
The length of time taken to remove each sample and transfer it into the measuring aperture of
the laser micrometer differed from sample to sample. It was inevitable that as soon as the
sample was removed from the liquid, evaporation began and the degree to which this
proceeded was not possible to determine. It is concluded that the results above gave a good
qualitative “feel” for the performances of the two rubbers, but to produce reliable quantitative
results, the method would require considerable modification. A means of monitoring the
diameter accurately whilst the rod is still immersed in the liquid would remove the innate
errors incurred by the removal of the sample and the possible complications due to the

presence of a liquid film.
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Electron micrographs of the coating surfaces yielded clues as to their structure, their
composition and their resistance to damage from exposure to the petrochemical fluids under
investigation. The EP4412 samples all appeared to suffer no significant damage or change to
their surfaces. Figure 2.2.7 is a series of scanning electron micrographs of the EP4412 surface

as produced without any petrochemical exposure.

‘._iz.:;i“ 2! S A LR il ‘7 i LG 1
Figure 2.2.7: Scanning electron micrographs of an unexposed EP4412 coated rod (50 pm) at
three different levels of magnification. The bars in each image give the appropriate scale.

The striations running along the length of the sensor are a manufacturing defect caused by the
extrusion of the silicone through a heated diehead. The obvious scar running from bottom-left
to top-right is a scratch also formed during the manufacturing process and can be observed on
all EP4412 samples. There is a pronounced surface texture apparent from the micrographs,
exhibiting a rough, spongelike appearance. After exposure to petrochemical fluids the EP4412
surface appeared to remain unchanged. For the heavier fuel oil, which did not evaporate after
exposure, deposits were left on the EP4412 surface which, when observed under high
magnification (figure 2.2.8 overleaf), were suggestive of dried deposits formed from oil
droplets. It can be inferred that the high molecular weight tar residues within the fuel oil were
too viscous and too large (typically in the range C20 — C50) to be absorbed into the silicone

but remained on the surface in droplet form.
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The degree to which the lower molecular weight gas oil components penetrated the silicone

matrix could not be determined.

Figure 2.2.8: Scanning electron micrographs of tar residues on surface of EP4412
after exposure to fuel oil.

The Varflex rubber samples have a different surface altogether. This is due to the different
coating method used to deposit the Varflex silicone onto the rods. The solution-based method
leads to a smoother coating which conforms to the non-circular morphology of the substrate.
No striations can be seen along the surface, as can be seen from the micrograph in figure

2.2.9.

Figure 2.2.9: Scanning electron micrograph of the appearance of rod coated with the Varflex
silicone. A smooth surface is apparent together with inclusion defects.
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The solution coating method did however lead to the formation of considerable numbers of
defects, characteristic of dust and bubble inclusion during the coating and curing processes.
Varflex samples exhibited shrinkage of the films after exposure. A characteristic wrinkling
was observed in all the micrographs for the Varflex material. Figure 2.3.0 illustrates this

phenomenon for a Varflex coated rod exposed to lead replacement petrol.

Figure 2.3.0: Scanning electron micrograph of Varflex coated rod after exposure to
lead replacement petrol.

The effect was considerably more pronounced for certain fluids. Gas oil and ULS diesel

produce the effect clearly as shown in figures 2.3.1 and 2.3.2 (overleaf) respectively.

Figure 2.3.1: Scanning electron micrograph of Varflex coated rod after exposure to gas oil.
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Figure 2.3.2: Scanning electron micrographs of Varflex coated rod after exposure to ULS
diesel. The micrograph at right shows the fine structure visible under higher magnifications.

The most pronounced shrinkage was seen after exposure to condensate. Figure 2.3.3 shows a

micrograph obtained of a Varflex sample exposed to the condensate.

Figure 2.3.3: Scanning electron micrograph of a Varflex coating exposed to condensate.
It is possible that the Varflex silicone contained a filler compound, a common practice in
cabling, although this was neither confirmed or denied by Varflex Corporation. The Varflex
silicone was opaque and a fine white powder was reported on its surface ** which suggests
that a silica or calcium carbonate filler was present. The presence of a filler would also imply

the presence of a plasticiser to counteract the hardening effect of the filling material.
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Common plasticisers are petroleum distillates such as paraffins, napthenes and aromatic oils =
or non-reactive, short chain length polysiloxanes 232 These plasticisers, due to their mobile
nature, are easily leached out 213233 A silicone weight loss of 25 % was reported 32 after
extraction of a mobile polysiloxane from an elastomer in toluene. In addition, the presence of
fillers can affect the recovery of elastomers. It is reported *’ that the inclusion of a rigid phase
incapable of elastic recovery may cause a decrease in recoverable strain and a loss of
elasticity by the formation of vacuoles around filler particles during extension. Repetitive
swelling and recovery may then cause fracture of the elastomer. The phenomenon of
wrinkling and shrinkage seen here supports the hypothesis that a filler compound is present
after manufacture and that a plasticiser is leached out after exposure to petrochemical fluids
leading to a pronounced decrease in volume.

As seen for the EP4412 samples, after exposure to fuel oil the Varflex material showed tar
residues on the silicone surface. Figure 2.3.4 shows micrographs of the surface features

observed.

Figure 2.3.4: Micrographs showing droplet residues observed on a Varflex coating after
exposure to fuel oil.

The associated shrinkage and wrinkling in the Varflex silicone, favoured the use of EP4412 in

the sensor design as it did not exhibit these phenomena and appeared more stable.
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The EP4412 had substantially fewer inclusion defects and it was plausible that the striation
and associated surface texture may improve the absorption of the petrochemical liquids. The
EP4412 was shown to have a greater expansion performance for all the fluids assessed and
showed faster rates of recovery for the petrols, diesels, condensate and aviation fuel. Both
coatings were subsequently used in the development of sensors to compare their relative

performances before a decision was made as to which silicone to use.

2.3.2 First generation prototypes — bare fibre sensors

The first sensors manufactured used a “bare” fibre. Unlike the buffered fibres used in later
sensors which were coated in Hytrel®, these early prototypes used the fibre with only an
acrylate coating for protection. Development of the manufacturing process to enable this
prototype to be made continued until early March 2000 when the first operational prototype,
960 metres in length was produced. This sensor used the Varflex silicone at 50 pm coating
thickness, a bare multimode fibre and the fundamental periodicity. The binder tension was set

at 18 g. A 100 m section of this sensor was cut and a reference OTDR trace taken.
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Figure 2.3.5: OTDR response of a bare fibre sensor: varflex rubber, 18 g tension,

fundamental periodicity, response to petrol.
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The sensor was then exposed to unleaded petrol and a second trace was taken and

superimposed against the reference (figure 2.3.5 above).

51



A sensor using EP4412 was made with identical settings and parameters. It too was exposed
under the same conditions as the Varflex sensor; figure 2.3.6 shows the trace obtained for the

EP4412 sensor with a bare fibre.
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Figure 2.3.6: OTDR response of a bare fibre sensor: EP4412 rubber, 18 g tension,
fundamental periodicity, response to petrol.

The loss event was seen clearly in both cases; the wetted length (1 m) induced losses of 0.7
dB and 0.4 dB for the Varflex and EP4412 respectively. However, the dry attenuations were
high and would not be practical for a final sensor. Testing of the EP4412 sensor with diesel

yielded a large response as is seen in figure 2.3.7 below.
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Figure 2.3.7: OTDR response of a bare fibre sensor: EP4412 rubber, 18 g
tension, fundamental periodicity, response to diesel.
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Results by Johnstone et al.”” showed that the same bare fibre EP4412 sensor was able to

detect the presence of crude oil. The OTDR trace they obtained is shown in figure 2.3.8.
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Figure 2.3.8: Bare fibre, EP4412 rubber, 18 g tension, fundamental periodicity,
response to crude oil. (Reproduced with permission from Johnstone et al.*)

Two further sensors made to identical manufacturing processes but with differing grades of
optical fibre were exposed to unleaded petrol. The responses observed varied significantly.
Figures 2.3.9 and 2.4.0 (overleaf) show the OTDR traces obtained for the low grade

(Fibrecore 160/200) and high grade (Fibrecore 200/600) fibres respectively.
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Figure 2.3.9: OTDR response of lower grade, 160/200 fibre to unleaded petrol. (1.0 dB loss)
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Figure 2.4.0: OTDR response of high grade, 200/600 fibre to unleaded petrol. (0.5 dB loss)

The lower grade fibre showed a loss twice that of the higher grade fibre. This implied that the
lower grade, more responsive fibre would be suitable for use in sensors for hydrocarbon
liquids that produced poor expansion in the silicone such as crude oil. The less responsive,
higher grade fibre could be used in sensors for petrols which did not require the additional
sensitivity.

Investigation into the chemical resistance of the acrylate layer was carried out. The results of
the test are shown in table 2.2 which lists the chemicals tested, whether the acrylate layer

passed or failed and a reason for failure where appropriate.

Fluid Pass / Fail | Reason for failure

Water pass

Soil water pass

Methanol fail Acrylate wiped off with fingers.

HClq (2 M) pass

NH,OH,, (2 M) Bl Acrylate became opaque and easily scratched
off.

Unleaded petrol it Acrylate became yellow-brown, easily
scraped off.

Table 2.2: Results of qualitative chemical resistance testing of bare fibre acrylate.
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The results appeared to show that the acrylate was resistant to water, ground water and acidic
solutions. However, the poor resistance to petrol and methanol indicated that the bare fibre
sensors would not be sufficiently rugged to survive multiple exposures to petrochemicals but
would be suitable for single use, disposable systems in clean environments such as within
double skinned pipes or tanks. One of the first bare fibre prototypes was placed into a large
volume of water whilst connected to an OTDR. The attenuation was seen to decrease slightly

as can be seen from the slight decrease in slope in figure 2.4.1.
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Figure 2.4.1: OTDR trace showing slight decrease in attenuation after bare fibre sensor was fully
immersed in cold water. Difference manifests as a change in slope along entire length of sensor.

As the attenuation decrease occurred along the entire fibre length, manifested as a decrease in
the negative gradient, it was surmised that the change was not due to water ingress at a single
point along the fibre as this would appear as a step, or localised loss at the point where the
acrylate has failed. It is likely that the change was the result of the change between room
temperature and the cold water. The aramid material used for binding has a negative
coefficient of expansion and as such when the sensor was cooled the binder would have
expanded and thus the tension of the binding thread over the underlying fibre would have

decreased. This would have decreased the attenuation of the fibre.
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It was quickly realised that these sensors were only practical in a laboratory situation where
the sensors were protected from the rigours of survival in a less than perfect installation
environment. Although the fibres were covered in a protective acrylate layer, this coating was
thin and easily damaged. Water ingress into a fibre would result in the propagation of
microscopic fissures in the cladding surface and would eventually lead to the fibre being
unusable and exceedingly fragile. Coating the fibres with a second protective layer was

necessary.

2.3.3 Second generation — buffered fibre sensors

As the key to the operation of the sensor was to allow liquids unimpeded access to the silicone
coating it would be to the detriment of sensor response to attempt to protect the fibre from
water ingress after the sensor had been assembled. The solution to this problem lay in coating
the fibre with an additional protective layer before it was bound into the sensor. Fortunately, it
is standard practice to coat fibres in polymeric materials before cabling. During the early
stages of the manufacture of data communication cables each fibre is “buffered” (coated) up
to a total diameter of 600 or 900 um. Materials used vary depending on the application of the
cable. One material, DuPont’s Hytrel ", is designed primarily to be resistant to chemical attack
from non-polar materials such as oils and hydraulic fluids, even at elevated temperature and is
resistant to most polar fluids such as acids, bases, amines and glycols at room temperature and
up to 70 °C *_ Tabulated data included in the guide state that benzene, cyclohexane, ethanol,
jet fuel, lacquer solvents, toluene, mineral oil, silicone grease and sea water will have “minor,
little or no effect” **.

Sensors were manufactured incorporating both a 900 um and a 600 pum buffering. The sensor

with a 900 pm buffering had low dry attenuation (approximately 6 dB.km™) comparable to

that of uncabled fibre, this represents a 75% drop in power over each kilometre.
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Figure 2.4.2 shows the dry trace obtained for the 900 um outer diameter sensor. Although the

dry loss was good, no response could be seen when the sensor was exposed to petrols.
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Figure 2.4.2: Dry attenuation trace of 900 pm buffered fibre sensor. ( N.B. The sensor was made
with sections of the sensor having different periodicity, thus the step marked by cursor [A] at 60m
is a transitional zone between sections and not a petrol induced loss )

It appeared that the fibre buffering was too thick and the force produced by the swelling
rubber was not effectively transferred to the fibre within the buffering. Figure 2.4.3 is an
electron micrograph of a section through an assembled 900 um buffered sensor. The core,
cladding and acrylate coating can be clearly distinguished as can the glass-fibre reinforced rod

to the right of the buffered fibre. The 900 um buffered sensors were discarded.
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Figure 2.4.3: Electron micrograph of a section through an assembled 900 um buffered sensor.
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The 600 um sensor showed a clear but poor response on wetting with petrol. (figure 2.4.4)
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Figure 2.4.4: OTDR trace of a 600 um Hytrel buffered fibre sensor exposed to unleaded petrol.

An additional sensor was made to the same design as both the 600 and 900 um sensors but
with an experimental 450 um buffering. The 450 pm buffering was produced by extrusion of
a thin layer of Hytrel only 100 pum thick over the acrylate layer. This is only marginally
thicker than the acrylate itself which is 62.5 um thick. Figure 2.4.5 shows the OTDR trace

obtained after exposure to unleaded petrol.
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Figure 2.4.5: OTDR trace of 450 um Hytrel buffered fibre sensor after exposure to petrol.
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The result obtained was ideal for the sensor system’s requirements, as the exposed length (1
m) induced a loss of 0.2 dB in the sensor when wetted with petrol which was in the range
required (0.1 — 0.2 dB) for optimum detection by the custom OTDR unit. The 450 um fibre
buffering was a good compromise between the sensitivity of the bare fibre sensors and the
resilience of the buffered sensors. Unfortunately, the 450 um buffering was not a standard
cabling product and the manufacturing process whereby the buffering was applied was
deemed to be too unstable, unpredictable and costly. The 450 pm buffered fibre sensors were

scrapped despite their excellent character.

2.3.4 Third generation — petrol tuned sensors

The second generation design for petrol detection incorporated a 62.5/125 multimode fibre
with a 600 um Hytrel buffering and a 50 pm silicone coating. It has been shown */ that
microbending losses may be induced not only at the fundamental period but also at multiples
of the critical spacing. Sensors with multiple periodicity were assessed for their response to
petrol so as to determine how variation of the binding periodicity affects sensor response. The
dry attenuation of each section remained constant. Thus, it can be inferred that variation of the
binder periodicity in a Hytrel buffered sensor had no effect, detrimental or advantageous, on
the dry attenuation of the sensor and thus on the maximum effective range of the sensor. A
length (1 m) in each section was wetted with unleaded petrol and the magnitude of the loss at
each section estimated. Figure 2.4.6 overleaf, shows the OTDR traces obtained and an
estimate of the losses achieved. The desired optimum loss induced by a 1 metre wetted
section was 0.1 dB. This value was stated by the designers of the signal processing and
detection system. The results in figure 2.4.6 (overleaf) indicate that the sensor operated with

equal sensitivity at the first, second or third harmonics.
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The magnitude of the sensor response at the fundamental period was significantly lower than
the responses obtained at the harmonics, and it is hypothesised that the close proximity of

adjacent binding wraps did not allow the buffered fibre sufficient freedom to bend.
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Figure 2.4.6: OTDR response traces of (a) fundamental period, (b) 1* harmonic, (c) 2" harmonic,
(d) 3™ harmonic and (e) 4™ harmonic.
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Use of the harmonics yielded better responses overall and the section set at the second
harmonic gave the most reproducible results. A lay length of 3 mm (the 2" harmonic) was
chosen for the design.

Given the structure of the DISH sensor, it can be expected that the tension of the binder thread
will have a significant effect on the magnitude of the response and on the overall attenuation
and range of the sensor. A length (1 m) of sensor with an applied tension of 100 § was wetted
with unleaded petrol and the OTDR response recorded. Figure 2.4.7 shows the traces

obtained.
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Figure 2.4.7: OTDR trace of sensor with tension of 100 g. Loss of 0.2 to 0.3 dB was seen.
The response to petrol was good, showing a greater than 0.2 dB loss for a wetted length of 1
m. The attenuation was high (approximately 35 dBkm™) which would limit the effective
range of the sensor to less than 500 m. A second sensor with the applied tension reduced by
20 % to 80 g was tested under the same conditions as previously. The traces obtained are
shown in figure 2.4.8 (overleaf).
The response shown by the reduced tension sensor was again above the optimum value for
detection by the custom system but was accompanied by high attenuation (in excess of 20

dBkm™") which would severely limit the sensor’s range.
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Figure 2.4.8: OTDR traces showing the response to petrol of a sensor with a binder tension of 80 g.

It was hypothesised that the high attenuations observed may be symptomatic of crushing of
the fibre, i.e. the induction of microbends in the fibre by periodic crushing, thus increasing the
overall attenuation. This was confirmed by visual inspection of the fibre which showed
permanent deformation even after the removal of the binder thread. It was necessary to find a
trade-off between response and induced attenuation. A sensor with a tension of 15 g was
tested (with petrol) under the same conditions as previously and its OTDR response was
recorded so as to determine if a significant reduction in tension would reduce the dry
attenuation to values substantially lower than 10 dBkm™ whilst achieving the desired response

of around 0.1 dB per wetted metre.
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Figure 2.4.9: OTDR trace obtained from a short length of sensor with a binder tension of 15 g.
An induced loss of approximately 0.1 dB was seen.
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The first sensor at this tension (15 g) produced excellent attenuation (4.5 dBkm™). A second
sensor made with a different batch of fibre to the same specification showed that reproducible
attenuations of around 5 dBkm™ were possible. The OTDR response obtained for one of these
two sensors which is typical of the responses seen, is shown in figure 2.4.9 above.

Sensors with applied tensions of less than 15 § gave unpredictable responses. It is probable
that lower tensions did not allow sufficient transfer of stress from the swelling elastomer to
the fibre and did not show reliable responses as a result. The optimised design for the petrols
was therefore a 600 um Hytrel buffered fibre, second harmonic binding (3 mm), 50 pm
coating of silicone and a binder tension of 15 g.

To aid in the decision of which silicone material gave the most reproducible results, more
sensitive assessments of response were made using a power meter and data logger. Two
sensors were made to the optimised design above; one made with the Varflex elastomer, the
other with EP4412. They were exposed to petrol whilst connected to the power meter.
Readings were taken 10 times per second for 800 seconds. After referencing of the power
meter to the dry attenuation, a length (1 m) of the EP4412 sensor was exposed to lead

replacement petrol, and the response with time recorded. The results are shown in figure

2.5.0.
Sensor wetted @ t =15 s Lab. door reopened
50 um EP4412 with LRP /
00
“ |
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Figure 2.5.0: Response curve of EP4412 sensor wetted with lead replacement petrol.
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The results showed that 10 seconds after application of the petrol, the transmitted power
dropped off, steadying at - 0.1 dB. After several minutes the cover was removed and the
petrol allowed to evaporate. This can be seen clearly. The door of the laboratory was closed
and then opened again and this was also clearly visible from the trace. It is likely that closing
the door stopped a slight breeze and so the rate of evaporation of the petrol was slowed. When
the door was opened again the flow of air was restored and the sensor went on to recover
completely and return to a steady 0.000 dB.

The second sensor, made with Varflex rubber was subjected to exactly the same regime. The
sensor was exposed twice, with both exposures recorded for comparison. Figures 2.5.1 and
2.5.2 show the traces obtained from the first and second exposures respectively.
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Figure 2.5.1: Response curve for the Varflex sensor — first exposure.
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Figure 2.5.2: Response curve for the Varflex sensor — second exposure.
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It was noted that the maximum power loss was approximately 20 % greater upon the second
exposure (—0.065 dB as opposed to — 0.055 dB). After the first wetting the sensor recovered
smoothly back to 0.000 dB. After the second exposure the sensor only recovered partly after
removal of the cover, then levelled off at — 0.035 dB. It is hypothesised that the presence of a
dense vapour layer immediately above the sensor minimised the rate of evaporation. The
sensor rapidly recovered when removed completely from the test bed. A similar phenomenon
was seen in all three traces at the base of their initial troughs. The power reached a minimum,
and then recovered slightly before steadying. It is again hypothesised that the establishment of
a vapour layer around and above the sensor prevented recovery unless dissipated by external
manipulation.

Comparison of the response curves for the two elastomers led to the conclusion that the
EP4412 has slightly better all round performance yielding on average greater losses, faster
response rates and more thorough recovery. Further tests assessing the environmental
performance of the two elastomers were performed, however the results showed that any
differences in environmental performance between the two elastomers were negligible
compared to the magnitude of the effects on sensor performance of other sensor components.
In order to be able to predict better the behaviour of the sensor in extreme environments a
sensor was exposed to a programme of varying temperature and humidity over 4 hours. The
temperature was ramped from room temperature down to - 40 °C, (0 % relative humidity)
where it was kept constant for 30 minutes before ramping back up to + 80 °C; the cycle was
then repeated at 90 % relative humidity. The results obtained from the power meter data log
together with the temperature regime followed are shown overleaf in figure 2.5.3. As the
temperature decreased to — 40 °C the transmitted power increased to + 0.25 dB then fell to —

0.97 dB as the temperature increased to + 80 °C. On the second cycle as temperature again

was ramped to — 40 °C and + 80 °C with relative humidity greater than 90 %, the power
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followed a similar trend to the first cycle but with the peak powers being + 0.1 dB and — 1.03

dB. It appeared as though the presence of high humidity caused higher attenuation in the

cable, which accounted for the shifts in the peak power levels. Power was seen to increase at

cold temperatures and decrease at high temperatures implying that the tension on the fibre

increased at cold temperature and decreased at high temperatures.
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Figure 2.5.3: Results of environmental test: Power loss/gain of the sensor, relative to the start of
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testing is shown together with peak power values. The temperature program, consisting of eight 30
minute sections is shown by a broken line.

It is probable that this was an effect due to expansion and contraction of the aramid, the

material used in the binder thread, which has a negative coefficient of thermal expansion. This

meant that as temperatures dropped, the aramid material expanded and hence slackened the

binder thread. This in turn led to an increase in transmitted power. The opposite case held true

for high temperatures. This effect was exaggerated as the other components behave

“normally”, i.e. they contract at cold temperatures and expand at high temperatures. It was

thus shown that the sensor will respond to changing temperature and that this may lead to

misleading data were localised temperature changes to occur in an installed sensor system.
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The attenuations seen in this test were large. A loss of 1 dB over a 50 m length of sensor
translates to a loss of 20 dBkm™. The sensor used in these environmental tests was connected
to the power meter and exposed to a suite of hydrocarbons to see how it responded after the
rigorous environmental programme.

Example traces are shown in figure 2.5.4. Each trace shows the results for two consecutive
wettings, hence the double wells seen. Response times and general shapes were similar to
those seen before the environmental test, however the magnitude of the response decreased

dramatically, only reaching 10 to 20 % of the response seen prior to the environmental cycle.
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Figure 2.5.4: Response curves obtained for sensor previously exposed to extremes of heat and cold.
The upper and lower traces were obtained after exposure to condensate and petrol respectively.
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It can be inferred from the diminished responses seen above, that one or more of the
components of the sensor were permanently affected or damaged by the environmental
program. Hytrel has good resistance to polar fluids at room temperature, but its resistance at
temperatures in excess of 70 °C is poor 1t is therefore possible that exposure to high
humidity and temperatures of 80 °C may have weakened the protective coating and allowed
the aramid binder to cut into the surface. Cutting of the silicone elastomer by the aramid
thread was seen and was attributed to contraction of the binder whilst the sensor core
expanded with rising temperature. Figure 2.5.5 shows an electron micrograph of the sensor

after the environmental program.

Figure 2.5.5: Scanning electron micrograph showing cutting damage to the silicone
elastomer by contraction of the aramid binder during exposure to high temperatures.

A Hytrel sensor of 50 m in length, was completely coiled in a winchester bottle, the sensor
was connected to the power meter and cold tap water was added to the bottle and the sensor’s
response recorded. Figure 2.5.6 (overleaf) shows the results for the first 11 hours of this test.
Upon addition of the water the relative power throughput increased over 15 to 20 minutes to a

maximum value of + 0.16 dB.
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Figure 2.5.6: Results of first 11 hours of water immersion test.

The relative power then fell gradually back towards zero over the following 2 hours, before
oscillating around the zero line overnight. It is thought that this was simply a temperature
effect. It has been shown in figure 2.5.3 above that as temperature falls, transmitted power
increases. Thus, as the water added to the flask was some 10 °C cooler than room
temperature, the initial 15 minute rise in power was due to the sensor cooling to match the
temperature of the water that had been added. The fall in power over the next two hours was
demonstrative of the flask of water equilibrating with the surrounding room temperature air. It
fell below zero due to the fact that over the two hours since the test had begun (and the
reference value taken) the room temperature had increased during the warm afternoon. Power
levels then began to rise when the laboratory cooled as evening and night fell. The data for the
following morning concurred with this hypothesis as power again dropped during the morning
and early afternoon as temperatures rose. The test was begun in June, 2000. A power reading
taken in August, 2000 showed that the power had still not fallen. The power continued to
fluctuate and further readings did not fall below — 0.05 dB. It can therefore be concluded that
the sensor was sufficiently protected from water (over the range of room temperatures

experienced).

69



2.3.5 Field trials

The first field trial at Tewkesbury demonstrated that the sensor cable could be spliced into a
network with existing fibre cable to produce a total system length of well over kilometre.
Figure 2.5.7 shows a typical OTDR trace obtained. The locations of each trough are labelled
for comparison with the layout diagram included. The small steps observed in the trace are

due to splicing losses at the joins between the sensor cable and standard fibre cable sections.
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Figure 2.5.7: OTDR trace obtained for Tewkesbury field trial site. Location of sensor lengths are
numbered on the OTDR trace for comparison with setup diagram included.
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A series of systematic tests showed that each section produced a response to petrol that could
be easily detected by eye from an OTDR trace. A series of blind tests were then performed by
exposing sections of sensor at random locations to petrol and then inspecting the OTDR trace
to attempt to allocate at which point the sensor had been activated (figure 2.5.8). Again, the

steps observed in the trace are due to splicing losses at the joins between the sensor cable and

standard fibre cable sections. It is the diversion of the two traces that is indicative of an event.
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Figure 2.5.8: Results of blind test. When the sensor in trough 2 was exposed to petrol the
OTDR trace above was obtained within 2 minutes. The divergence of the sample trace from
the reference is clear and is highlighted with a box. This result was obtained in wet and
windy conditions showing that the presence of water does not prevent detection.
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The second field trial at Pinacl was also a success. Again systematic testing was carried out

followed by a series of blind tests. Figure 2.5.9 shows sample results.
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Figure 2.5.9: Result of blind test. When the sensor was exposed to petrol at the position shown, the
OTDR trace above was obtained. The divergence of the sample trace from the reference is clear and
is highlighted with a box.

The divergence of the two traces was sufficiently clear to be seen with the y-axis sensitivity
reduced to a minimum as shown in the figure above. The custom designed OTDR unit was

connected to the sensor cable at the second field trial and was capable of detecting events.
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At the third field trial, testing of a long length of sensor was performed. Responses to petrol
were shown at sections along the length of the sensor and were detected with the custom unit.
A final test, at the end of the sensor demonstrated that the detection of events over 2000 m
from the OTDR unit was possible. Figure 2.6.0 below shows OTDR traces obtained from 2

separate tests showing that results are reproducible even at ranges greater than 2000 m.
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Figure 2.6.0: OTDR responses of a sensor with 1.5 m lengths exposed to petrol at 2.2 km
from the OTDR. The divergences of the reference and signal traces are not clear to the
naked eye but were detected by the system.
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The user interface and detection algorithms required additional modifications to facilitate a
clear event display and to improve sensitivity. These changes were completed by the

manufacturer before the final field trial. At the trial, the system was set up to mimic a ‘real’
installation. A petrochemical storage depot was simulated and input into the user interface.

Figure 2.6.1 shows the user interface display screen as captured after a double blind test had

been performed.
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Figure 2.6.1: Results of double blind test. When the sensor was exposed to petrol at the two positions
shown, the custom system identified the two locations on its output display as shown.
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The OTDR traces obtained are shown in figure 2.6.2.

L w, Yiew Trace

Figure 2.6.2: Baseline (upper) and sample (lower) traces acquired by the custom OTDR.
Two concurrent events are observed in the sample data as steps.

The lower sample data diverged from the upper reference trace at two points. These two
events were identified by subtraction and differential analysis of the two OTDR traces. The
trace that resulted exhibited spikes where events had occurred. These led to alarm triggers if a

preset threshold was exceeded as shown in figure 2.6.3.

Figure 2.6.3: Result obtained after differential algorithm was applied. Two clear peaks rise above
the preset threshold intensity triggering an alarm for the two concurrent events.
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The signal processing software developed by SDA for the sensor took 2'° averages then
stored the trace in a buffer before taking another 2'° traces and subtracting the two to spot any
changes that had occurred. The software was able to spot differences of less than 0.005 dB.
The sensors were tuned to give a response of 0.1 dB per metre wetted, equivalent to 20 times
the detection limit of the unit.

The mechanism of operation of the detection system is such that it should minimise false
readings due to temperature fluctuations as the signal processing algorithms are designed to
detect changes in backscattered power that are localised. As environmental temperature
fluctuations will cause either an increase or decrease of the power gradient along the entire
sensor length, this should not cause any false alarms. However, it is important to note the
system would not be able to distinguish between ‘events’ triggered by petrochemical exposure
and those that may be triggered by localised temperature fluctuations caused by overheating at
some point along the cable. Such overheating may be caused by only a small length of sensor
exposed to the sun, by exposure to spilled hot fluids or to heating from some other extraneous

source such as electrical or mechanical equipment.
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2.4 Conclusions

An operating sensor cable has been produced which showed response to petrols in less than
30 seconds and achieved the target response of 0.1 dB per metre wetted. Successful operation
of the sensor system at a range of over 2 km was demonstrated. Further development of the
sensor to tune it for other analytes must be completed to ensure its competitive edge in the
marketplace and to underpin the groundwork that has been carried out during the course of
this project.

It was eventually decided that the sensor would use the EP4412 elastomer after consideration
of its performance advantages, the likelihood of filler materials and the leaching of
plasticisers from the Varflex material and issues relating to the supply and cost of materials.
The final sensor design was thus confirmed as a 600 um Hytrel buffered fibre, overlying a 50
um, EP4412 coated 0.9 mm GRP rod. The binder tension was set at 15 g and a lay length
equivalent to the second harmonic at 3 mm was used. One unresolved issue remained to be
addressed by the manufacturing parties involved. The use of aramid for the binder led to
problems with attenuation and tension damage at elevated or lowered temperatures. This
effect may in turn lead to misleading signals in those instances where temperature fluctuation
is confined to limited length of sensor. This could be solved by using an alternative binder,
such as e-glass yarn, which, in common with the other sensor components has a positive
coefficient of expansion, and would minimise the temperature response seen thus far.

It has been observed that occasionally a higher response was seen than was expected. It is
thought that this was due to the construction of the sensor binding. The main transduction
mechanism of the DISH sensor was an induced microbending effect which will occur
wherever numerous small, periodic bends are applied to the fibre and will be accentuated
where the bending is applied to the core-cladding interface at a critical spacing dictated by the

refractive indices of the core and cladding. Theory states that the periodicity of the binder
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thread must be equal to either the fundamental period or one of its harmonics for the
microbending effect to be sufficiently large to be observed. The machinery used to
manufacture the sensor does not allow sufficiently precise control to guarantee that the
applied period is exactly on the required frequency. In addition the binding thread has a finite
width of 0.5 mm and can not be said to act at a point but rather to act over a short length
(0.5mm) of the fibre. However, the sensors will work almost irrespective of the applied period
and it was seen that responses were around 0.07 dB per metre wetted for all the harmonics of
the binding. On occasions where the periodicity and the lie of the binder matches a multiple of

the critical spacing an enhanced response was observed.
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2.5 Further Work

There is considerable scope for the further development of the DISH sensor. Tuning of the
sensor for aviation fuel would open up a huge potential range of applications, on the ground
and in the air. Development of a sensor for crude oil and common petrochemical or other
industrial feedstocks, products and wastes would be similarly rewarded. The DISH sensor
could be adapted to monitor for other analytes of interest, particularly noxious or flammable
fluids, either gaseous or liquid. Distributed sensing of methane, carbon monoxide or
formaldehyde would be highly advantageous and further work could be geared in this
direction. Talks between the DISH group, Sensa Ltd. and British Petroleum have yielded a
possible pilot scheme. Pipeline simulation tests are ongoing in cooperative arrangement with
Sensa Ltd., who are developing a leak detection system. Sensa have developed a series of
distributed optical fibre sensors for production and integrity monitoring in downhole
applications in the oil and gas production industries. Their systems use Raman backscatter to
monitor temperature along fibres up to 15 km in length. They are currently trialling a system
for pipeline leak detection which works by detecting localised cooling caused by rapid
expansion of high pressure and liquefied gases through faults or leaks. Their system will not
work for liquids and thus they are interested in marketing the DISH sensor alongside their

own technology.
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CHAPTER 3

A reverse micelle, sol-gel method for

the production of nanocrystalline titania.
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3.1 Introduction

3.1.1 Nanocrystalline titania

Metal oxide materials are the subject of intense research efforts globally and are much
reported in the literature "', These have diverse applications in photocatalysis, environmental
technology, chemical synthesis, photovoltaics, sensing, semiconductor devices and protective

1,11,15.32,33

i T L . : 13,1835
coatings > 7 . Titania exists in eight possible crystal structures 3.7.13,18.3

: brookite,
anatase, rutile, bronze, columbite, baddeleyite, hollandite and ramsdellite. The first four occur
naturally whereas those listed in italics are synthetic allotropes prepared by high-pressure
treatment of either anatase or rutile. Rutile is the only truly stable form whereas all the others
are metastable °, although below a particle size of 14 nm * and at lower temperatures ° anatase
is the more stable phase. Calcining of amorphous films at temperatures up to 700 K will
generally yield anatase 1318 The conversion to rutile is then observed as temperatures climb
to, and exceed, 900 K '*'®. The melting point of rutile is reached at 2128 K 22 Only anatase,
rutile and amorphous phases are suitable for thin films °. It is the semiconductor nature and
the associated photoactivity of titania that makes it so interesting for research. Anatase has an
indirect bandgap of 3.2 eV '® whereas rutile possesses an indirect bandgap of 2.92 ¢V and a
direct bandgap transition of 3.13 eV '*. The bandgap of anatase corresponds with the near-UV
region (180 — 350 nm) 3¢ Although rutile has a bandgap slightly lower in energy than anatase
and would therefore seem a better candidate for photocatalysis, it does not exhibit the
extensive surface hydroxylation of the anatase form, which is beneficial to catalytic processes.
Absorption of a photon with energy equal to or greater than 365 nm (3.2 eV) will generate an
electron-hole pair as an electron is transferred from an oxygen atom to a titanium atom within
the titania matrix. Immediate recombination may occur, however if the electron migrates to
the surface via a random walk then it may encounter oxygen, which acting as an electron

scavenger can prevent the recombination from occurring. The resulting oxygen anion will
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react with water producing a highly reactive perhydroxyl radical. The slower moving hole

will also migrate to the surface where it will abstract an electron from an adsorbed hydroxide

ion generating a hydroxyl radical which will proceed to oxidise any organic material present

at the surface. This process is illustrated schematically in figure 3.0.1.

"‘:._,,\_‘_J OHags

~~H C)2 +OH

—Ryeg

Figure 3.0.1: Photogeneration of electron-hole pairs and subsequent surface reactions.

At the surface the structure is terminated with hydrogen atoms rather than titanium atoms,

such that the surface is hydroxylated. This causes the electric potential of the surface to be

more negative than that of the bulk. This change in electric potential repels electrons and

retards their migration to the surface. However, in the presence of oxygen at the surface the

electron can lower its energy by transferring to the oxygen molecule. Figure 3.0.2 illustrates

the electron transfer steps taking place as charge separation and migration occurs.

CONDUCTION BAND

b

S
.
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VALENCE BAND

Figure 3.0.2: Electron transfer steps after charge separation (1 = electron, o = hole) showing

generation of reactive radical species.
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The same property of the surface aids in prevention of recombination as holes will migrate to
the higher energy surface. This is due to the readiness of surface electrons to drop into the
lower energy holes. Once at the surface a hole is unlikely to migrate towards the bulk as this
would require an energy input. Charge separation in this way increases the probability of
oxidation at the surface for each photon absorption, and hence improves the quantum
efficiency of the device as a whole. By virtue of the fact that the hole will reach the surface
before an electron, the oxidising hole tends to react first. This prevents recombination and
thus the reductive reaction of an electron with oxygen or another electrophile is inevitable.
Anatase has a higher adsorptive activity for oxygen and water than rutile due to extensive
surface hydroxylation '®. It follows from this that removal of the surface hydroxylation will
significantly reduce the photocatalytic activity of the surface by aiding recombination of

electron-hole pairs.

3.1.2 Sol assembly & reverse micelles
There are several common methods for the manufacture of metallic oxide thin films. Choice

of reagent varies substantially but two main classes of precursor ° are found. These are metal

3,6,8,9,11-14,17-23,35,38-43 6,28,37.43

alkoxides and metal salts such as tetrahalides and tetranitrates *°.

For the generation of titanium dioxide (titania) films, the prevalent method is the hydrolysis of
titanium (IV) alkoxides, with the butoxide (TTB) and propoxide (TTP) forms being most
common. Alkoxides are highly reactive compounds '*; TTP is no exception and is readily

hydrolysed in air by ambient moisture. Figure 3.0.3 illustrates the hydrolysis mechanism.

T H
o Ti 0 Ti =0 |
0"No,  —— O -5 Tt Lo-Ti-o}-
\( mpe Y O\r \/\0 \O& —_—— {O T O)

H
D

H(:‘O‘H HO—

Figure 3.0.3: Hydrolysis of TTP showing condensation of isopropanol, production of the hydroxide
after further hydrolysis and the final titania matrix after polycondensation.
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Because of this, when endeavouring to generate nanocrystalline materials the kinetics of a
procedure are critical as uncontrolled hydrolysis leads to precipitation and subsequent
flocculation of larger particles. These large particles are generally opaque with relatively low
specific surface area and are used primarily as a white pigment *°. In order to maintain tight
control over the hydrolysis it is necessary to manage the quantity of hydrolysing agent

: 3 s . . 4
present. The use of a surfactant solution above its critical micelle concentration L

7 controls
hydrolysis rates by limiting the amount of water present and its location. Each individual
micelle of surfactant molecules can be likened to a microscopic reaction vessel, which will
contain a known amount of reactant material. Sol-gel methods are popular as they allow
precise control over the kinetics of the reactions and thus give good control over the final
form of the crystalline product. By careful choice of the components of the sol system and the
experimental conditions it is possible to dictate the rate of hydrolysis and crystal growth.
There are two essentially different approaches to the system; "direct micelles" in an aqueous
or hydrophilic environment or "reverse micelles" in a hydrophobic environment. Success in
the generation of nanoparticulate materials has been widely reported by both methods.
Systems consist of several key components and it is the way that the solvent, surfactant and
reactants interact that influence the structure of the sol and therefore of the final product. For
example, it is reported 13 that by changing the composition of the solvent the applied coats
will differ in thickness. Similarly, changing the length of the hydrophilic chain will alter the

structure of the micelles. Auvray et al *®

compared TX100 and TXS50, two octylphenyl
polyether alcohol surfactants that differ only by 4.5 oxyethylene units. They reported that
TX100 gave a lamellar liquid crystal phase system where TX50 gave inverse micelles of an
oblate-spherical form.

Brown et al."” reported that the presence of an organic shell around the growing clusters

ensures small particle size and has a profound impact on pore connectivity in the final film.
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Dabadie ez al.*' stressed this, stating that pore size is directly related to the alkyl chain length
of the surfactant. Flocculation of any precipitated particles is inhibited by electrostatic
repulsion %, varying the solvent will affect this.

The work described in this chapter relies on the use of an inverse micelle system consisting of
a dry cyclohexane solvent with dispersed surfactant molecules of Triton X100™, a well

d 1,8,14,39,43,47-49

characterise non-ionic surfactant. Other surfactants used in the literature are

tetramethyl ammonium hydroxide ', polyoxyethylene nonylephenol ethers °°, AOT ', TX50

% TX35* acetylacetone '°, alkyltrimethyl ammonium bromides 2**'

and polyethyleneglycol
3045 TX100, p-(1 ,1,3,3-tetramethylbutyl)phenoxypoly(oxyethylene)glycol, is composed of an
octyl-phenyl hydrophobic group with a hydrophilic hydroxy-terminated polyoxyethylene

chain. Figure 3.0.4 shows the structure of the surfactant used in this work (Triton X-100).

o1
CH:,)—Cl:—CH2(|3(OCH20H2)XOH
CHy  CHy % =10

Figure 3.0.4: TX100, p-(1,1,3,3-tetramethylbutyl)phenoxypoly(oxyethylene)glycol

Micelles formed by TX100 are non-spherical and are best described as oblate ellipsoids in
form 144748 The apparent hydrodynamic diameter of the micelles in cyclohexane as
calculated by the Stokes-Einstein ** equation varies between 21 nm and 61 nm in the dry

(absence of water) and wet (presence of water) states respectively *%.
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It is important to note that this figure is only a guide to the particle size as the particles do not
take up a spherical orientation. It is further noted by Brown ez al.*’ that the degree of chain
extension of the polyoxyethylene moiety is open to question as is the extent of hydration of
the micelle. Aggregation number (at 303 K and with a water:surfactant ratio ~ 1) is around 40
18 The aggregation number is a measure of the average number of surfactant molecules

making up each micelle and in the literature is often quoted as a non-integer, mean value.

2 1055

The system is controlled primarily by three experimental parameters '**"~%% o

n- the water:surfactant ratio or the “hydration ratio” (typically in the range 1 - 4)
h- the water:alkoxide ratio or the “hydrolysis ratio” (typically 1 - 2)

m- the concentration of alkoxide solution (as a molality rather than molarity)

An additional quantity, s, can be introduced which is defined as the concentration of
surfactant solution in mol kg™. A value of s = 0.85 mol kg™ was used by Kluson ez al. '. Some
confusion can occur with quoted values for m and s, as the units are mol kg . Commonly, in
surfactant work this is the number of moles of alkoxide per kilogram of solution whereas a
molality is defined as the number of moles of solute per kilogram of solvent. In situations
where the solute has a large molar mass, the potential errors caused by this confusion are
significant. It is therefore recommended that due care is shown when attempting to reproduce
work quoted in the literature where this is left unclear. The hydration ratio, n, is sometimes "**
referred to as “R”.

It has been shown '4 38348

that a micelle's structure changes as water is added to the system,
i.e. as n increases. In the dry state (n = 0) the surfactant molecules are completely solvated by
cyclohexane and take up the structure as shown in figure 3.0.5 with the hydrophobic

octylphenyl groups facing outwards and the terminal hydroxy groups grouped together in the

centre of the micelle *®,

89



The polar interior of the micelle contains non-polar solvent molecules %> whereby the ratio of
cyclohexane to TX100 can be as high as 4.5 in the dry state, decreasing to 3 at a hydration
ratio of 2.5. This is due * to solvation of the polyoxyethylene chains by cyclohexane

molecules and was confirmed by Zhu and Schelly > by UV-vis studies using methyl orange

as a probe.

Figure 3.0.5: 2D representation of the orientation of surfactant monomers within the structure of a

micelle formed from TX100 in the presence of dry cyclohexane. Note actual shape is non-spherical
and best described as an oblate spheroid.

It is this unusual behaviour that determines the aggregation behaviour of TX100 in
cyclohexane and it has been shown that TX100 does not form reverse micelles in either
benzene (TX100 to soluble) or n-hexane (TX100 solubility too low) 4855 1n addition to the
displacement of solvent, the overall size of the micelle changes with water content, n, and

1 48

with temperature. Zhu et al.™ report that a maximum micelle size is obtained with mean

aggregation number = 40.4 at n = 1.0, T = 303 K. This is illustrated in the graph in figure

3.0.6.
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Figure 3.0.6: Effect of Hydration ratio, n, on micelles. (Data from Zhu et al.**)
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When the temperature is increased to 310 K the maximum moves higher thann =1 up
towards 2.5, with mean aggregation number equal to only 28.1. Figure 3.0.7 shows the
variation of surfactant monomer concentration with changing values of n for the same two

temperature regimes of 303 and 310 K.

[Monomer] , mol.kg‘I

303K

0 1.0 25 40
Hydration Ratio

Figure 3.0.7: Effect of Hydration ratio, n, on monomer concentration. (Data from Zhu et al.**)

As can be seen from the above graphs, although there are maxima of aggregation number for
both temperatures, the monomer concentration continues to decrease with increasing
hydration ratio. It can be thus deduced that as the hydration ratio increases the proportion of
surfactant molecules in the micellar state as opposed to the monomer state increases and that
at high values of n, micelles contain fewer surfactant molecules but are greater in number. It

can also be deduced that as temperature is decreased aggregation is promoted.
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Figure 3.0.8: Change in apparent hydrodynamic diameter with Hydration ratio.
(Data from Zhu et al. **) S = 0.824 mol kg™
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Figure 3.0.8 (above) which shows a plot of apparent hydrodynamic diameter, Dy, , against
hydration ratio, n, illustrates that apparent micelle size increases as water content increases up
to n=1.0. As can be seen by comparison of figures 3.0.6, 3.0.7 and 3.0.8, the addition of
water to the system results in a decrease in free monomer and a corresponding increase in the
size of micelles up to a maximum hydrodynamic diameter (around n = 1) of 61 nm and 38.3
nm (at 298 K and 303 K respectively). As further water is added the free monomer
concentration continues to fall but micelle size now appears to decrease steadily. It is
important to note that as the particles are not spherical, these figures for hydrodynamic
diameter are only a guide.

It is a distinct possibility that the steady decrease in micelle size and aggregation number may
indicate that the micelle is changing shape as further water is added. It is also worthy of note
that for a given hydration ratio the apparent hydrodynamic diameter decreases with increasing
temperature, i.e. for just a 5° C increase in temperature the apparent hydrodynamic diameter,
Dy, decreased by more than a third.

For values of n>1, further solvent is displaced from the micelle core 8 up to a maximum
value of n = 4.2 at which phase separation occurs P leading to uncontrolled precipitation A
Typically, n lies between 1.0 and 2.0 with hydrolysis rate increasing with n.

Peres-Durand ef al.* reported a logarithmic decrease in gelation time, ty, with increasing

hydration ratio:

t,=A "
Where A is a constant characteristic of the surfactant/alkoxide pair and k is a constant
characteristic of the surfactant only. It has been further noted *® that to completely hydrolyse
the starting material to the divalent oxide, the hydrolysis ratio, h, should be equivalent to the
stoichiometric ratio for alkoxide hydrolysis. Papoutsi et al. ¥ used the combinationn=2, h=2,

as did Stathatos ef al. *.
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In an early paper, Guizard ef al. >’ used a value of h = 2.2 whilst assessing the effect of
varying hydration ratio on gelation time. Their results indicated that n is a key parameter
regulating gelation time and affecting sol evolution and gel structure by affecting micelle size.
For n = 1.1, small, slow growing, monodisperse aggregates are formed. For larger values of n
(1.3 & 1.5) gelation times halved, producing larger interpenetrated clusters. In a later paper >
investigating the effects of varying each of the three separate parameters, it is reported that for
values of h = 1.7, the amount of water per alkoxide molecule is too low and hence acts as a
rate limiting factor. In addition, the paper goes on to conclude that transparent gels can be
obtained over only a narrow range of n values and that this range decreases as the hydrolysis
ratio or the alkoxide molality increases.

The alkoxide molality, m, is typically >"** between 0.8 and 1 mol kg™. In a recent paper
Kluson ef al. ' described the generation of nanocrystalline thin films from a sol containing

less than 0.7 mol kg™ of alkoxide.

3.1.3 Structure, appearance, calcination & crystallisation
Gel formation proceeds via two processes. This scheme is illustrated in figure 3.0.9 below.
Firstly, hydrolysis, by water, of the titanium-alkoxy bonds in the TTP leads to cleavage and

the liberation of isopropanol.

H-OH + iPrO-TiHOiPr); —POH o HOTi-(0iPr),
H-OH + HO-Ti-(OiPr); ——iPrOH Ti(OH),(OiPr),
H-OH + Ti(OH),(OiPr), —POH o riom), 0iPr),
H-OH + Ti(OH),(OiPr), —iPrOH Ti(OH),

Figure 3.0.9: The hydrolysis of TTP with sufficient water to allow complete hydrolysis. (iPr = isopropyl)

93



This results in the formation of intermediate compounds with 1,2,3 or 4 hydroxy groups
around the central titanium atom. In the presence of an excess of water this reaction will
rapidly go to completion with the rapid precipitation and subsequent flocculation of titanium
hydroxide out of the solution.

In a dry micellar environment where water, the hydrolysing agent, is limited and contained
within the micelle core, the rate of hydrolysis is slow and due to lack of water will not go to
completion. This means that only the monohydroxylated intermediate is likely to be formed
(for a hydrolysis ratio of 1) and it is at this point that the second process becomes significant.
Polycondensation reactions, where two titanium intermediates react together to form Ti-O-Ti
linkages are responsible for the beginnings of the gel network. Where two monohydroxylated
titanium intermediates come together (illustrated in figure 3.1.0) they can polymerise with an
associated condensation of water which can then lead to further hydrolysis of alkoxide groups

on the same or nearby molecules.

-H,0 . e
Ti(OiPr),-OH +OH-Ti(OiPr)s B A (OiPr)5-Ti-O-Ti-(OiPr),
-iPrOH | +H,0

. . o Ti(OiPr)3-OH
(OlPr)3--Tl—()—I:l-(OII’r)2 A (Oil:’r)3-Ti—O—T|i—(OiPr)2

O OH
Ti
(Oi Pr);
(iPr = isopropyl)

Figure 3.1.0: An illustration of one of many possible polycondensation routes resulting in the
development of Ti-O-Ti linkages (highlighted), leading to the formation of a titania network.

This slow process of polycondensation will continue until all isopropoxide groups have been
cleaved and the titania network is completed. This mechanism leads to an amorphous network

of crosslinked Ti-O-Ti-O-Ti chains. The presence and distribution of surfactant residues form
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an integral part of the final gel structure. Also present in the interstices of the growing titania
network are the reaction products (water and isopropanol), together with unreacted starting
material, namely titanium isopropoxide, and cyclohexane solvent.

Of the structure of the raw gels, organic residues ' account for some 55 — 60 wt % of the gel.
In order to obtain a pure titania film these residues need to be removed by application of a
high temperature (> 523 K) calcining routine. The thermal treatment has several purposes.
The high temperatures vaporise volatile organic carbon (VOC) compounds from within the
gel matrix, which are subsequently thermolysed. This removes the surfactant residues which
contribute a large proportion of the set gels and any remaining solvent or reaction products.
The thermal treatment also aids in the densification of films and the development of the
anatase >’ crystal structure. The crystallisation of anatase occurs around 573 K together with
associated morphological changes such as sintering of the titania nanoparticulates and
continued grain growth.

Figure 3.1.1, adapted from Peres-Durand et al.*’, shows typical differential thermal analysis
results of the transition of amorphous titania to the anatase form. The initial exotherm at

around 573 K is the region in which the anatase formation occurs.

L 573 K 6.73 K 873K

6 amorphous |anatase

o

o

273K Temperature / K 1273 K

Figure 3.1.1: Typical DTA trace showing amorphous to anatase transition .

Further exotherms are seen after 673 K, but these have no associated allotropic transitions.

These further exotherms are the result of the elimination of organic residues within the matrix.
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It is interesting to note therefore, that the transition to the photoactive form of titania occurs
before the destruction of organics. This has profound implications for possible
autophotocatalytic destruction of the surfactant residues. The additional change in mass above
673 K, associated with the organic destruction is confirmed with thermogravimetric analysis

(TGA), as shown in figure 3.1.2 below.

873 K
673 K
g
=
E 573K
' Temperature

Figure 3.1.2: TGA results illustrating organic destruction from films *.

Development of crystal structure may also be observed with X-ray powder diffraction
methods. Figure 3.1.3 illustrates the spectra for the main crystallographic phases of anatase

obtained at low temperatures. The peaks for rutile are also shown.
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Figure 3.1.3: Illustration of the main diffraction peaks for anatase (and rutile) titania.
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3.2 Experimental

3.2.1 Production of sols and viscosity measurement.

Sols of Triton X-100, a non-ionic surfactant, were assembled in dry cyclohexane at
concentrations in excess of the critical micelle concentration. Ultra-high quality water was
added, followed by the addition of a liquid titanium alkoxide, after stirring. The composition
as recommended by Kluson et al.! was used with the following stoichiometries: n=1,h=1,
S =0.85 mol kg™ Triton X100 (Sigma-Aldrich, 99.99%) was added to dry cyclohexane
(Sigma-Aldrich, HPLC grade, water content <0.01 %) to give a surfactant concentration of
0.85 mol kg'l. Water (UHQ millipore water, >18 MQ.cm) was added, at a hydration ratio of
1.0, and the sol stirred for 1 hour in a waterbath at 303 K, under a nitrogen atmosphere in a
closed vessel. Liquid titanium (IV) isopropoxide (TTP, Sigma-Aldrich, 99.999 %) was then
added at a constant molar ratio of 1.0 and the solution stirred briefly before transferral to a
water-jacketed vessel at 303 K for viscosity measurement. This produced a sol with final
alkoxide concentration, m = 0.68 mol kg™'. Viscosity measurements were made on sols to
determine the gelation time. A Brookfield rotary viscometer was used for all measurements,

figure 3.1.4.

A B

Figure 3.1.4: Rotary viscometer setups used for viscosity measurements of sols.
A: without temperature control; B: with temperature controlling water jacket
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Viscosity measurements were converted to a relative scale from 0 — 1, with 0 being the initial
viscosity of the sol before addition of the alkoxide and 1 being the observed viscosity
maximum. After viscosity measurements were completed the gels were poured onto watch

glasses to allow gelation and evaporation to come to completion.

3.2.2 Post-production treatment and aging of gels

As-produced, ‘raw’ gels were either stored immediately or left for further tests. Some gels
were poured onto watch glasses to allow evaporation of solvents and reaction by-products
before storage. Others were covered and sealed immediately to prevent evaporation. Some
samples were stored in the light, others in the dark. Some samples were washed to remove the
oily exudate that covered gel surfaces. Washing was performed in dry cyclohexane (Sigma-
Aldrich, HPLC grade) and washed samples were dried open to the air (at room temperature or
at 343 K) on filter papers and the resulting ‘xerogels’ were then stored in dry sample tubes.
Heating of raw gels to accelerate solvent evaporation was performed in a laboratory oven
open to the air at 343 K for between 2 and 24 hours. The resulting monolithic, “whole’ gels
from this process were either broken up and stored in dry sample tubes or left in the dish for
further testing. The aging characteristics of these whole gels were monitored and their
evolution recorded. Selected raw gel, xerogel and whole gel samples were pulverised and

stored in a powderlike form for further analysis.

3.2.3 Calcining & crystallisation of gels

Raw, whole and xerogel samples and powders were subjected to thermal treatment in the
presence of air in a bench-top muffle furnace. Samples were placed on a heat-resistant watch
glass and exposed to elevated temperature regimes in the range 15 — 850 °C (288 — 1123 K).

Temperature was monitored with a handheld meter connected to a thermocouple probe.
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Exhaust gases were pumped to waste providing an artificial airflow through the heating
chamber. Samples were treated for time periods ranging from 10 minutes up to several hours.

After thermal treatment, calcined powders were stored in dry sample tubes.

3.2.4 Characterisation of monolithic gels & titania powders

Digital photographs of gels were taken for comparison of gel colour and appearance. Infrared
spectroscopy was performed on a Perkin Elmer 1600 series FTIR spectrometer. Elemental
analysis to determine total residual carbon content of gels and calcined powders was
performed on a Carlo Erba 1108 analyser. Crystallinity of raw, calcined and xerogels was
determined by X-ray powder diffraction analysis on pulverised samples. A Philips X-Pert
diffractometer using a Ni filtered Cu Ko source operating at 40 kV and 45 mA was used for
all measurements. Fast scans of 30 minutes duration, and long scans of 10 hours duration

were performed over a range of 5 — 75 °260.
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3.3 Results and discussion

3.3.1 Production of sols & viscosity measurement

Surfactant solutions of TX100 in cyclohexane (0.85 mol kg™), prepared to the prescribed,
literature composition, were clear and colourless after thorough mixing. Upon the addition of
water, a slight turbidity was observed which was attributed to the formation of complex
surfactant assemblies containing relatively large pools of water. After vigorous mixing for 1
hour, the micellar solutions became clear and colourless as water was efficiently dispersed
amongst small micelles. Upon addition of the alkoxide the solution attained a pale straw
colour that remained unchanged throughout the gelation process. After addition of the
alkoxide to the sol there was an initial induction period where no change in viscosity was

observed and it is thought -’

that this corresponds to the diffusion of the alkoxide to the
centre of the micelles and to the initial hydrolysis within the micelle. Figure 3.1.5 shows the

induction period and the characteristic gelling curve obtained.
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Figure 3.1.5: Viscosity curve showing progression of gelling. (Alkoxide was added at t=0)

The initial region of the curve is flat, corresponding to an induction period where the alkoxide
migrates to the micelle core and hydrolysis products begin to be generated. (Others, notably

Guizard et al. >’ have reported a similar induction period.) These intermediate compounds
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then begin the polycondensation step in tandem with further hydrolysis. This is mirrored by
an increase in viscosity of the sol. As the polymeric amorphous networks continue to grow
and hydrolysis and polycondensation slow down a decrease in gradient is observed leading to
the point of gelation completion where the curve flattens off. It is worth noting that although
the viscosity of the sol does not appear to increase after this point, the sol still appears as a
viscous liquid and not as a solid gel. It is likely that as hydrolysis has not gone to completion,
that insufficient structure exists for a solid consistency. In addition, the presence of
substantial quantities of solvent, namely cyclohexane, acts to inhibit densification of the gel.
As solvent evaporation occurs the viscosity continues to rise. This effect was clearly seen if
sol viscosities were measured after 24 and 36 hours, as illustrated by the example trace shown

in figure 3.1.6.
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Figure 3.1.6: Gelling curves obtained over a 36 hour period illustrating the effects of
evaporation upon viscosity after gelling completion.
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3.3.2 Post production treatment and aging of gels (washing, drying and storage)

Figure 3.1.7, A, shows the consistency of the completed gel without exposure to ambient air.
The dish remained covered after the completed sol was poured and it remained smooth and
intact. Figure 3.1.7, B, illustrates the effect on the gel of evaporation and atmospheric
moisture, where extensive cracking of the gel has occurred as solvent and reaction products
such as isopropanol were liberated. The colour of both gels A & B is representative of the
pale straw colouring of the coating sol. After several hours exposed to air and light in the
laboratory the colour of gels changed markedly to an intense yellow colour, figure 3.1.7, C,
which fluoresces under white light from a xenon arc lamp. After uncovering, the gel in A
cracked and took on the appearance of B. It is interesting to note that where evaporation and
contact with ambient moisture is totally prevented (by sealing sols in airtight jars with no

headspace) sols do not gel and remain in a liquid state indefinitely.

Figure 3.1.7: Bulk gels in the covered raw state, A, the uncovered raw state, B and the final
aged state, C showing changes in colour and texture.

Titania sols and the resulting gels obtained are characteristically clear, often with a
pronounced yellow colouration. This yellow colouration is reported with both Ti (IV)

isopropoxide 8 and Ti (IV) butoxide >'*

precursors in the production of titania sols. The
yellow glacé gel that was reported by Papoutsi ef al. ® for a similar coating sol was attributed
to high alkoxide content of the gel although the same phenomenon was observed here for a

sol with an alkoxide molality less than that recommended in the literature. As discussed

earlier, the recommended >’ range of alkoxide molality lies between 0.8 and 1.0 mol kg™
102



In these experiments the system used a molality of 0.67 mol kg, a hydration ratio of 1 and a
hydrolysis ratio also equal to 1. The ratios recommended as optimum by Papoutsi ef al.® were
n =2, h =2 and equimolar amounts of alkoxide to surfactant. It has been further reported *°
that hydrolysis ratios of 1.7 or less will act as a rate limiting factor due to the amount of water
per alkoxide molecule being too low. The fact that sols did not gel in the absence of
atmospheric moisture confirms that there was insufficient water in the initial sol for complete
hydrolysis to occur.
After aging at room temperature for several days the gels began to liberate an oily exudate.
The exudate was soluble in cyclohexane and after rinsing yielded a glass-like gel of a more
brittle nature. After rinsing with cyclohexane no further sweating was observed. Following
failed attempts with mass spectrometry, the exudate was identified by infrared absorption
analysis. Comparison of the spectra obtained for the exudate with those of the pure surfactant,

TX100, showed a clear correlation (figure 3.1.8).
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Figure 3.1.8: Comparison between FTIR spectra of gel exudate (red) and Triton X-100 (black).
Key differences due to water inclusion at 1646 and 3480 cm™ are highlighted.
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This indicates that a large proportion of the residual surfactant was exuded from within the gel
interstices as solvent evaporation proceeded. The two traces overlay fairly well, but two clear
differences may be observed at 1646 and 3480 cm™. These indicated the presence of water in
the exudate. As water was a product of the polycondensation reactions within the gel, it is
only to be expected that it would be present within the gel interstices after gelling completion.
Confirmation of the identification of the exudate was obtained by comparison of the FTIR
absorption spectra for the exudate and a sample of TX100 that had been hydrothermally

treated in a steambath for 20 minutes at 100 °C. The two over-laid spectra are shown below in

figure 3.1.9.
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Figure 3.1.9: Comparison between FTIR spectra of gel exudate (red) and steamed Triton X-100 (black).

A near-perfect fit was obtained indicating that the exudate was primarily surfactant with

added water that may or may not be bound to the Triton X-100.
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3.3.3 Calcining and crystallisation of gels

During thermal treatment, raw gels underwent a characteristic sequence of changes in
appearance as temperatures were ramped. Blackening of the yellow gel with accompanied
smoke evolution was seen at temperatures greater than 473 K, sometimes followed by
spontaneous ignition of the evolving gases at around 523 K or greater. The volume and
density of smoke decreased with increasing temperature until a point was reached where no
further change was observed, at which point, at 700 K and above, a pale yellow, crystalline
powder was obtained. Upon cooling to room temperature the powder lost its pale yellow
colour and became white. Figure 3.2.0 is a graph of residual carbon content (as measured by

elemental analysis) against maximum treatment temperature.
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Figure 3.2.0: Results of elemental analysis of gels after thermal treatment. Graph shows residual
carbon content as %C by mass vs. maximum treatment temperature in degrees Kelvin.

Electron micrographs of gels treated at different temperatures indicate that the degree of
crystallinity increases with treatment temperature. Figure 3.2.1 (overleaf) shows the
morphology of a pulverised raw gel sample. Figure 3.2.2 (also overleaf) shows a series of
electron micrographs of a gel that had been thermally treated at 673 K. The raw gel (figure
3.2.1) has a gelatinous appearance although under high magnification it is possible to discern

a measure of structure in a layered morphology.
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Figure 3.2.1: Electron micrographs of pulverised raw gel without any thermal treatment.

The gel calcined at 673 K (figure 3.2.2) shows a more crystalline nature under high
magnification although the grain size of the individual particles is too small to be observed. It
is only after treatment at high temperatures in excess of 750 K that the grain size has become

sufficiently large to be observed directly.

Figure 3.2.2: Electron micrographs of pulverised gel thermally treated at 673 K.

Figure 3.2.3 (overleaf) shows a series of electron micrographs obtained of a gel that had been
calcined at 923 K. Comparison of figures 3.2.1 through 3.2.3 clearly shows the developing
crystallinity with the grain size of the gel calcined at 923 K measurable as approximately 50

to 100 nm, in the fourth micrograph of figure 3.2.3.
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Figure 3.2.3: Series of electron micrographs of a pulverised gel thermally treated at 923 K.
The development of crystallinity was also observed using X-ray powder diffraction
measurements and the results are shown below. Figure 3.2.4 shows the diffraction pattern
obtained for a raw gel sample, and is clearly amorphous.
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Figure 3.2.4: X-ray diffraction results for raw gel showing an amorphous structure.

107



Thermal treatment led to the development of the anatase crystal structure at temperatures in
excess of 623 K in reasonable agreement with the literature data shown in figures 3.1.1 and
3.1.2 in earlier sections. The observed peaks on the X-ray diffraction results are broad for

those gels calcined at temperatures around 600 to 700 K indicating fine particle size. Figure

3.2.5 shows a typical result for gels calcined at 623 K.
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Figure 3.2.5: X-ray diffraction results for gel treated at 623 K, showing broad peaks, indicative
of an anatase structure.

Figure 3.2.6 (overleaf) illustrates the temperature dependence of the traces obtained for gels
calcined at temperatures of between 623 and 823 K. As the treatment temperature increased,
the intensity of the peaks increased and the breadth (width at half maximum height) decreases
by a factor of between 2 and 5. The anatase structure was observed for all gels calcined above
623 K and rutile phase was detected for samples calcined above 800 K. An estimate of

crystallite size was calculated from the Scherrer formula >, shown below.
L articesizey = KA
BcosO

where L. = particle size, k = 0.89, A = wavelength of Cu K, X-ray (0.15424 nm), B = line

width at half maximum height and 0 = diffraction angle (0 = 25.4 / 2 for 101 peak).
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Approximate grain sizes of 5 nm and 23 nm were obtained for gels treated at 623 K and 823
K respectively. It is possible that a combination of grain growth processes led to an
approximately five-fold increase in particle size during thermal treatment. The coarsening of
grain size in the solid-state is driven by a reduction in the total grain and interface boundary
energy and involves two distinct but simultaneous processes; grain boundary diffusion and
Ostwald ripening by long-range diffusion ***’. This, in solids, is governed by atomic diffusion
due to the enhanced diffusivity of atoms at the grain boundaries *® and proceeds primarily by

evaporation and condensation >
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Figure 3.2.6: X-ray diffraction results showing the temperature dependance
of crystallinity in calcined gels.
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3.4 Conclusions

Stable sols were prepared from Triton X-100, a well-characterised non-ionic surfactant, in
cyclohexane and remained stable and transparent after the addition of water and liquid
alkoxide. Viscometry confirmed the presence of a short induction period and a repeatable
gelling curve with a gelling rate that would be ideal for use in dip-coating methodology.
Viscometry and aging behaviour showed that the sols would remain stable for an indefinite
period, in excess of several months, where solvent evaporation and water ingress was
prevented. Where evaporation was unrestricted, densification and extensive polymerisation
occurred leading to the formation of solid monolithic gels after 24 to 48 hours. Further aging
led to gel fracture and the development of a characteristic, intense yellow colouration that
gradually became more amber as aging continued over several days. Aging also led to the
liberation of surfactant residues (together with a small quantity of excess water from
polycondensation reactions) in the form of a viscous, oily exudate. X-ray diffractometry
confirmed that the as-produced gels were amorphous and retained their amorphous state until
thermal treatment induced crystallisation of the anatase phase. Thermal treatment enabled the
consistent production of nanocrystalline titania powders as either single-phase anatase or a
mixed-phase (anatase & rutile) dependent upon the temperature regime employed. Crystal
grain sizes, calculated from the Scherrer relationship, were shown to vary from approximately
5 nm for anatase phase at 623 K to almost 25 nm for mixed phase at temperatures in excess of
823 K. Carbon content was shown to decrease with increasing temperature of thermal
treatment, requiring a temperature of greater than 723 K to remove all residual organic

content.
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CHAPTER 4

Development of a sol-gel, dip-coating procedure for the deposition of
mesoporous, nanocrystalline pure titania and doped titania thin film

coatings on both conducting glass slides and optical fibre substrates.
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4.1 Introduction

The development of a distributed optical fibre sensing system was described in Chapter 2.
This chapter describes the application of thin films of the titania material discussed in Chapter
3 onto conducting glass slides and optical fibres. Immobilisation of porous, photoactive thin
films onto optical fibres should enable the development of interesting and novel non-
distributed, ‘point-sensors’.

4.1.1 Non-distributed optical fibre sensing

Spectroscopic sensors

There are many possible means of incorporating optical fibre into sensing configurations. The
simplest system uses the fibre to carry light to and from the active sensing mechanism. This is
effectively remote spectrophotometry rather than a true optical fibre sensor. Incident light is
guided to a photochemical cell or fluorescent interface at the distal end of a fibre. The
presence of a species of interest interacts to produce a chromophore or change the absorption
and/or emission characteristics of a dye molecule '~. This change is detected by monitoring
the returning light and comparing it with the incident light. Measurement ot the absorbance at
a particular absorbance band of the returning light allows quick quantification of the
“strength” of the colour and hence by calibration, the concentration of the analyte of interest.
A simple example would be to immobilise a pH sensitive indicator within a membrane
permeable to hydrogen ions >°. Monitoring the absorbance at appropriate wavelengths will
sense a transition through a particular pH range.

The means of carrying the light can vary. A single fibre with a reflective coating at the end
combined with optics at the near end to separate out the bands of interest from the backscatter
will work well, however if stronger illumination is required then fibre bundles can be used.
These fibre bundles may be split into two or more bunches at each end to allow easy
separation of incident and returned light. Other methods include absorbance set-ups such that

one fibre or bundle leads to one side of a small absorbance cell ’, a second receives light that
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has passed through the solution under investigation and returns to a detector. The simplest of
remote spectroscopic sensors must be that patented by Johnson ¥ Tt involves a cell consisting
of two fibre ends separated by a short gap. No light will be transmitted across the gap unless
liquid is present due to reflections at the incident fibre endface. Most sensors found in the
literature are considerably more complex. A remote spectroscopic method for the monitoring
of methane gas in air developed by Culshaw et al.” operates by measurement of characteristic
absorption bands of methane in the near infrared region. A multiplexed network of these
sensors is currently undergoing field trials at a landfill site in Fife, Scotland. A plethora of
papers describe fibre optic probes incorporating a wide variety of immobilised dyes and
encapsulated compounds. Cattrall %, described an optrode for in vivo glucose monitoring
which utilises a cell surrounded by a dialysis membrane whose inner surface is coated with a
reagent that binds sugars. Bound to this coating is a layer of fluorescein labelled dextrose,
which is displaced as glucose diffuses into the cell. The freed dextran diffuses into the path of
an excitation pulse transmitted along a fibre and the resulting fluorescence is coupled back
into the fibre and to a detector. Alderete ®, has patented a sensor for carbon dioxide which
uses a pH sensitive dye immobilised within a silicone capsule at the distal tip of a fibre and
Fowler et al'°, hold a world patent for an iz vivo monitor probe for blood gases and pH. Many
sensors of this type are published each year and the number of publications is increasing as
the potential of this sensing mechanism is more fully realised. As a subtle variation on the

. 11-14
technique, several authors "'

report sensors dependent on the concentration specific swelling
of polymer beads or thin films. The swelling film or bead is immobilised such that swelling
deforms a reflective surface, either a polished plate or the surface of the bead itself. The
movement of this reflective surface alters the path length of a reflected beam. Interferometric
techniques allow changes in path length of less than a nanometre to be detected. A novel

method patented by Hopenfield °, involves the replacement of a short section of cladding

with a material with a higher index than the core, thus light is lost at that point into the new
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cladding due to the breakdown in internal reflection. The coating is designed to react with an
analyte of interest and at least partially degrade. The degradation of this material allows an

increase in the light passing through the modified section.

Evanescent Field Sensors

The evanescent field is a small portion of the propagating wave that penetrates into the
cladding of the fibre and diminishes rapidly with distance from the core-cladding interface
(CCI). Higher modes propagate in such a way that they reach the CCI and are internally
reflected. However the reflections are not perfectly elastic nor do they occur at a finite point
along the CCI as would be expected from ray optics. The electric field amplitude of the light

penetrates into the cladding and decays exponentially with distance x into the rarer medium:

-x/d,
E = E,. e( 2

Where Ejp is defined as the electric field at the CCI, and dp is defined as the depth at which
the electric field amplitude decays to 1/e of Eo '°. The depth of penetration, dp , can be further

defined as: %

T on [(n2)? sin0 - (ny)* ]~

d, =

Where nsand n; are the refractive indices of the core and cladding respectively, and 6 is the
angle of propagation of the incident light. The evanescent field is continuous along the CCIL.
Unfortunately, it does not penetrate sufficiently far into the cladding to allow sensing with the
cladding layer intact on most modern telecommunications fibres. At wavelengths in the
visible region, dj varies between 50 and 1000 nm '®. The use of longer wavelengths, typically
in the near infrared region, extends the depth of penetration of the evanescent field.

Commonly '7'*

, plastic-clad silica (PCS) fibres are used. These have a silicone cladding
around a silica core. The cladding is easily removed to expose the core and allow interactions
with the evanescent field. Other coatings may then be applied to the exposed core such that

the analyte will change the optical properties of an absorbance based or fluorescence based
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dye. These changes can then be monitored by evanescent spectroscopy. A simplified

diagram of a stripped PCS sensor is shown in figure 4.0.1.

Polymer or sol-gel coating
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plastic (silicone) cladding
Figure 4.0.1: Use of a stripped PCS fibre for an evanescent field sensor.

It is important to recall that the cladding layer protects the core from damage and prevents
fissure propagation due to minute defects in the core surface. When the cladding is removed
the fibre becomes fragile and so requires careful handling. Most evanescent field sensors
incorporate a fibre immobilised on a protective support, such as a steel frame. There are three
basic classifications of evanescent field sensors: absorption sensors, index sensors and
fluorescence sensors. Absorption sensors can be envisaged as using the same principles as
spectrophotometry, except that the region that surrounds the core and is sampled by the
evanescent field has replaced the absorption cell. The process will work equally well for
absorbing species of interest or for non-absorbing species in the presence of a suitable dye
reagent. For a simple spectrophotometry set-up, the relationship between the incident and
transmitted intensities are described by a modified Beer-Lambert’s law, with additional
factors to correct for the limited fraction of the incident light that exists as the evanescent
field. Absorption methodology may operate at single, discrete wavelengths as in
spectrophotometry, where it is the absorbance at both a reference frequency and a sample
frequency that provide quantification of an analyte. In addition, as a consequence of the good
transmittance of certain fibre materials at near-infrared and infrared regions, absorption
evanescent field sensors may be used in infrared spectroscopy. Standard Fourier Transform

Infrared (FTIR) techniques may be modified ‘" to integrate the additional signal processin
g
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required and thus produce FTIR spectra that are similar in nature to those obtained by
standard methods. The signals obtained are easiest to decipher when obtained using single
mode methods as multimode operation can involve several thousand distinct modes, each with
subtly different propagation patterns; the traces obtained can be highly complex. This
capability offers the possibility of powerful remote spectrometry for FTIR analysis of
inaccessible sample sites. The challenges of this sort of sensor are many, of which the

development of the sophisticated signal processing is not the least.

Index Sensors '° operate on the principle that the effective refractive index, ne , of the
evanescent wave will change as the optical density of the medium surrounding the core varies.
For example, if heavy metal ions diffuse into the sensing region surrounding the cladding, the
refractive index locally will vary. Thus, the path length of the high order modes (those that
produce the evanescent field) will alter slightly. The small change, 6n, in the refractive index
of the sampled region will be translated into a small change in the effective index of the
guided modes, dne. These small changes in index can be detected by interferometric methods.
These sensors can be highly sensitive although their selectivity is poor.

Fluorescence based evanescent field sensors '° rely upon the excitation of a fluorophore by the
evanescent field. This fluorescence may be quenched by, increased by or shifted by the
species of interest. The signal processing is relatively simple; the monitoring of a reference
and a fluorescence band allows fairly simple quantification of an analyte. The difficulties in
this type of sensor are two-fold. Firstly, it is necessary to prevent interference with or
quenching of the fluorescence. Quenching by material other than the analyte of interest can
occur from species within the sensor itself or from species permeating into the sampling
region. Thus, this sensor type often incorporates selective membranes and porous cell
technology. Secondly, although fluorescence radiates in all directions, it is important that

sufficient fluorescence is coupled into the fibre core by forward propagating modes to enable
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the fluorescence to reach the detector. The power coupled into the core, P, as a fraction of

the total power launched, P, can be calculated 20 by:

Po f(V)

P 2 n ke @
Where a is the core radius, N is the core index, Kq is 27/ Ag where Ag is the wavelength of
the fluorescence and f(V) is a complex parabolic function *’ that approximates to 0.23 V? for
V <30. V, the V-number, is a measure of the number of modes propagating within a given

fibre and a given light source and can be calculated as:
V = k() a (n22_ n12)1/2

Where a is the core radius and kg = 271t / Ag. If V < 2.4 then the fibre will operate as single
mode. For large values of V the fibre will be multimodal. Power efficiencies of a few percent
are possible with careful choice of parameter. As a general rule, source and detector cannot be
sited at the same side of the sensing region as only the forward propagating modes are of
sufficient intensity to couple the fluorescence into the core. The backscatter within the core is
much weaker, that is

Pt (forward) >> Pt (backwards) and thus, by the equation above, insufficient coupling can occur.
Evanescent field sensors have seen explosive growth in the gas sensing and contamination
monitoring fields '*'%1%22* Kyasnik and McGrath '® have patented an evanescent field
sensor that operates by evanescent field-induced raman emissions from the core-cladding
interfacial region, which is further discussed in a later section. Potyrailo ef al. ** reported the
development of an evanescent field sensor operating at near-ultraviolet wavelengths (254 nm)
using a plastic clad silica (PCS) fibre. The sensor was shown ** to give a linear response to
ozone over the range 0.02 — 0.35 vol%. Malins ef a/**, published research on the development

of personal ammonia sensors for safety monitoring. These sensors have cyanine dyes
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immobilised within a thin porous glass film which is sampled by the evanescent field and
which, it is claimed, can reversibly detect ammonia at levels between 5 and 100 ppm. Lennie
and Kvasnik *°, developed a near-infrared evanescent field sensor to measure the water
content of solvents by monitoring the 950 nm hydroxyl stretching overtone band. Heinrich
and Rose ?” patented an index based evanescent field sensor in 1999 for the detection of
hydrocarbons or carbon dioxide by designing a drawable PCS fibre with a polysiloxane
coating into which the analytes of interest will absorb, thus changing the refractive index of
the cladding layer. This sensor is capable of quantifying hydrocarbons in an aqueous medium.

Biirck ef al®

, designed a sensor for the monitoring of hydrocarbon compounds in waste and
ground water. The probe contains a length of sensing fibre coiled onto a steel support frame.
The sensor fibre consists of a silica glass fibre clad with a hydrophobic silicone. Although
similar in structure to Heinrich and Rose’s sensor >, this evanescent field sensor is absorption
based and by using complex optical filtering and inspection of the C-H overtone bands in the
near infra-red, is able to identify and quantify a range of contaminants including aromatic
solvents, fuels, mineral oils or chlorinated hydrocarbons from around 200 pg L™ up to several
hundred mg L. Stewart ef al. °, report on the possibility of evanescent sensing using D-
fibres (a speciality fibre with a “D” shaped cross section) for gas sensing in the near infrared
region. Focusing on methane sensing, the difficulties faced due to low sensitivity and high
background noise together with the high costs and scarcity of D-fibre were emphasised, but
the authors suggest that the use of sol-gel coatings and laser sources may overcome some of
these difficulties and yield a viable distributed sensing technique. Jin ez al. also worked with
D-fibre ** and developed a means of monitoring the surface of a D-fibre sensor for moisture
contamination that would affect its operation as a gas sensor. Water on the surface of a fibre
will affect the polarisation of plane polarised white light propagating through it. This change
can be detected using polarimetry. Another novel, if somewhat vulnerable design, was

patented in 1999 by Hamburger ef al.*'. The mechanism described involves the removal of the
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protective buffering layer to expose the cladding of a silica fibre. The cladding is then
scratched and roughened to liberate the evanescent field and allow easy access by analyte
gases and liquids. The authors claim that the sensor will monitor “humidity, contaminant
levels, pollutant levels, battery solution and composition of the surrounding gaseous or liquid

» 31 Khijwania and Gupta > reported the development of an evanescent field sensor

media
incorporating a U-shaped, bent fibre probe. Decreasing the fibre bend radius and stripping the
cladding from a PCS fibre increases the evanescent field penetration depth. The cladding is
removed and the fibre is bent to a radius of less than 1 cm before being recoated with a thin
film (130 nm) of polyvinylidenefluoride (PVDF).

The PVDF film prevents the surface reactivity of the silica core, which could cause a non-
linearity in response. The sensor, illustrated in figure 4.0.2 below, showed a linear response
with concentration of a methylene blue dye solution over the concentration range 0 to 25 uM.
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Figure 4.0.2: Tllustration of a U-bend evanescent optical fibre sensing system developed by
Khijwania and Gupta **.

In a later paper > it was reported that the evanescent absorption coefficient increases with

decreasing U-bend radius down to bending radii of less than 1 mm.
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It was stressed that in the case of a U-bend sensor the optimum bending radius is affected by
cross coupling of higher order modes between the exposed straight arms of the U-bend at

small radii as shown in figure 4.0.3.

i CROSS COUPLING
Wni BYPASSES BEND

-/

Figure 4.0.3: Diagram of a U-bend evanescent optical fibre illustrating the phenomenon of
cross-coupling which can occur at small bend radii causing a significant decrease in the area
of interaction between the evanescent field and the sampling region.

Cross-coupling will result 1n a decrease 1n the interaction area and thus a corresponding
decrease in the sensitivity of the sensor. That is, as bend radius decreases, the penetration
depth , dp, of the evanescent field at the tip increases until a maximum value beyond which
further decrease in radius will result in increasing cross-coupling. Despite a continued
increase in dp, the net result of increasing cross-coupling is a decrease in evanescent field
intensity at the tip. A further adaptation of the U-bend structure was reported by Gupta and
Ratnanjali ** based upon earlier work by Muto e al.>> who found that the absorption (at 530
nm) of a phenol red dye-doped PMMA fibre was dependent upon relative humidity and who
subsequently developed a plastic optical fibre sensor for the monitoring of humidity in air and
soil samples. Gupta and Ratnanjali adapted the technology for an evanescent field sensor
using the U-bend structure and reported the production of a humidity sensor that could detect
relative humidity in the range 20 to 80 % with a response time of 5 seconds.

The use of the U-bend configuration has thus been shown to be a feasible adaptation to
improve upon the simple evanescent field sensor design shown earlier in figure 4.0.1 allowing

a significantly improved interaction between the evanescent field and the sampling region.



Scattering (Raman, Brillouin)

Although scattering sensors could technically fit into the classes above, they can be
considered a separate class of optical fibre sensor in themselves. There are three principle
types of scattering that can occur in fibre systems: Rayleigh, Raman and Brillouin. Rayleigh
scattered light is at the same wavelength as the incident light i.e. elastic scattering. Figure
4.0.4 shows the spectra of Rayleigh, Raman and Brillouin scattered light. Both Raman and
Brillouin scattering processes shift the scattered light to higher or lower wavelengths than the
incident beam. Although weak effects, these processes are the basis of several distinct sensing
mechanisms. On a relatively simple level, Raman sensors can be used to monitor temperature

by virtue of the temperature dependence of the Raman shift that occurs.
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Figure 4.0.4: Illustration of the origin of Raman and Brillouin shifts.
The observed shifts are seen to decrease with increasing temperature **’. Perturbation theory

87 states that shift in phonon frequency is attributed to thermal (volumetric) expansion of the

86,87

lattice and to phonon-phonon coupling **". In addition, anharmonicity of the vibrational

potential energy may lead to increases in linewidth with increasing temperature i

This can be done by using a short or a coiled length of fibre with a detector capable of picking
out the weak signal. 1000 times (30 dB) weaker than the Rayleigh scattering, which in turn
involves only about 1% of the incident photons. To improve sensitivity and detection limits,

16,36

the magnitude of the Raman effect can be increased by the use of high power sources.
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As for all Raman work, a laser source is critical due to its narrow spectral width and high
launch power. As the Raman effect is independent of incident wavelength, it can be possible
to use lasers operating at higher energy (shorter wavelength) regions. There comes a point
however, where the incident energy is sufficiently high to induce fluorescence from the core,
which, being several orders of magnitude more intense than the Raman effect and exhibiting
considerably broader spectral width, will mask the Raman spectrum. This typically occurs in
the visible — UV region although this only affects the Stokes lines. A trade off between
improved signal to noise ratios and fluorescence is required. The source of the Raman
scattering in this “simple” sensor is the core material of the fibre. In order to use this Raman
effect in the sensing of chemical species a different approach is required. In Raman chemical
sensing, the detector needs to look for shifts of particular magnitude. Although the
wavelength of the incident light is not critical, the size of the shift is characteristic of
particular compounds. A Raman chemical sensor can be based upon either evanescent field or
remote spectroscopic principles. The evanescent field can interact with any species entering
the interfacial region, and can, in theory, result in Raman emissions which will couple back
into the core and hence back to a detector. Any means of allowing an interaction between the
incident light with a medium to be analysed can be adapted to create a Raman sensor as
Raman emissions will occur whenever light interacts with a species. Successful Raman
sensors for chemical sensing are few and far between, unlike those for temperature. Only one
example is given here '®. Kvasnik and McGrath patented a quasi-distributed Raman sensor
array in 1993. A PCS fibre is stripped of its cladding over several cm of its length and a new
cladding of unspecified nature is coated over the exposed gap. The stripped sensing sections
are created along the length of the fibre spaced several metres apart. An excitation pulse of
light in the UV, visible or infrared region is launched through the fibre and the excited Raman
scattering is analysed at the detector. When a Raman emission is detected from a species of

interest, optical techniques such as optical time domain reflectometry (discussed in Chapter 2)
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allow identification of the position along the fibre from which the emission originated and
hence the location of the analyte. This is a quasi-distributed sensor, which is better suited to
multiplexed monitoring of widely separated points and thus is included in this section on non-
distributed sensors.

Fibre grating sensors

The higher refractive index of optical fibre cores is achieved by doping of the silica with
metals such as germanium and boron. This Ge-doped silica within the fibre core is
photosensitive to wavelengths corresponding to particular absorption bands of the
germanium-silica bonds. When exposed to intense ultraviolet radiation (248 nm) some of
these bonds are broken and a localised change in refractive index occurs. It is thus possible to
write periodic structures (Bragg gratings) into the core of fibres by exposing the core to the

interference pattern of two high power UV-LASER sources.
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Figure 4.0.5: The Basic Principle of Bragg Grating Sensors.
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Figure 4.0.6: Typical Spectral Data from a Bragg Fibre Grating.

Figure 4.0.5 illustrates the basic principles of a Bragg Grating sensor and the spectral data for

the incident, transmitted and reflected light are shown in figure 4.0.6 1%
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The grating can be written at a chosen grating dimension so as to reflect only a narrow band
of the incident light. With grating pitches of the order of 0.5 um and total grating lengths of
over 5 mm, the grating can comprise more than 10 000 periods creating a highly resonant
device .

Any change in the periodicity of the grating, A, will cause the reflected band to shift. This
may be brought about by physical deformation of the fibre by an applied stress or strain or by
thermal expansion and contraction of the fibre. Detection and measurement of the shift
together with appropriate calibration can provide a sensitive real-time sensor. Bragg grating
sensors are rarely used for chemical sensing. Their predominant use is in the sensing of
temperature and strain and they are commonly used for detecting changes in these parameters
during construction of bridges, dams and high rise buildings. Using a Bragg sensor for
chemical species is considerably more difficult. A means of modulating the exchange of heat
in exothermic or endothermic reactions to induce a temperature change in a fibre is feasible
and worth investigating although notably, there seems to be a distinct lack of literature in this
area. Any physical change that leads to deformation of a structure can in theory be adapted to
sensing; vibration detection and pressure monitoring are examples of this.

This technique does not allow true distributed sensing and is better described as a quasi-
distributed array of individual sensing units, remotely addressed through a fibre link. This is

possible by writing multiple gratings along a length of fibre (Figure 4.0.7).
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Figure 4.0.7: Quasi-distributed measurements using multiple gratings.
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Each grating must have its own unique period and the wavelengths must be sufficiently
separated so as to distinguish the signals received from each. Writing narrow band gratings
and using a broadband source allows more gratings to be inserted in each fibre, however it is
important to ensure that the power received at the detector is sufficient to separate signals
from backscatter noise.

Peaks will be detected at wavelengths characteristic of the periods of each grating (figure
4.0.8). The software and opto-electronics at the detector are required to be highly
sophisticated to analyse for shifts in each signal. As the grating periods vary with temperature,
stress and strain and may also fluctuate slightly if the fibre is disturbed, the calibration
procedures and signal processing elements of fibre grating sensors are one of their main

drawbacks.
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Figure 4.0.8: Signals received from a quasi-distributed fibre grating sensor.

Morey et al.’” have pioneered the development of a series of strain sensors based on this
principle. A report on simultaneous monitoring of strain and temperature in structures was
published in 1991. The wavelength of the holographic Bragg grating written into the core will
vary with both temperature and applied axial strain ****. Thus, any grating signal will be
due to a combination of both these effects. In order to be able to distinguish one signal from
the other, it is necessary to write two gratings near to each other in the fibre core. One of the
two gratings is then mechanically isolated from strain and will thus only measure temperature
variations. The signals obtained from this sensor can be used to provide a temperature reading

and to extract the strain value from the second grating.
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Micro-optical ring electrodes (MORE)

Combination of optical and electrochemical techniques allows the production of
photoelectrochemical sensor probes. One such sensor is a micro-optical ring electrode
(MORE) described by Pennarun ez al. *' and consists of a commercial multimode fibre as a
light guide and insulating core surrounded by a thin-ring gold electrode deposited by sputter
coating. The fibre is a 125 um multimode fibre; the gold coating was 600 nm thick. A ring
electrode is defined ** as a ‘thin ring’ if the ratio of internal ring diameter, a, to external ring

diameter, b, is greater than 0.91 as illustrated in figure 4.0.9 below.

a/b>0.91

Figure 4.0.9: Illustration of the definition of a thin-ring as defined by Symanski &
Bruckenstein ** whereby the ratio of a / b must not be less than 0.91.

The entire assembly is coated with an electrically insulating varnish or polymer. The tip is
polished to produce a smooth, unbroken gold ring. This structure forms a highly sensitive
sensing device.

When light is transmitted through the optical fibre core, photoexcited species in solution are
formed at the core face and may then be oxidised or reduced at the gold ring upon lateral
diffusion. Expressions for the steady state diffusion current, lg (ss), at thin-ring
microelectrodes have been derived and in the absence of convective mass transport, there is a

linear dependence obtained between lq (ssy and the solution concentration, C:

Id(ss) = nFDClo
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Where |, is a function of the thin-ring geometry defined by:

L, = 7 (a+b)

w16 ()]

and n = the number of electrons involved in the REDOX step, F = Faraday’s constant, D =

diffusion coefficient, and a and b are the internal and external diameters of the ring as defined
previously. Additional expressions for the diffusion limited current, lq (), at thin-ring

microelectrodes are also given:

lo
(47°Dt)"*?

Id(t) = nFDClo

1+

where 1, is redefined as:
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)
1l
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Pennerun *' reported that during investigation of the photoelectrochemistry of the

phenothiazine dye methylene blue (MB") in aqueous solution using the MORE, the
chronoamperometric response obtained by potential step methods was in excellent agreement
with the predicted value at all times up to the completion of the experiment after 30 seconds.
In addition, the steady state current, both experimental and predicted, agreed with that
obtained by cyclic voltammetry at low sweep rates. The MORE sensor was sufficiently
sensitive that it was able to detect the presence of short-lived photoexcited states of MB'. A
photoanodic current under illumination was observed on the forward cathodic sweep due to
the oxidation of photogenerated triplet state methylene blue CMB™) to the 2+ radical cation

(MB*"). The subsequent reduction of the MB** to MB™ and ultimately to the reduced form of
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methylene blue, leucomethylene blue (LMB) was also seen on the forward cathodic sweep
by a photocathodic current under illumination at more negative potentials. The MORE sensor
was thus shown to be able to elucidate complex photoelectrochemical behaviour such as that
of methylene blue and detect the presence of photoexcited triplet species with lifetimes of the

order of 90 us.

Microbend OFS

The transducer in this type of sensor is mechanical in nature enabling the target parameter or
chemical to modulate the microbend losses in a fibre. This category of sensors rely on the
losses induced when a fibre is deformed at small radius inducing microbends into the fibre.
This microbending loss is caused by the coupling of high order modes out of the fibre core
which are then lost in the cladding and primary coating. Microbend sensors used in distributed

sensing were discussed in Chapter 2.

4.1.2 Possible applications of titania thin films in optical devices

It was an aim of this research work to investigate the design of optical devices for sensing and
photocatalysis by the development of porous thin films of the titania material discussed earlier
in this chapter and their deposition onto optical fibre substrates. It is important here to define

the many possible sensor configurations and transduction mechanisms proposed.

Optical absorption probes.

As described earlier in this chapter, many optical sensors are simply a means of remote
absorption spectroscopy. By creating a notch in a fibre such as in the morphology shown in
figure 4.1.0 (overleaf), it would be possible to perform optical absorption measurements of a
remote solution at the distal tip of a fibre cable by immersion of the probe into the solution

under investigation. Application of a porous thin film of photoactive titania on the inner faces
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of the notch would allow the simultaneous spectroscopic identification of absorbing species

and the monitoring of the photodegradation of those species at the titania surface.

- —
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notched epoxy head

Figure 4.1.0: Representation of a notched fibre sensor for remote spectroscopy.

Coated fibre sensors

Coiling or bending of optical fibres will result in an increased evanescent field penetration
depth. This property can be used to produce fibre sensors with a general appearance illustrated

in figure 4.1.1 below.

Ll
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Figure 4.1.1: Representation of 2 possible coiled fibre geometries for evanescent field sensing.

Coating of these coiled geometries with thin films of titania would produce sensitive sensing
devices that would operate by evanescent field absorption spectroscopy. Ensuring that
sufficient forward propagating light was coupled back into the core would require careful

adjustment of the fibre geometry, but should be possible with careful design.
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Certainly, devices of this nature should allow photodegradation of species in solution or in
the vapour phase by evanescent activation of the supported catalyst. The potential of such a

device for monitoring of gaseous contaminants would be worthwhile investigating.

Polished block sensors

An alternative system for evanescent field sensing and/or photocatalysis may be created by
use of embedded fibres, polished to expose the core as shown in figure 4.1.2. This geometry
may be used for simple evanescent field sensing but may be utilised (as could other

evanescent geometries) for fluorescence-based devices.

titania coated polished face

T T e
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Figure 4.1.2: Illustration of a polished fibre geometry for fluorescence-based evanescent
field sensing with doped or undoped thin films. An identical but uncoated structure may
be used for simple evanescent field operation.

Application of a titania thin film doped with an element such as europium is possible.
Europium (Eu **) doped titania has been shown * to emit a strong red luminescence under
near-ultraviolet illumination where titania acts as a sensitiser in the system. The presence of
europium does not affect the crystallinity of the titania as the europium atoms occupy voids at
grain boundaries rather than titanium or oxygen sites in the lattice **. This sort of device could
have great application in the gas-sensing field. The concentration of gases that act as
quenchers, such as oxygen, could be monitored by measurement of the intensity of the
luminescence coupled back into the core. The same operating principles could be applied to
stripped fibres and to coiled or bent fibres in addition to the polished block sensor described

above. In order to improve on the sensitivity of the polished block system, it would be
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relatively easy to combine two such devices to create a device capable of in-line monitoring
of pumped gas flows in reaction vessels, atmospheric sensors or portable devices. Such a

‘cross-coupling’ system is illustrated in figure 4.1.3.

Cross-caupling through sampling region

FLUID
FLOW
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Figure 4.1.3: Illustration of a cross-coupling sensor that could be used for in-line
flow monitoring of fluids or gaseous mixtures.

The incorporation of a porous matrix within the void between the two plates would increase
the residence time of analytes of interest, particularly if the porous material was tailored for
the preferential adsorption of a class of analytes, such as alcohols, aldehydes or halides. The
system would be capable of simple optical absorption measurements of a chromophore or by
use of a suitably doped film, fluorescence quenching. As an example, immobilisation of
phenol red within the porous matrix would allow the system to detect humidity in a fluid flow

as the optical absorption of phenol red at 530 nm has been shown to vary with humidity ****,

Titania sensitised MORE sensors

41,42,

Micro-optical ring electrodes (MORE) have been shown to be sensitive probes useful in

the investigation of redox systems. When coupled with a disk of oxidised titanium metal, it

44.45
d **

has been reporte that MORE are capable of detecting the electroreduction at the ring of

oxidised species produced at the illuminated titania surface.
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Immobilisation of a porous thin film of photoactive titania directly onto the polished face of
the optical fibre core (see figure 4.1.4) of the MORE would produce a sensing probe capable

of photooxidation and electroreduction of species at the fibre tip.

msulting polymer

. optical fibre core

Figure 4.1.4: Hlustration of the distal tip of a micro-optical ring electrode (MORE)
showing the illuminated optical fibre core face, which would be suitable for the
deposition of a titania thin film.

Combination of the above-described arrangements for sensing devices would produce the
possible device structure illustrated in figure 4.1.5 that shows that by embedding a gold-
coated optical fibre into the resin block prior to polishing, it would be possible to obtain an
embedded ring-electrode. It is important to note that the electrode as shown would not have a
circular profile and would therefore not operate according to expressions for MORE derived

41,42

by other authors which assume a circular profile.

Gold
MORE

PLAN VIEW

Figure 4.1.5: Illustration of a cross-coupling polished block arrangement incorporating a
non-circular micro-optical ring electrode at the boundary of the polished face and a titania
coating on the face surface.
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4.1.3 Coating methods and substrates: slides and fibres
Standard telecommunications optical fibres are not particularly well suited to sensing
applications and to the proposed device arrangements discussed above. This is due primarily
to their large cladding thicknesses and poor transmission characteristics outside the
telecommunications band of wavelengths. Optical fibre types that would be better suited to
sensing would be those with larger numerical aperture, a thinner cladding dimension or an
improved transmission in the visible, near-UV and UV regions of the electromagnetic
spectrum. Two such types are large core plastic (usually PMMA) fibre and plastic clad silica
fibres. These fibres are designed for specialist applications such as indoor or military
installations. The relative profiles of these fibres and standard telecommunications fibres are

shown in figure 4.1.6.
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Figure 4.1.6 Relative dimensions of telecommunications and speciality fibres used for sensing.
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Kubeckova, Sedlar and Matejec * reported the deposition of titania thin layers (500 nm) onto
fused silica (quartz) fibres that had been specially manufactured with a large core and,
importantly, without any cladding. Their films were deposited by a dip-coating procedure
from a titania sol whereby fibres were withdrawn at a controlled rate from a titania containing
sol and then calcined at 500 °C for 30 minutes. The fragility of exposed core fibres was
demonstrated by Potyrailo ** where disruption of Si-O-Si linkages at the fibre surface was
shown to be the result of nucleophilic attack by water. This led to the formation of micro-
cracks in the surface, which after propagation led to premature failure of the fibre. It was also
shown that the activation energy of the water attack is a function of stress in the fibre wall.
Fibres with exposed cores are thus extremely sensitive to bending forces, have poor lifetimes
and are unsuitable for sensing devices unless the core is sufficiently protected.

Khijwania and Gupta *>** developed U-shaped probes designed for evanescent field sensing;
the surface reactivity of the exposed silica cores was inhibited by deposition of a thin (130
nm) polymeric coating of polyvinylidenefluoride (PVDF) or polymethylmethacrylate ***° It
is therefore important to ensure that any sensing fibre arrangement incorporates some means
of isolating the fibre from stress or chemical attack. Any chemical protection is best applied at
manufacture or by a dip-coating procedure of exposed short lengths later.

Dip-coating *"*

may also be applied to the coating of planar substrates such as slides or
films. In this instance, other techniques are also available. Titania thin films may be laid down
by, for example, plasma deposition techniques ** or chemical vapour deposition >, Sol-gel
methods are popular and commonly used *****” and may incorporate dip-coating, spinning
or doctor blade techniques. Spinning of coatings onto slides is reported > to give better
optical and mechanical properties due to the reduced retention of organic residues that results.

An additional advantage of the sol-gel method is that it is relatively simple to produce doped

or mixed-oxide thin films by incorporation of appropriate reagents in the starting mixture.



Frindell e al. ** reported on the doping of titania with europium chloride whereby the Eu i

437880 Lo d luminescence at 610-630

ion is sensitised by the titania leading to a characteristic
nm. Due to the large size of the Eu *" ion (0.98 A) relative to that of titania (0.68 A), the
europium ions are unable to incorporate into the lattice and occupy voids at the grain
boundaries rather than titanium vacancies.

Mixed oxides of the type Eu,Ti,O, are possible with the sol-gel technique as shown by
Ovenstone ef al.”® who added an aqueous solution of europium nitrate to a mixture of titanium
tetrachloride in water. They report that the amorphous mixed oxide has better luminescence
than crystalline samples as the amorphous material can incorporate twice as much europium
as the anatase form. The introduction of europium is further reported to delay the onset of
crystallisation of anatase to a higher temperature, thus causing an increasing calcination
temperature with increasing doping ratio.

Monovalent cationic doping of titania from sol-gel has been demonstrated by Lopez et al *°
however it was shown that lithium doping led to the production of the p-type *® rutile phase of
titania. Lithium is known to insert well into the titania lattice but shows distinct differences in
insertion behaviour for the three polymorphs, anatase, rutile and brookite *'**. Certainly all
three structures are based on titanium oxygen octahedra leaving octahedral vacancies which
are suitable sites for intercalation. The packing in each case differs as is reflected in their
densities (rutile: 4.25 gem™, anatase: 3.89 gem™, brookite: 3.76 gem™) ¥ Given *! that the
ionic radius of the Li" ion is the same as that of the Ti*", i.e. around 0.68 A B and the empty
octahedral sites in rutile and brookite are 0.4 A and 0.58 A respectively, it can be seen that
intercalation of lithium into these two polymorphs will be poor relative to that of anatase
where the octahedral sites are considerably larger.

It was concluded by Zachau-Christiansen ef a/. that at room temperature (25 °C) rutile did not

show insertion of lithium unlike anatase and brookite.
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Indeed, calculations from first principles have shown * that there should be no intercalation
into rutile at room temperature. An interesting phenomena is predicted by these same
calculations which suggested that phase separation would occur into a lithium rich phase and
a lithium poor phase. Thus, assessment of lithium intercalation at room temperature into a

crystalline film should yield an indication of crystalline phase.
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4.2 Experimental

4.2.1 Substrate preparation

Conducting glass slides with sputtered fluorine-doped tin oxide (FTO) coatings were cut to
size by scoring with a tungsten-carbide knife and snapping. Slides for X-ray diffraction
analyses were cut to fit sample holders (15 x 20 mm), otherwise slides were cut into 10
mm x 50 mm strips. After cutting, all substrates were immersed in UHQ distilled water
(>18 MQ) and placed into an ultrasonic bath for 10 minutes and dried under nitrogen flow.
Substrates were then stored under vacuum at 80 °C. Prior to use, samples were degreased
in hexane, air dried, rinsed in acetone, air dried, then finally rinsed in water and dried
under nitrogen flow. Slides were dip-coated in pairs, in a back-to-back configuration to
minimise coating of the back face of the glass. Indium-doped tin oxide (ITO) glasses were
used to determine any substrate effect upon the final coating morphology. These ITO slides
were prepared in exactly the same fashion as the FTO slides.

Optical fibres were cut into 10 to 15 cm lengths. Large-core plastic fibre lengths were
cleaned with isopropanol fibre-cleaning wipes (lens-tissue soaked in 2-propanol and sealed
in individual sachets) and dried in air. Plastic-clad-silica fibres required additional
preparation. The outer protective nylon layer was removed using commercial fibre
strippers and the inner thin plastic clad fibre was cleaned using fibre wipes as for the
plastic fibre. Many fibres were coated with the cladding layer intact. Others had the
cladding layer removed by a variety of methods. Attempts to remove the cladding layer
included immersion in concentrated acids at varying temperatures as well as immersion in
a range of organic solvents, again at varying temperatures. The cladding was also removed
using heat treatment in a furnace and a blue Bunsen flame. After cladding removal fibres
were again cleaned with isopropanol wipes and/or water rinses. After cladding removal,
the silica cores were highly unstable and fractured within minutes of exposure to air and/or

moisture. Thus coating was performed immediately after stripping.
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4.2.2. Deposition of titania thin films on slides and fibres
Sols were prepared and characterised as described in Chapter 3. As a general scheme, the
solvent, surfactant and hydrolysing agent were combined to generate the micellar sol. After
stirring to ensure homogeneity, the alkoxide was added. The optimum time for dip-coating
was shortly after addition of the alkoxide (TTP) to the sol. Figure 4.1.7 is a flowchart

illustrating the coating process.

WATER MIXING DRYING
HOMOGENQUS L COATING MONOL\THIC

TX100 (60 MIN) INDUCTION (1 DAY)

(10 MIN}
Figure 4.1.7: Flowchart illustrating the stages of sol generation and coating.

Slides were coated in pairs, back-to-back and supported with a crocodile clip attached to a

mechanical, home-made, dip-coating device illustrated in figure 4.1.8 below. Slides (10 x 50

mm) of FTO coated glass were coated with between 1 and 5 coats. Raw slides were dried at

353 K for 2 hours before being transferred to a vacuum oven at 343 K for 24 hours to age.

Vacuum dried slides were calcined in a muffle furnace at 623 K for between 10 and 20

minutes.

Figure 4.1.8: Illustration of the device used to control the rate of dipping during coating.
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Dip coating proceeded according to the following scheme: samples were lowered into the sol
at 1 cm per second and left immersed for 30 seconds. The slides were then withdrawn from
the sol at a rate of between 1 mm and 5 mm per second. Generally, slower withdrawal rates
led to smoother and thinner films. Faster withdrawal does not allow sufficient time for even
drainage of excess liquid from the slides and leads to ‘runs’ and drips on the slide surface.
Ideally the withdrawal rate should be comparable with the rate at which excess fluid is
drained; this ensures only very thin liquid films are deposited. Rapid evaporation and drying
in air would cause rapid drying of thick liquid films before even drainage has occurred thus
resulting in thicker films. The wet slides were allowed to rest in air for between 1 and 5
minutes prior to repeat dipping. After final coats were applied, the pairs of coated slides were
removed from the crocodile clip, separated using tweezers, and allowed to dry in air for 10
minutes before being transferred into the drying ovens.

An alternative method of multiple-coat application involved the application of single coats of
raw gel and thermal treatment at elevated temperature to calcine the film prior to cooling and
repeat coating. Lithium and europium doped titania films were deposited from doped sols
using the same mechanisms described above. Doping of sols was achieved by addition of
appropriate aqueous solutions of the dopant metal ion in the place of the pure water used for
undoped titania sols. A 1 %y Li" sol was obtained by addition of 610 ul of 4 moldm™
aqueous lithium chloride to the Triton X-100 solution prior to addition of the alkoxide.
Likewise, a 1 %o atomic ratio Eu®* doped sol was prepared by the addition of 610 ul of 0.028
moldm™ aqueous europium sulphate.

The procedure adopted for the coating of optical fibres was similar to that described above for
slides. Cleaned prepared fibres were supported on cardboard sheets or glass tubes which were
then held in the crocodile clip shown in figure 4.1.8 earlier. As for slides, coating was

performed in an open system (7.e. exposed to ambient moisture).
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As for the slide coating, samples were rapidly lowered into the sol and withdrawn at a slower
rate. The number of coats applied varied between 1 and 20 depending on the nature of the
experiment. Typically, a 5 cm length of fibre was coated leaving between 5 and 10 cm of
uncoated fibre to allow handling. After coating, “raw” samples (coated fibres) were placed in
an oven at 338 K for between 2 and 48 hours. After this preliminary drying stage, the “dried”
samples were transferred to a vacuum oven at 343 K for storage prior to further tests. Samples
dried under this regime were termed “vacuum-dried” samples. Some samples on optical fibre
were exposed to thermal treatment to attempt to calcine the films. This was on the whole

unsuccessful and resulted in considerable fibre damage.

4.2.3 Characterisation of thin films

Samples at all stages of production, both in the pre- and post-coated states were prepared for
electron microscopy by sputtering with a thin layer of gold, with typical thickness less than
100 A. Samples were placed in the chamber of the microscope and micrographs recorded to
observe the quality of films, to estimate film thickness and to discern any morphological
changes in the film surface after testing. Energy dispersive X-ray (EDX) analysis was used
where possible to identify the composition of the films. Estimates of film thickness were
determined by inspection of the film at fractures, fissures and the film edges. Where no such
features were discernible the film was manually scratched with a needle point in a grid pattern
and micrograph images were recorded of the edges of the scratches thus induced. In addition
to the SEM estimates, a measure of the thickness of applied coatings on fibres was gauged
using a Laser Micrometer (Anritsu). This micrometer is capable of measuring wire diameters
to within 50 nm. By measuring the mean diameter of the uncoated fibre and repeating the
measurements after coating, it was possible to gain an accurate assessment of coating

thickness.
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In order to determine the elemental composition of the films and to assess to some degree the
oxidation state of titanium, the films were subjected to X-ray photoelectron spectroscopy
(XPS) using a VG scientific XPS instrument with a water-cooled dual magnesium /
aluminium source. Samples were mounted onto polished copper studs using conductive silver
paint. Broad survey spectra were recorded over the full possible range of binding energies and
fine resolution spectra were obtained of those regions of interest, principally the Ti2p, Ols
and, for calibration purposes, the Cl1s. All spectra were pre-corrected for the spectrometer
work function and were further calibrated for surface charging effects by adjustment of the
adventitious carbon based adsorption component of the C1s peak to 285.0 eV ** . Iterative
peak fitting with background corrections were performed on high resolution spectra to
ascertain individual peak components.

Samples of coated and uncoated slides were analysed by X-ray diffractometry (XRD) to yield
information about the extent of crystallinity of the titania in the samples. A Ni filtered Cu Kot
source operating at 40 kV and 45 mA was used for all measurements. Samples were scanned
between 5 and 75 © 26. Short, 30 minutes scans were used to give a quick indication of the
presence or absence of crystallinity and longer scans of between 2 and 18 hours were recorded
to improve the signal to noise ratio of spectra. The spectrometer used was a Philips X-Pert
diffractometer designed primarily for powder measurements and was thus not particularly
well suited to the measurement of thin films on flat samples. Good spectra of the sputtered
substrates were obtained but no spectra were seen for the thin films on the slide surfaces.
Attempts to determine XRD diffractograms of coated fibres were similarly unsuccessful.
Ultraviolet-visible (UV-vis) spectrometry measurements were performed using an Oriel broad
spectrum, high intensity Xe arc lamp. Light from the source was coupled into an optical fibre
cable and through a beam collimator. After passing through the sample the light was captured

by a second collimating beam probe and transmitted via a second optical fibre to the detector.
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The Oriel detector consisted of a grating to disperse the beam onto a photodiode array. The
detector was calibrated against a Hg emission source for the range 250 — 700 nm and a Ne
emission source for the range 650 — 1100 nm. Measurements were performed in a black box
to minimise ambient light and were background corrected.

Conducting glass slides have a characteristic absorbance profile and this was accounted for by
subtraction of a reference trace obtained from a blank sample. Spectra were recorded as
accumulations of multiple scans, typically 1000, so as to minimise noise in the traces. Some
difficulties were seen due to changes in surface reflectivity with coating type and thickness
due to orientation of the samples in the beam. Very small differences in sample alignment
from the beam normal could lead to beam reflection in addition to absorption and
transmission.

This occasionally lead to anomalous values for absorption in some spectra. The most common
manifestation of this phenomena was as negative absorbances. The software used by the
system (Instaspec Basic) gave results as % transmittance or as linear % absorbance. It is
important not to confuse the % absorbance values quoted in this text with logarithmic

absorbance calculated from the % transmittance, as would be more commonly used.
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4.3 Results and discussion
4.3.1 Undoped titania coated slides
Good quality thin films of titania were deposited onto acid-cleaned conducting glass
substrates. An electron micrograph of the substrate surface is shown in figure 4.1.9 below.
The sputtered tin oxide surface is characteristically rough on a sub-micron scale and has a

film thickness of 1 um.

Figure 4.1.9: Scanning electron micrographs of an FTO glass after acid-cleaning at 303 K.
Figure 4.2.0 shows typical micrographs of the film obtained. The image at left shows the

surface at the intersection of two scratches made upon the surface with a needle after

sputtering with gold and before insertion into the SEM instrument.

Figure 4.2.0: Scanning electron micrographs of a single layer, titania coating, thermally treated at
723 K, on a FTO glass slide.
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Closer inspection of the rectangular region marked in the left image shows (centre) that a
good quality film of even thickness has been deposited onto the conducting glass surface. The
graphic (right) identifies each component of the film. The presence of titania was confirmed
by X-ray photoelectron spectroscopy (XPS). Figure 4.2.1 shows a survey scan of an undoped

titania thin film on a fluorine-doped tin oxide (FTO) conducting glass substrate.
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Figure 4.2.1: XPS broad scan of an undoped titania thin film on an FTO conducting glass substrate. The

key titanium 2p and oxygen ls signals are clearly visible as are signals obtained from the FTO substrate
and surface contamination.

Peaks due to titania and oxygen are seen, together with signals characteristic of the
conducting substrate. High resolution spectra shown in figures 4.2.2 and 4.2.3 (both overleaf)
indicate that the film is likely to be titanium (IV) oxide. The Ti 2ps/; peak (figure 4.2.2) is
seen to occur at around 458 eV which is characteristic of titanium in the +4 oxidation state **
3159 1t is not possible to distinguish between the presence of anatase and rutile as both
polymorphs show identical binding energies *°. The O1s peak (figure 4.2.3) lies at around 530
eV which is indicative of oxygen bound to a metal as a divalent oxide ****°!. These two
results, taken together, support the hypothesis that titania has been deposited. In addition,
iterative peak fitting of the O1s peak suggests that in addition to the oxide peak at 530 eV

there may also be a peak due to oxygen bound as hydroxide at 532 eV **°.
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This is interesting in that it would imply that the films are in the anatase structure which has

extensive surface hydroxylation rather than rutile, which does not show this feature.
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Figure 4.2.2: High resolution XPS scan
showing the titania 2p peaks of a thin film on a
conducting glass substrate. The Ti2p;, peak at
a binding energy of 458 ¢V is characteristic of
titania in the +4 oxidation state.

O1s@~529.7¢eV
(typical of metal oxide)

Ols@~531.9eV
(typical of hydroxyl)

Intensity / cps

binding energy / eV

Figure 4.2.3: High resolution XPS scan
showing the oxygen 1s peak of a thin film on a
conducting glass substrate. The Ols peak at a
binding energy of 529.7 eV is characteristic of
oxygen bound as a metal oxide. The presence
of a side peak at 532.9 ¢V is suggested by peak
fitting and may be indicative of hydroxyl
oxygen.

Deposition onto indium-doped tin oxide (ITO) rather than FTO yielded similar results to those

shown above. The principle differences observed were the XPS signals of the substrate, where

peaks due to indium are seen instead of those for fluorine. The fact that any signals from the

substrate materials were seen is somewhat surprising given that the escape depth of

photoelectrons in XPS is of the order of 5 nm and film thicknesses are of the order of several

hundred nanometres. The presence of the signal is likely due to the lack of complete surface

coverage.

Scanning electron micrographs of the coatings were recorded to determine film thickness.

Figure 4.2.4 (overleaf) shows an un-calcined sample with three layers of raw gel deposited

onto FTO. The sample had been dried under vacuum at 353 K. The graphic at the right of the

figure explains the micrograph.



Figure 4.2.4: Scanning electron micrograph of a triple coating of raw gel on FTO
glass after drying under vacuum at 353 K.

The three layers are clearly visible as is the surface texture. The gel film with a total thickness
of around 1 um has mimicked the rough pattern of the sputtered FTO substrate. This is similar

3433 whereby films applied to substrates adopted the

to an effect reported by Kluson et al
underlying morphology. After thermal treatment of the triple-layered film the layering
remains distinct. This is shown in figure 4.2.5, where again the graphic at right explains the

micrograph.

Figure 4.2.5: Scanning electron micrograph of a triple layer coating of titania on
FTO glass after thermal treatment at 823 K.
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Attempts to determine the crystallinity of the films with X-ray diffractometry were
unsuccessful. A typical diffractogram obtained of a blank, uncoated FTO slide is shown in

figure 4.2.6.
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Figure 4.2.6: X-ray diffractogram of a blank, uncoated FTO conducting glass shde.
The peaks obtained are in agreement with those quoted in the literature *

Comparison of the diffractogram above with that of a calcined titania thin film on FTO (figure

4.2.7) shows that none of the signals characteristic of titania, either anatase *~%~%"%6167 or

-1 47.56,58,61-62,65-67
rutile 47-36:98:61-6265-67 yare seen.
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Figure 4.2.7: X-ray diffractogram of a titania coated FTO conducting glass slide.
The peaks obtained are only those of the FTO as seen above.

It is thought that this was due to the thin nature of the films. Yu et al. *® reported a similar
result and attributed the absence of peaks to film thicknesses being less than 500 nm. They
further stated that orientation towards the (101) plane of anatase only began above 500 nm

film thickness.
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The absence of peaks may of course be due to the fact that the films could be non-crystalline,
i.e. amorphous, as none of the other results obtained are directly indicative of either an
anatase or rutile structure. Given however that we know the film thicknesses rarely exceed
350 nm, it is highly likely that coherent signals are unobtainable due to the thin nature of the
films, as described in the literature by Yu ef al.

UV-visible absorbance spectra were recorded of the thin films on conducting glass substrates.
The underlying tin oxide material has its own characteristic absorbance (as shown in figure

4.2.8) and the results obtained were in agreement with those in the literature .
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Figure 4.2.8: UV-visible absorbance spectrum of an uncoated FTO coated glass.

Because of this, reference readings were taken of identical uncoated slides prior to

measurement of the film spectra and thus the spectra obtained show only the absorbance of

the film.
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Figure 4.2.9: UV-visible absorbance spectrum of an un-calcined xerogel thin
film on a conducting glass substrate.
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The spectra obtained from un-calcined films typically lacked a distinct band-edge and |
showed an appearance such as that illustrated in figure 4.2.9 (above), taken of a xerogel film.
After calcining the onset of crystallisation was seen by the appearance of a sharp cut-off
region falling consistently between 380 and 400 nm. Figure 4.3.0 shows a spectrum obtained

from a thermally treated (calcined) thin film on an FTO slide. This is in agreement with

figures quoted by Fretwell > and others **°*°**® who report band-edges at around 400 nm for
g q y

titania thin films deposited by sol-gel methods.
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Figure 4.3.0: UV-visible absorbance spectrum of a titania thin film on a conducting glass substrate.

There is some evidence from the spectrum of a shoulder on the main peak at around 380 nm
however this may be a continuation of the interference bands observed above 400 nm. Similar
interference bands were seen by Yu e al. ** and may be caused in part by scattering > and
interference due to the film-thickness and incident wavelengths being of comparable
dimension.

A crude estimate of the band-edge (which ignores the shoulder) is shown on the figure above.
This yields a cut-off wavelength between 380 and 390 nm. This corresponds to a band gap of
between 3.17 and 3.26 eV. Anatase titania has a band gap of 3.2 eV * whereas rutile has a
band gap of only 3.0 eV ®, thus this result may be suggestive of an anatase structure.
However, as the band gap of nanoparticles is a size dependent property, if the film were made

of discrete particles then this result may not indicate an anatase structure.
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If rutile particles were sufficiently small in diameter then a band gap energy of 3.0 eV
(equivalent to A =413 nm) could increase. Indeed, Frindell et al. * reported a band-edge shift

of 25 nm (0.2 eV) in doped titania nanocrystals by virtue of their small size.

4.3.2 Doped titania thin films on slides

After successful deposition and generation of undoped titania thin films on slides, attempts
were made to deposit cation-doped titania films. Lithium ions are well known to substitute
into the titania lattice due to the good match in ionic radii and may induce colourisation
properties to the film. Lithium salts were dissolved into water that was subsequently used to
hydrolyse the sol. The sols remained stable and good raw-gel films were produced. Figure

4.3.1 shows a smooth raw gel deposited onto a conducting glass slide.

Figure 4.3.1: Scanning electron micrograph of a smooth raw gel deposited onto a conducting
glass slide. The cross was made with a needle point to determine film thickness.
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Figure 4.3.2: Scanning electron micrograph of a fractured, calcined film on a conducting glass slide.
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Upon calcining the lithium doped films showed a tendency to fracture extensively as can be
seen in figure 4.3.2 (above). It is possible that the incorporation of lithium into the titania
lattice has resulted in phase separation into Li" rich and Li" poor regions as suggested by
Zachau-Christiansen ef al. ™.

These two regions would have fundamentally different properties, with the lithtum-rich region
being characterised by titania with a mean oxidation state nearer +3 and perhaps a rutile phase
as suggested by Lopez ef al. °°. The lithium-poor region would, on the other hand, be
predominantly tetravalent and consist of the anatase phase. These differences in structure
could lead to the extensive fracturing seen.

The doped samples were assessed by XPS and the results of a survey scan are shown in figure
4.3 3. Lithium has only a single, weak 1s peak at a binding energy of 54.8 eV "', however

this was not seen on the spectra obtained. This is due to the low dopant level used.
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Figure 4.3.3: XPS survey scan of a lithium doped titania thin film on a conducting glass substrate.

Information about the oxidation state of titania in the material can be obtained from a high

resolution scan taken of the same sample and shown in figure 4.3 .4 (overleaf).
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Figure 4.3.4: XPS spectrum of the Ti 2p peak of a lithium doped titania thin film on a
conducting glass substrate.

Metallic titania would show a Ti 2ps;2 peak at a binding energy of 453 to 454 eV BINT,
Titanium (II) shows the same peak in the range 454 eV up to 455 eV 7. Titanium (111}

73,74,75
V 2

shows the 2ps;, peak between 455 and 457.5 e . Titanium (IV) generally appears above

458 eV up to about 460 eV although it has been seen around 457.5 eV as seen here **
51,59,70,72,73.76

In addition to the formation of a rutile phase, as reported by Lopez *°, the incorporation of Li"
into the lattice will also induce the reduction of titanium (IV) to titanium (III) in the region of
the lattice surrounding the lithium ion. This would be necessary to maintain the charge
balance within the lattice.

In addition to direct lithium doping during hydrolysis and polycondensation, simple
electrochemical lithium insertion experiments were also performed on undoped films. When
an undoped, calcined titania coated electrode was electrochemically reduced in the presence
of a lithium containing electrolyte (aqueous lithium perchlorate, 0.1 M) the UV-visible
absorption spectrum of the film changed dramatically and a visible darkening (indigo) was

seen on the electrode.
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Figure 4.3.5 shows the UV-visible absorbance spectra of the oxidised and reduced states of
the film, and figure 4.3.6 shows a UV-vis spectrometry time-series of the same sample as the

applied potential was cycled with time.
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Figure 4.3.5: UV-visible absorbance spectrum of a titania thin film in the oxidised and
reduced states during electrochemical lithium insertion.
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Figure 4.3.6: UV-visible time series showing the fluctuation of film absorbance as the applied
potential is cycled with time.

The picture is made clearer by selection of an individual wavelength. The variation in
transmittance at 600 nm versus applied potential is plotted in figure 4.3.7 (overleaf). The
direction of the scan is indicated with arrows on the plot. The strong optical response of the
film indicates that reduction of the film and uptake of lithium ions from the electrolyte is
occurring. The film integrity was far superior in the case of electrochemical doping of the film
than for chemically doped films.
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Figure 4.3.7: The change in transmittance of a titania thin film electrode as a function of applied
potential at a wavelength of 600 nm is shown plotted together with the corresponding cyclic
voltammogram. (Arrow indicates direction of scan at a sweep rate of 100 mVs') Optical
measurements commenced 15 seconds after the start of the potential cycle which commenced at
+0.5V
The electrode coating did degrade if left at a constant reducing potential due to violent gas
evolution at the electrode surface. The indigo colouration of the reduced film faded over
several minutes during exposure to air upon removal of the electrode from the cell.
Films doped with 1 %o (0.1 %) atomic ratio trivalent europium were also attempted using the
same sol-gel process. Film thicknesses slightly thicker than those obtained for undoped films

were seen, typically between 500 nm and 1 pm. Good quality thin films were obtained on

conducting glass slides.
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Only where films were deliberately scratched or at the film edges was it possible to obtain

good micrographs which illustrate film thickness, such as that shown in figure 4.3.8.

titania

titania

substrate

titania

Figure 4.3.8: Scanning electron micrograph showing a single calcined film of titania doped
with europium 3+ deposited onto a FTO substrate.

X-ray photoelectron spectroscopy analyses showed some evidence for the presence of

europium in the films, with weak signals for europium seen at high binding energy in survey

spectra (figure 4.3.9) at binding energies in excess of 1100 eV.
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Figure 4.3.9: X-ray photoelectron survey spectrum of a single calcined film of titania, doped
with europium 3+ and deposited onto a FTO substrate.
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Closer inspection of the regions where the europium signals were expected showed that
small amounts of the europium ion have been incorporated. Figure 4.4.0 and figure 4.4.1
show high resolution spectra of the high binding energy region above 1100 eV and the lower

energy region around the Cls signal respectively.
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Figure 4.4.0: High binding energy Figure 4.4.1: 270 to 300 eV region of
region X-ray photoelectron spectrum the X-ray photoelectron spectrum of a
of a single calcined film of titania, single calcined film of titania, doped
doped with europium 3+ ions, with europium 3+ deposited onto a
deposited onto a FTO substrate, FTO substrate.

showing the weak Eu3d signals at
around 1130 and 1155 eV.

In both instances it is possible to identify weak but characteristic 7’ peaks of europium. The 3d

signal at 1130 — 1155 eV and the 4p at just below 300 eV as a shoulder on the C1s signal at

285 ¢eV.

Multilayer deposition was demonstrated on single sheets of FTO whereby successive coats

were deposited onto calcined earlier layers, figure 4.4.2 (overleaf).
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O coats

Figure 4.4 .2: Illustration of the appearance of multicoated conducting glass slides created by
repeated dipping and calcining. Thickness is increased with each additional applied layer.

Film quality, coverage and cohesion was excellent across the bulk of each coated surface
except at the steps where successive layers began, at which point film fracture was observed.
It was at these fractured regions that scanning electron micrographs were taken to estimate
film thickness and layering structure. In the absence of fracturing only smooth, even films
were seen with little or no contrast for beam focussing or image capture.

Figure 4.4.3 shows an electron micrograph of the step between the uncoated bare slide and the

first doped layer.

titania Iaye\

Figure 4.4.3: Scanning electron micrograph showing a single calcined film of titania doped
with europium 3+ deposited onto a FTO substrate.

N —

The addition of successive layers is visible in the electron micrographs shown in figures 4.4.4
and 4.4.5 (overleaf). The underlying layers in both images are seen to appear more crystalline
in structure with a rougher surface texture, taking on the appearance of the base conducting
oxide with each successive layering and repeated calcining.
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Figure 4.4.4: Scanning electron micrograph showing a FTO substrate coated with two calcined

films of titania, both doped with europium 3+.
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Figure 4.4.5: Scanning electron micrograph showing a FTO substrate coated with three successive

calcined films of titania, all doped with europium 3+.

No fluoresence was visible to the naked eye under ultraviolet irradiation. This was not

surprising given the low doping concentration used, 1 %o, which equated to a ratio of 1

Eu:1000 Ti. Higher ratios were not investigated due to the low solubility of the europium (III)
salt used. The use of the trinitrate salt would allow higher doping ratios and may thus allow

the generation of luminescent films such as the 8 mol % used by Frindell ez al ** and others 7"

80
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4.3.3 Undoped titania coated optical fibres
Having shown that titania thin films could be deposited onto flat substrates work was carried
out to deposit similar films onto optical fibre. The curvature of the fibre surface was likely to
cause problems and is illustrated in figure 4.4.6 which shows two electron micrographs (with

explanatory diagrams) of an uncoated plastic clad silica (PCS) fibre.

! A
60 um &

cladding

core \cladding

Figure 4.4.6: Scanning electron micrographs of an uncoated, plastic-clad silica fibre.

The silica core and the fibre cladding are clearly visible. The core has a diameter of 200 um
and the cladding is approximately 15 pm thick. Deposition of a single gel coat (without
calcining) followed by drying at room temperature in air yielded a uniform film of 1 to 2 um
thickness which showed excellent coverage and even thickness over the entire dipped length.

Figure 4.4.7 (overleaf) is a pair of scanning electron micrographs of the cladding and coating.
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Figure 4.4.7: Scanning electron micrographs of a PCS fibre dip coated with a single
layer of un-calcined gel.

Deposition of multiple layers of gel led to thicker and smoother films as shown in figure

4.4.38.

thick gel coat

Figure 4.4.8: Scanning electron micrograph of a thick gel coated PCS fibre.
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The raw gel coated fibres were analysed using X-ray diffractometry. The results, e.g. figure

4.4.9, showed (as expected) an amorphous state.
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Figure 4.4.9: X-ray diffractogram of PCS fibres coated with raw gel layers showing no crystallinity.

After thermal treatment at temperatures in excess of 350 °C the samples were again subjected
to XRD analyses. Results were disappointing as illustrated in figure 4.5.0. No peaks were

seen other than a slight sharpening and shifting of the amorphous hump seen around 26 = 20 °.
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Figure 4.5.0: XRD results for silica optical fibres after thermal treatment (TT) at 420 °C (693 K)
This may be due to experimental difficulties in XRD analysis of the fibres, or, as seen before
for coated slides, that insufficient sample was present. As a general rule, samples that were
treated at elevated temperature suffered damage due to film shrinkage. Exposure of raw gel
coated fibres to temperatures higher than around 150 °C resulted in extensive fracturing of the
film. The extent to which fracturing occurred depended upon the applied temperature, the
presence or absence of a vacuum and the thickness of the film. Figure 4.5.1 (overleaf)
illustrates the fracturing effects seen.
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Figure 4.5.1: Scanning electron micrographs of a fibre with a fractured single gel thin film.

As can be seen from the image above, shrinkage of the film leads to failure and subsequently
to the formation of extensive networks of cracks. In addition the films receded, exposing the
substrate. It was thought likely that the high degree of curvature of the surface would
exacerbate the shrinkage problem. Were the cladding to be removed and the coatings applied
directly to the core surface, the problem would become more severe.

To address the shrinkage issue, films were applied to larger fibres with a diameter of 1 mm.
These fibres (illustrated in figure 4.1.6 in an earlier section, 4.1.3) are made of
polymethylmethacrylate and have a significantly less curved surface upon which deposition
can occur. Gel films applied to this surface were significantly smoother and thicker as shown

in the electron micrograph in figure 4.5.2.

gel layer

Figure 4.5.2: Electron micrograph of a gel coated, uncalcined PMMA fibre with large (1 mm)
diameter.
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Despite showing considerably better quality films, the one drawback of the PMMA fibre is
its inherent inability to withstand high temperatures. With a melting point below that required
for anatase crystallisation another means of calcining the gel and for removing the organic
residues was needed. Upon drying of some samples under vacuum at 90 °C (363 K) an
interesting phenomena was observed. As shown in figure 4.5.3, the film appeared to undergo
rearrangement to form isolated structures. These hexagonal structures were shown to be

predominantly titanium using energy dispersive X-Ray (EDX) analysis in situ.

Figure 4.5.3: Scanning electron micrographs showing isolated, hexagonal structures which formed on
a gel coated PMMA fibre after vacuum drying.

Fine structure seen in the highest magnification image in figure 4.5.3 (above) is suggestive of
a continuation of the hexagonal structuring on a smaller scale. The size of the structures
varied between 3 and 5 um. However, occasional, isolated larger structures with the same

general features were observed. One such structure is shown in figure 4.5.4.

Figure 4.5.4: Micrograph of a large (20 — 30 um) hexagonal structure observed growing out from
the surface of a vacuum dried gel film on PMMA.
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Further to the images shown above, after the sample had been aged under vacuum for a

further 7 days, additional micrographs were taken and these images are shown in figure 4.5.5.

Figure 4.5.5: Micrographs showing network formation between hexagonal structures after 7
days’ further growth under vacuum conditions.

The images above clearly show the formation of a branching network connecting the
hexagonal features together. No clear explanation for these structures could be found
although it is thought that they may indicate the precipitation of a titania salt out of the gel
phase under the influence of the vacuum. EDX analysis did not show the presence of any
elements other than titanium were present, however this is by no means conclusive as many
elements do not show strong signals under EDX spectroscopy. Further work would be
required to investigate this phenomenon to determine its precise cause and whether or not the
effect was predictable and reproducible. Certainly, in this investigation it was not seen in
every sample nor was it possible to identify which treatment if any (other than the vacuum
drying) led to its appearance.

Due to the lack of temperature resistance of the coated fibres alternative methods were
required to attempt to crystallise the amorphous gels and to remove the Triton-X100

surfactant residues. This work is discussed in the following chapter.

167



4.4 Conclusions.

The concepts of feasible fibre-optic based point sensors which would incorporate titania thin
films have been introduced and their plausible modes of operation outlined. Ideas for novel
incorporation of electrochemical sensing using a micro-optical ring electrode (MORE)
together with other optical fibre devices have been discussed although no such devices were
assembled.

The deposition of thin films of titanium dioxide onto assorted substrates has been shown.
Deposition onto conducting glass slides was largely successful, with good robust 300 to 500
nm thin films of nanocrystalline titania being produced. Scanning electron micrographs
(SEM) demonstrated that layers of reproducible thickness could be produced as either single
or multi-layered films. X-ray diffraction (XRD) investigations into the crystallinity of the
films were unsuccessful. Despite this, investigation using X-ray photoelectron spectroscopy
(XPS) confirmed that tetravalent titanium dioxide was indeed produced and suggested that a
surface-hydroxylated form (anatase) may be present. UV-visible spectra demonstrated that
optically transparent films were produced and showed clear differences between raw gel and
crystalline films with sharp band-edges indicative of well defined crystal size in samples that
were calcined at elevated temperatures.

The deposition of lithium doped thin films on conducting glass slides was less successful.
Upon thermal treatment the doped films became extensively fractured which it was surmised
may be due to phase separation of the matrix into lithium rich and lithium poor regions. In the
absence of secondary ion mass spectrometry imaging or mapping XPS this could not be
confirmed. Again, XRD analyses failed to produce spectra of the films, likely due to their
very thin (<500 nm) thicknesses. XPS spectra did not show direct evidence of the presence of
Li" in the films. Given the weak signal expected from the single Lils electron in XPS
generally, this was not surprising. The high resolution spectra of the Ti2p signal showed that

the Ti2ps, peak for lithium doped films was found at the bottom end of the range expected for
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tetravalent titanium and lay in the range where Ti** may be seen. This may be indirect
evidence for the presence of Li" in the lattice as this would cause a reduction in the mean
oxidation state of titanium within the lattice overall. Electrochemical lithium insertion into
both lithium-doped and pure titania thin film electrodes on conducting glasses showed that
room temperature intercalation was possible accompanied by a pronounced change in the
optical properties of the film. The presence of such intercalation at room temperatures is
indicative of an anatase (or brookite) structure. When the film potential was swept in the
negative direction a cathodic reduction current was seen, associated with the reduction of Ti
(IV) to Ti (IIT) and the intercalation of lithium and was accompanied by a change from a
transparent to a deep blue colour. The film returned to its deintercalated transparent state
when the scan direction was reversed and an anodic current peak was recorded. Cyclic plots
of transmittance versus film potential showed a sigmoidal shape but did not overlay on each
repeat cycle, nor was superimposition observed for successive voltammograms where a
diminishing current response was observed with cycling. The films were thus not wholly
optically reversible and the redox reaction was not fully stable. Over several cycles it was
possible to observe film degradation with each charging/de-charging cycle and films
deteriorated fully after between 5 and 10 cycles.
Europium doped films were produced successfully, albeit at very low doping ratios. The
doping ratios used were of the order of 1 %o and were too small for any luminescence to be
observed under UV illumination. Nor was the doping of sufficient concentration to produce
strong signals in the XPS spectra. Some evidence for the presence of Eu was seen, but no
allocation of oxidation state was possible. Stronger doping, between 1 % and 10 % would be
required to produce strong signals and visible luminescence. The europium doped films were
characterised by excellent adhesion and smooth, unfractured surfaces. Film thicknesses were

of the order of 200 to 500 nm and multi-layered structures were produced.

169



Coating of optical fibre with titania thin films was unsuccessful. Reproducible deposition of
raw gel layers and xerogel films was demonstrated, however attempts to calcine these layers
to form crystalline films failed. The contraction of films under heating led to catastrophic
fracture of the films and in many cases to damage to the underlying fibre support. Use of
fibres with considerably larger dimensions to minimise curvature did not solve the problem as
these larger core fibres were made of plastics which deformed or melted when exposed to
temperatures in excess of 150 to 200 °C. Despite some interesting results with the un-
calcined, xerogel films on these PMMA fibres the intention to produce crystalline films on the
fibres by standard methods of thermal treatment was scrapped. It then became necessary to
determine alternative methods for the production of crystalline films on the fibre surfaces and
hence, considerable effort was directed into establishing a series of treatments which would
induce crystallisation in the films, remove the organic residues which make up a significant
proportion of the un-calcined gels and not exceed the critical thermal criteria imposed by the

substrate materials. This is discussed in the next chapter.
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CHAPTERSS

Investigation into the development of alternative methods for

the post-coating treatment of titania gel-coated optical fibres.

176



5.1 Introduction

It is a further aim of this work to develop a low temperature annealing process so that optical
fibres that would not otherwise survive the high temperature calcination regime can be coated
with well crystallised thin films of anatase titania. It has been established that the room
temperature reverse sol-gel methods discussed in earlier chapters will yield amorphous films
and therefore some means of densification and crystallisation must be found.

Work has been conducted into calcining sol-gel films by treatment with supercritical fluids,
UV 1rradiation, hydrothermal treatment, steaming or a combination of these. Crystalline
products may be obtained in sifu, without any thermal treatment, although only if direct
micelle methods, 7.e. those in aqueous media, are used. Guan ef al ' for example reported that
titania nanocrystals were anatase as prepared by a photoassisted sol-gel process in acidic
aqueous media. The removal of the extensive organic residues found with the reverse micellar
microemulsion method discussed in earlier chapters is paramount and, it is hoped, may be
achieved by the use of a combination of the above treatment methods. This will also hopefully
lead to crystallisation of the anatase form of titania at low temperatures. In addition, if
metamorphosis from the amorphous to the anatase phase occurs before complete removal of
organic residues it may be possible to photocatalytically degrade the organic material in situ

by irradiation with appropriate (near UV) light sources.

5.1.1 Supercritical fluid extraction (SFE) treatment of sol-gel coatings

Supercritical fluid extraction (SFE) with carbon dioxide has been reported > as a means of
removing organic residues. The supercritical carbon dioxide process used is performed above
the critical point of carbon dioxide, at low temperature, i.e. 304 K, and high pressures, i.e. 7.4
MPa. Supercritical fluids have the useful property of total miscibility with gases, and diffusion

coefficients similar to those of gases, yet they retain the ability to solubilise quantities of
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solute equivalent to that of liquids 3 _Furthermore above the critical point it is possible to
modify solvent properties such as viscosity, diffusivity and dielectric constant by varying the
temperature and pressure. By way of example, the dielectric constant of supercritical water is
so low that it is capable of dehydrating hydrous metal oxides and as such has been recently
reported as a novel method for the synthesis of mesoporous titania nanopowders *.
Supercritical carbon dioxide has been shown to substantially reduce the carbon content of gels
and gel coatings. For example, a decrease from 59 wt% down to 9.8 wt% carbon content after
SFE was reported by Kluson e al.”. This shows that it is possible to remove a substantial
proportion of the organic residues by treatment with supercritical CO,. However, after SFE the
gels remain in the amorphous state and hence, samples still require a high-temperature
annealing step after this treatment. Ayral ef al. * reported that supercritical treatment of silica
can increase skeletal density slightly; it will be important to assess whether the same
phenomenon is observed in titania gels and if so what impact this will have on porosity. Ayral
et al. * also reported that treatment with supercritical methanol will result in the generation of
a hydrophobic methylated surface by removal of the surface hydroxylation. Thus, SFE
represents a powerful method for the removal of labile components and for modification of the

surface chemistry of the gel matrix.

5.1.2 Hydrothermal treatment

Hot water, humidity and steam treatments have been quoted as effective in removal of
organics, rearrangement of films and subsequent crystallisation of titania. Such processes are
attractive for the treatment of titania on low heat resistant substrates as the treatment
temperature rarely exceeds the melting points of the materials being treated.

Hayashi and Torii * reported the production of high specific surface area, mesoporous titania

nanopowders via a novel process combining aqueous hydrolysis of titanium (IV) isopropoxide
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tollowed by hydrothermal treatment with both sub- and supercritical water regimes. Imai ez
al.” emphasised that steaming of films in an autoclave led to measurable increases in their
refractive index and showed in an earlier paper ° that titania films were converted to anatase
by exposure to water vapour in the 60 to 180 °C range. Kotani ef al. ” have successfully
prepared transparent and porous anatase nanocrystals in the presence of polyethyleneglycol by
treatment of gel films with hot water at atmospheric pressure. Burgos and Langlet ® coated
organic substrates with titania gels and found that after treatment with water the flexibility and
hardness of coatings became more compatible with the polymeric substrate and thus improved
adhesion. Surfactant mediated deposition of nanoscale anatase at temperatures between 40 and
70 °C from aqueous solutions of titanium tetrafluoride was reported by Shimizu ef al. ° and
post-depositional treatment of thin films with a mixture of ammonia and water vapour is
reported to improve scratch resistance in silica films '’. Hydrothermal treatment at higher
temperatures, by Aruna ef al. ‘', led to the production of pure rutile nanocrystals by addition of
an isopropanol solution of titanium isopropoxide to nitric acid followed by autoclaving at 250
°C. Acidic media may be used in combination with hydrothermal methods to produce selected
phase-pure titania products by variation of temperature, pressure and concentration as reported
by Wu et al. . In an earlier work *°, Wu et al. synthesised both anatase and rutile powders by
a microemulsion-mediated hydrothermal method using a Triton X-
100/water/hexanol/cyclohexane microemulsion in an autoclave in which crystalline powders
were achieved without the need for further calcination. Thus, it is hoped in this work that
similar hydrothermal treatments of amorphous, raw gel films deposited on optical fibres may
aid in gel rearrangements leading to crystallisation and the removal of surfactant residues and

reaction by-products.
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5.1.3 Ultraviolet irradiation

In addition to SFE and hydrothermal treatments, there is evidence in the body of literature to
suggest that it may be possible to aid in the development of the anatase crystal structure by
irradiation of films with UV radiation in sifu, during the dip-coating step.

Guan et al. ' reported the generation of anatase nanocrystals in-situ by photoassisted sol-gel
methods. After hydrolysis of titanium (I'V) butoxide in acidic medium under UV radiation,
well crystallised, highly photocatalytic anatase was obtained and confirmed by XRD.
Crystallisation of titania in xerogel films is also possible *'* by bombardment with an
ultraviolet laser. Imai ef al. > observed densification and crystallisation of titania thin films by
film irradiation with a 4.7 eV (264 nm) UV laser. They stated that rather than using IR or
visible laser photons for the direct heating of coatings as used by Taylor and Fabes >, UV
photons will directly promote dehydration and bond cleavage through electronic processes and
thus will directly promote the densification and crystallisation of thin films. Further, it was
stressed by Scherer '® that fast heating of sol-gel films, such as that seen with IR or visible
laser irradiation, favours densification over crystallisation, thus the use of UV photons will
improve crystallinity without directly promoting densification which could limit the specific
surface area obtainable. Vandeleest ' reported that thin films made by alkoxide hydrolysis can
be annealed at low temperature, i.e. less than 373 K, by irradiation with UV light of less than
200 nm (> 6.2 eV). Liu et al. '® reported on the production of titanium dioxide nanoparticles
via a photoassisted sol-gel process using a S00 W Hg lamp with an estimated intensity of 20
mWecm™ at the cell surface. This process led to a reduction in the phase transition temperature
of anatase to as low as 100 °C, at which temperature, grain sizes of 3.6 nm were reported. In
an earlier paper ° Liu ef al. explained the decrease in the anatase phase transition observed
with UV irradiation. They found a shift in the Raman spectra indicative of a non-

stoichiometry in the anatase samples and found that the samples were oxygen deficient.
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The oxygen vacancy defects, which were confirmed by electron diffraction and X-ray
photoelectron spectroscopy, were generated by the ultraviolet light and these vacancies acted
as nucleation sites for the transition from amorphous to anatase phases. They also pointed out
that as the transition to anatase involves a rearrangement of the oxygen framework (hence the
volume shrinkage) that the production of the oxygen vacancies in the lattice may serve to
accelerate these rearrangements.

In general, the sources of ultraviolet radiation quoted range from high intensity UV lasers to
discharge lamps and fluorescent tubes, with varying degrees of success. The work described in
this chapter aims to determine whether the use of UV irradiation in isolation or in combination
with hydrothermal or supercritical fluid treatments would be successful in overcoming the

restrictions imposed by the choice of optical fibre materials.
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5.2 Experimental

5.2.1 Supercritical fluid extraction

Optical fibres and conducting glass slides were coated with thin films of sol-gel titania by the
method reported in earlier chapters. Film thicknesses varied with differing numbers of
dipcoats. Optical fibres with both thin (2 to 3 coats, <500 nm total) and thick (10 to 15 coats,
>5 um total) were prepared. Coated samples were dried as before at 70 °C (343 K) and
atmospheric pressure and then at the same temperature under vacuum for 24 hours.

Samples were shipped to Dr. Petr Kluson at the Chemical Institute in Prague for extraction
with supercritical carbon dioxide. SFE was performed in a two stage process. Firstly,
pressurised fluid extraction (PFE) was performed (at 14.2 MPa, 373 K for 60 minutes) with
methanol at a flow rate of 1 cm’min™". Secondly, pressurisation of the reaction cell with a 90
% CO, / 10 % methanol mixture at 373 K and 45.6MPa and a flow rate of lcm® min™ was
followed by extraction with carbon dioxide (SFE grade) under the same conditions. Samples
destined for SFE analyses were first subjected to elemental analysis to determine carbon
content using a Perkin-Elmer, CHN-240C. This assessment was repeated on samples after
SFE to determine the proportion of organic extracted.

After SFE was completed, samples were examined with electron microscopy either in Prague
or Bangor to determine the integrity of the film. X-ray diffractograms and adsorption
isotherms were recorded to determine the crystallinity, porosity and structure of the films.
Volumetric nitrogen and argon adsorption measurements were performed at 77 K after
samples were placed into high vacuum (10 Torr, 423 K, 6h). Experiments with carbon
dioxide were performed at 298 K. These measurements were made in Prague by Dr. Petr

Kluson and results sent to Bangor. The surface area of the films was estimated by BET

20-22 22-24

analysis of the adsorption data and pore size diameter (PSD) estimates were also

determined by BJH methods.
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5.2.2 Hydrothermal treatment of gels

Bulk gels in both raw and dried states were subjected to steaming with distilled water, both at
atmospheric and elevated pressures using open and closed vessels respectively (illustrated in

figure 5.0.1). Thin gel films were treated in the same manner both on conducting glass slides

and on optical fibres. Steaming was performed for 1 hour in all cases after which all samples

were dried under vacuum at 343 K for 24 hours.
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Figure 5.0.1: Diagram to illustrate the two steaming systems used during

hydrothermal treatment of gel samples and thin gel films. The two systems were
OPEN, ATMOSPHERIC PRESSURE (left) and CLOSED. ELEVATED

PRESSURE (right).

After drying the resulting bulk gel samples and any leached exudate were subjected to FTIR
spectroscopy and elemental analysis by combustion. Electron microscopy was also used to

determine any morphological change in the specimens, both bulk gel and thin films.

5.2.3 UV treatment of gels

Samples of raw whole gel, and raw gel coated fibres were exposed, after gelling completion,
to UV radiation from a series of sources. The sources used were a mercury vapour discharge
lamp, a xenon arc lamp (Oriel Research Lamp, A = 190 nm — 1100 nm broad spectrum) and an

UV discharge lamp (A = 254 nm).



Masks (figure 5.0.2) with circular apertures (® = 5 mm) were used to block out sections of

sample so as to only expose a controlled region to the incident radiation.
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Figure 5.0.2: Diagram to illustrate the use of masks during UV illumination of samples.

Samples were irradiated for between 12 and 24 hours. Electron micrographs were recorded to
observe the quality of films and to discern any morphological changes in the film surface after

irradiation.

5.2.4 Production and deposition of pre-calcined nanoparticles

Gels were calcined in the presence of air at temperatures varying from 350 °C (623 K) up to
550 °C (823 K) in a muffle furnace. The resulting powdered samples were stored in glass vials
prior to use for coating. The nanocrystalline particles were resuspended in volatile solvents.
Ultrasonic agitation was applied for 10 minutes to break up larger agglomerates. Samples of
optical fibre were dipped and withdrawn from the suspensions at a constant rate of 10 cm per
second. The coated fibres were then dried at 70 °C (343 K) for 2 hours prior to storage and
characterisation. Both straight and coiled optical fibres were used. Coiled fibres were prepared
by heating of the fibre using a bunsen flame (for silica fibres) or oven (plastic fibres) and then
coiling/bending around a suitably curved surface as described in the next section. Coated

samples were characterised by electron microscopy.
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5.2.5 Substrate preparation — fibre coiling

In order to increase the evanescent field of the optical fibres, a method was developed to
produce permanent coils of fibre which could then be coated with thin films. Various methods
of support and adhesives for the fibre coil were tested. Heat treatment as a possible means of
setting the fibres into a coiled orientation was assessed with varying temperature regimes and
coiling dimensions. Lengths of plastic fibre (1 m) were cut and coiled around glass tubes of
varying diameter and fixed in place with wire. The glass tubes were then heated in a furnace
and removed and allowed to cool before removal from the support. Coils heated at 523 - 623
K for between 5 and 10 minutes maintained a tightly coiled geometry upon cooling to room
temperature. Fibres heated at greater temperatures showed a tendency to melt uncontrollably
whereas those heated to lower temperatures failed to maintain a helical geometry after
cooling. Coils with diameters of 20 mm and 32 mm were produced. The coils of plastic fibre
were coated using the same procedure as for the straight optical fibres.

Silica optical fibres required a simpler approach whereby brief heating of the exposed silica
fibre to a bunsen flame caused sufficient softening of the core to allow manual bending of the
fibre into U-bends or coils as shown in figure 5.0.3 below. Again, excess or insufficient

heating led to uncontrollable melting or fracture respectively.

I @)

Figure 5.0.3: Diagram to illustrate the geometry of fibres after bending/coiling.
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5.3 Results & Discussion

5.3.1 Superecritical fluid extraction

Electron micrographs obtained of the thin films after SFE show (figure 5.0.4) the emergence
of granularity on the nanoscale, with a grain size between 30 and 50 nm. The images also
show that the films are severely damaged by the supercritical process which leads to a highly
fractured surface with individual flakes of dislodged films overlying each other. In fact, it may
be inferred from the images that this damage occurred in an early stage of the process and that
the crystallization and densification of the films occurred, efficiently, after the damage was
incurred. It is possible that the initial PFE (pressurized fluid extraction) with methanol may be

responsible. Further work, beyond the scope of this research, may reveal the explanation.
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Figure 5.0.4: Scanning electron micrographs showing two different views of thin gel films after SFE at
a magnification of 10° times. The grain size is shown to be approximately 30 to 50 nm. These images
were taken by Dr. Kluson, in Prague.
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The SFE process also led to the successful removal of a large proportion of the surfactant
residues from the film. This can be seen with FTIR spectroscopy as is shown in figure 5.0.5
below. It is interesting that the hydroxyl peak at 3500 wavenumbers sharpens after SFE. As
anatase titania has a hydroxylated surface it is possible that a small amount of the anatase

polymorph has been formed however this is not shown in XRD results.
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Figure 5.0.5: Infrared spectra of thin film before (B) and after (C) SFE together with the
spectrum of pure Triton X-100 (A). The characteristic trace of TX-100 is clearly visible in the
spectrum of the raw film but has disappeared after SFE treatment.

XRD spectra that were obtained of thin films demonstrated the same problems that were seen
in thin gels on conducting slides, discussed in an earlier chapter. No clear peaks of titania were
obtained, again perhaps due to the lack of a sufficiently thick film. As seen in previous
diffractograms, a broad, positive deviation in the trace was always found between 20° and 40°
26 and no peaks of either anatase or rutile were seen. It was only after additional thermal

treatment was performed that any peaks were observed.
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As shown in the example XRD trace in figure 5.0.6, thermal treatment at temperatures in
excess of 650 °C (723 K) led to the emergence of a single sharp peak at 29 °26 that does not

correspond to any of the characteristic peaks of titania.
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Figure 5.0.6: X-Ray diffractogram of a thin film after SFE and thermal treatment at 723 K. A
distinct peak is observed circa 29 ° 20 which does not correspond to any of the expected peaks
characteristic of anatase or rutile (shown as black and grey bars respectively for comparison).
A diffractogram taken of a sample treated at a higher temperature (773 K) showed no

difference from the above trace.

Volumetric gas adsorption studies demonstrated that the film develops a mesoporous structure
after SFE without further thermal treatment. Figure 5.0.7 shows a BET plot of the adsorption
data for a thin film after drying (as described earlier; 343 K, 24 hours) and SFE, without

further thermal treatment, together with the original isotherm obtained.
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Figure 5.0.7: Figure showing BET plot of data for TiO, thin film (after drying @ 343K and SFE)
SBET = 152 m’/g (Data obtained by Dr. Petr Kluson, Prague) Inset shows the type IV isotherm®
obtained: typical of mesoporous materials. (z = p/po)
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The shape of the isotherm obtained is of type IV, and is thus indicative of a mesoporous
structure®. Five isotherm shapes were defined by Brunauer et al.*°. Type I is the well-known

22 and has become characteristic of

Langmuir isotherm describing monolayer formation
microporous materials as the plateau is indicative of the completion of pore filling processes
*2 The second isotherm, type IL is known as the sigmoid or S-shaped isotherm and shows a
positive deviation from the type I curve with the adsorbed volume rising as the vapour
pressure, po, is approached. Type II & 111 isotherms are closely related to types IV and V,
where the key difference is a positive deviation from the corresponding type II or III and a
plateau region before the adsorbed gas vapour pressure is reached. In the case of a type IV
isotherm, characteristic of mesoporous materials >, this deviation is caused by the onset of
capillary condensation below the expected condensation pressure of the adsorbate . It is
generally only possible to differentiate between types I & IV if the adsorption isotherm is
measured to sufficiently high partial pressures, i.e. close to p/po = 1.

BET treatment of the linear region of the isotherm shown in figure 5.0.7 gave an estimate of
the surface area of 152 m’g”. BET treatment allows the estimate of surface area by treatment
of the adsorption isotherm at low pressures, i.e. between p/po= 0.05 and 0.3. Below this
region, BET treatment underestimates adsorption and overestimates adsorption above it.

As shown in the equation below, the BET treatment relates the ratio of the adsorbed volume,
V to the volume of monolayer coverage, Vi, with the ratio of the partial pressure, p, to the

vapour pressure above the adsorbate layer, pqo:

4 o where z= E & c

v, (-2{-(-0)z) P,

. e(A,kXHe—AmpH@)/RT

Rearranging gives:

gz 1 N (c-1)z
(1-2)V cV cV

m m
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Thus it is possible to plot (I—ZV on the y-axis and z on the x-axis to give a linear plot.
1-z

s . =]
The y-intercept will be equal %—and the gradient will equal to -1 ,
cV, ¢

By combination of these two quantities /,, may be obtained and thus the surface area

estimated. In addition to the Sggr measurements, porosity measurements were made from the

adsorption/desorption curves of the above film.
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Figure 5.0.8: Differential mesopore data obtained from the nitrogen desorption curve of a film
that had been dried at 343 K and treated with SFE. The mesopore diameter is estimated at 10
nm.

Figure 5.0.8 above shows the mesopore diameter as calculated by the BJH method ***,
whereby an estimate of the mesopore diameter of 10 nm is obtained. These results show that
the SFE process is successful at the removal of the pore-filling surfactant residues without
further thermal treatment and that the development of porosity is promoted.

Further thermal treatment of the thin films at temperatures in excess of 350 °C (623 K) led to
the development of a greater surface area, as expected. Figure 5.0.9 (overleaf) is a BET plot,
showing a similar treatment of results as that above, but for a film that has been calcined at
400 °C (673 K) after completion of the SFE process. The BET surface area obtained has

increased, by more than a factor of 4, up to 631 m’g”, as a result of the calcining process.
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Figure 5.0.9: Figure showing BET plot of data for TiO, thin film (after thermal treatment @ 673K
and SFE) SBET = 631 m%/g (Data obtained by Dr. Petr Kluson, Prague) Inset shows the type II
isotherm shape obtained.

This large value is in agreement with those obtained during earlier work in this area by Kluson
et al. * 1t can be seen that the isotherm obtained is ostensibly of type II, however the isotherm
was only obtained up z = 0.9 and thus it is not clear whether it may be type IV. Certainly, the
onset of the plateau in the isotherm shown in figure 5.0.7 occurs at around 0.9. From close
inspection of the latter portion of the type II isotherm there is a slight upwards curvature (with
respect to the x-axis) which would indicate that it is indeed a type II isotherm (figure 5.1.0).
This would imply that thermal treatment of the films after SFE leads to significant

densification and the possible loss of mesostructure. This will be determined by future work

on similar thin films.
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Figure 5.1.0 Figure showing magnification of the adsorption isotherm from figure 5.0.9.
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Application of the supercritical fluid extraction process to gel coated optical fibres was
largely unsuccessful. In all samples, SFE treatment led to catastrophic film fracture and
peeling. This can be seen in figure 5.1.1 and 5.1.2 below which show the surface of several

coated fibres after SFE.

Figure 5.1.1: Scanning electron micrographs illustrating the catastrophic fracturing of films
routinely observed for fibres that had been subjected to SFE treatments. In addition to the
fracturing of the films it is possible to see that the remaining flakes/plates have lifted off the
fibre surface.

It is not clear from the micrographs obtained whether the observed flakes represent the entire

film after contraction or whether film loss has occurred.

Figure 5.1.2: Higher magnification scanning electron micrograph to illustrating the appearance of
the flakes/plates remaining on the fibre surface. The surface of ecach flake is seen to remain
remarkably smooth and the film thickness appears constant. In addition, the colour of flakes can
vary from white, to black, under the electron beam.
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It is thought that as the extraction of surfactant residues proceeds, the film contracts to a
large degree. This is feasible as the organic residues have been shown to make up for some
50 % of the film. Thus, its removal is likely to cause a large decrease in volume (in addition
to the ~ 10 % shrinkage expected *° from lattice rearrangements), which in the case of a thin
film will cause lateral contraction and especially in the presence of a significantly curved
substrate this contraction will inevitably be accompanied by fracturing as axial strains are
induced in the receding films. A secondary phenomenon that is visible in most electron
micrographs obtained and seen in both figures above is that of the ‘colour’ of the flakes
under the electron beam. It can be seen that while some flakes are black, others are white or a
shade of grey in between. Each flake maintains a constant appearance within itself yet
neighbouring plates may be completely different. It is possible that this is simply a result of
surface charging within the microscope chamber however this is thought to be unlikely as the
samples were sputtered with gold prior to examination such that any surface charge would be
dissipated. Due to the failure of fibre coatings to survive the SFE process, no XRD or

adsorption data were obtained.

5.3.2 Hydrothermal treatment of gels
Bulk raw gel samples were subjected to steaming both at atmospheric and elevated pressures.
After steaming the gels changed in appearance from a straw coloured gel to a dark orange-

brown material with a friable consistency as can be seen in the photograph, figure 5.1.3.

P

Raw gel

Figure 5.1.3: Photographs showing the appearance of gels prior to and after steam treatment.
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The dark gel was to be found immersed in a clear, transparent, viscous fluid, similar in

appearance and texture to fresh Triton X-100. This can be seen in the photograph in figure

5.1.4 below.
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Figure 5.1.4: Photograph of the steamed gel immersed in the clear exudate, together
with overlaid infrared spectra of the exudate (black) and steamed TXI100 (red)
confirming the identity of the exudate as liberated surfactant residues.

The identity of the exudate was confirmed as liberated surfactant after comparison of the FTIR

spectra of the exudate with that of steam-treated TX100. As can be seen in the previous figure

the match is conclusive. Attempts to determine if the exudate was a single compound or a
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mixture using gas chromatography were unsuccessful due to the viscous, non-volatile nature
of the fluid.

The gel samples were removed from the exudate and rinsed in dry cyclohexane to remove all
traces of the surfactant residues. The gels were then dried and submitted for combustion
analysis. The results of the combustion analyses were compared to those obtained (and
discussed in chapter 3) for raw gel samples dried/calcined at varying temperatures. The results
of this comparison are shown in the plot in figure 5.1.5 whereby it can be seen that steaming at
atmospheric pressure reduced the % carbon (by mass) to a little over 30 %, and steaming at
elevated pressures reduced the % carbon to between 20 and 30 %. This is equivalent to the
reduction obtained by a calcination temperature of between 350 and 375 °C (623 and 648 K)
and in the case of the high pressure steaming represents a halving of the organic content.
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Figure 5.1.5: Graph illustrating the effect of hydrothermal treatment of gels on the residual carbon
content (as %C by mass) superimposed onto the trace seen earlier in Chapter 3, Figure 3.2.0

Thus, steaming of bulk gels was shown as an effective means of removing surfactant residues.
It is not known whether the increased extraction observed with increasing temperature was as
a result of the increased temperature of the steam or the increased pressure within the vessel. It
is likely that the penetration of the steam into the gel matrix and its interstices was greater with

increasing pressure and thus greater extraction was observed. Steam treatment led not only to
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a decrease in carbon content but also to the onset of anatase crystallisation. This was observed
with X-ray diffraction measurements.

Despite the temperature of treatment being some 250 to 300 ° cooler than the usual anatase
phase transition temperature, distinct anatase signatures were observed by XRD
measurements. The diffractograms shown in figure 5.1.6 demonstrate the onset of

crystallisation with hydrothermal treatment.
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Figure 5.1.6: X-ray diffractograms illustrating the effect of hvdrothermal treatment on the
crystallinity of gel samples. A: Raw, amorphous gel; B:Gel steamed at 373 K (1 atm.
pressure) for 1 hour; C: Gel steamed at 383-393 K (elevated pressure) for 1 hour: D: Gel
steamed at 383-393 K (elevated pressure) for 2 hours.

After steaming at atmospheric pressure the amorphous hump at 20 °26 disappears and weak
peaks of anatase can be seen to emerge from the noise at 25.4 °28 and at greater angles. With
increasing temperature (and pressure) of treatment the intensity of the anatase signal grows
considerably and shows a slight further sharpening after an increased time in the treatment
chamber.

Assessment of the gel samples with electron microscopy revealed little visible change in the
gel structure after steaming. Comparison of the electron micrographs in figure 5.1.7 overleaf
illustrates that unlike the difference between raw gels and calcined gels shown in figure 5.1.8

(also overleaf) the physical changes induced by steaming are more subtle and involve a
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softening of the gel edges. Were a field emission source electron microscope available and
thus inspection at higher magnification possible then differences between the two samples

may be discernible.

Figure 5.1.7: Scanning electron micrographs showing a comparison between the morphologies
of a raw gel sample and a steamed gel sample.
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Figure 5.1.8: Scanning electron micrographs showing a comparison between the morphologies
of a raw gel sample and a calcined gel sample.

Nevertheless, the onset of crystallinity in bulk gels was confirmed by XRD and the decrease
in organic content by combustion analyses. For thin films on conducting glass slides it was

hoped a similar trend would be observed with a noticeable decrease in surfactant content and
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anatase phase transition temperature. Steaming of gel films on conducting slides, both glass
and polyester (PET), gave mixed success. Steaming of flat thin films on slides led to

reasonably intact films.

Figure 5.1.9: Pair of electron micrographs at low and higher magnifications, showing the
patchiness of thin gel films after steaming. The figures at right are graphics to illustrate the
different regions of the left hand micrographs.

In most instances as demonstrated in figure 5.1.9 above, the resultant films were of a patchy

nature with numerous localised defects including cracking and blistering.

Figure 5.2.0: Electron micrograph showing the surface texture of a thin gel film after steaming.
The right figure is a graphic to illustrate the different regions of the left hand micrograph.
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Thin films, those less than 10 um, showed the best survival with a noticeable surface texture
present after steaming, figure 5.2.0 above. Where gel films were substantially thicker, in the
order of 50 pum, films showed extensive fracturing (figure 5.2.1) similar to that observed for
SFE treated samples, as predicted by Ayral ef al. 2 who also saw cracks in thick sol-gel films

and reported that only films less than 1 pm thick will remain crack-free during drying.

Figure 5.2.1: Electron micrograph showing the fracturing of a thick gel film after steaming.

In all cases, the edges of the defects showed a characteristic spreading. This is thought to be
indicative of partial gel dissolution and redeposition at the gel boundaries. This can be seen in
the figure above and is further illustrated in figure 5.2.2 which shows an un-steamed, thick

raw gel edge for comparison.

Figure 5.2.2: Pair of electron micrographs showing the edge features of a thick gel films
after steaming and in the raw state.
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Figure 5.2.3 shows the boundary spreading of a film that had been steamed at elevated
temperature and in addition, shows the presence of anomalous protrusions at the surface of the
film. The mechanism of formation of these structures is unknown, but again is thought to be

due to eruption of partially dissolved gels out from the gel matrix.

surface anomaly

Figure 5.2.3: Series of electron micrographs showing the surface features of a thin gel film after
steaming. The centre figure is a graphic to illustrate the different regions of the left hand micrograph.

In films which were steamed under pressure for 1 hour the phenomena were seen to extend
200 um or more from the film edges resulting in the appearance of ‘staining’ of the substrate

(figure 5.2.4) with no visible thickness at higher magnifications, (not shown).

Figure 5.2.4: Electron micrograph showing considerable fracturing of a thin gel film after steaming for
1 hour at elevated pressure. The extensive edge staining surrounding the film is clearly visible.
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Finally, hot water (non-boiling, ~85 °C) treatments were attempted whereby coated slides
were immersed in heated liquid water. These treatments led to catastrophic film failure as can

be seen in figure 5.2.5.

Figure 5.2.5: Electron micrograph showing the destruction observed after
immersion of a thin gel film into hot liquid water. Only a few (dark) pieces of film
remain adhered to the (light) substrate.

Thus, hydrothermal treatments were shown to give mixed results. Certainly, fracturing was
seen in the large majority of cases. The lines of fracture seen for thin films on slides were
randomly oriented in marked contrast with the fractures seen in the case of SFE treated fibres
which tended to align with either the axial or longitudinal axes of the coated fibres. In the case
of the slides, the contraction stresses have no dominant alignment. There is some evidence,
(figures 5.2.1 and 5.2.4) for primary and secondary fracturing occurring. In many cases it is
possible to observe a network of predominantly straight fractures intersecting at individual
points which outline a series of larger gel plates. These large plates are then internally
fractured by curved, random cracks forming still smaller plates. It is possible that the larger,
linear cracks appear first during early stages of treatment and that the smaller curved cracks
appear at a later time as contraction of the film progresses during later stages of steaming or

more likely during the drying phase after removal from the steambath.
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Hydrothermal treatment of coated fibres failed completely, with none of the applied films
surviving the process. Again, as seen in the case of supercritical fluid extraction, the forces
generated during the considerable contraction of the films were sufficient to first fracture the
films and then to completely detach them from the underlying curved substrates. Post-coating
treatments to remove the surfactant residues, both hydrothermal and supercritical, have thus
been shown to be unsuccessful due to the high organic content of the films and the associated
degree of film contraction upon organic removal. It is possible that reducing the organic
component of the film prior to or during coating would seem a better prospect for the

deposition of intact, well adhered films.

5.3.3 Ultraviolet irradiation

Irradiation of the films during or after coating with high intensity ultraviolet light may be
sufficient to stimulate the onset of crystallinity by direct bond cleavage and rearrangement.
Irradiation of a monolithic gel cast in a watchglass through a mask led to a profound

deepening of the yellow colouration in the exposed region (figure 5.2.6).
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Figure 5.2.6: Diagram illustrating the change in colour observed in a gel monolith after exposure
to ultraviolet light at 254 nm for 1 hour, through a mask with two S5mm holes (illustrated at right).

This gel was ground up and the exposed portion of gel compared under an electron

microscope with an unexposed gel sample.
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The micrographs obtained, at several magnifications, are shown in figure 5.2.7. It is clear by
comparison with the micrographs of a raw gel in the figure below (5.2.8) that the gel has

undergone a fundamental change in structure.

Figure 5.2.7: Series of scanning electron micrographs showing the morphology of a raw gel
sample after it has been exposed to UV radiation.

Figure 5.2.8: Series of scanning electron micrographs showing the morphology of a raw gel sample.

No change was seen in the XRD traces for UV irradiated gels, and gels retained their
amorphous character. Infrared spectra showed no difference between UV treated and raw gels
in the bulk state, however a clear change in the visible and near-UV regions was observable.
Figure 5.2.9 (overleaf) shows the transmittance spectra of two gels, one after gelling and the

second after 24 hours of exposure to UV light from a discharge tube at 254 nm.
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Figure 5.2.9: UV-visible transmittance spectra of a raw gel sample and a gel that has been exposed
to UV radiation at a wavelength of 254 nm (after gelling) for 24 hours.

The increased absorbance (decreased transmittance) of the film illustrates the appearance of a
pronounced yellow colouration upon irradiation, seen with the naked eye. It is probable that
the yellow colour is due to the formation of titanium complexes within the gel matrix. These
hydroxy or peroxo complexes can act as precursors for titanium dioxide formation upon
calcining.

The irradiation of thin films led, as before, to the formation of cracks and fissures in the film.
However, in this instance, unlike for hydrothermal or supercritical methods, there were far
fewer fractures formed and the fractures themselves were narrower. Film adhesion was

maintained despite a small degree of lateral contraction.

Figure 5.3.0: Scanning electron micrograph of a raw gel film on a
flat slide that had been exposed to UV radiation from a mercury
lamp for 24 hours.
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Figure 5.3.0 (above) is an electron micrograph of an irradiated film on a conducting glass slide
showing the appearance of the fissures formed. When thin films were applied to fibres and
irradiated well adhered films were the result. No doubt the organic composition remains high
and it is this lack of organic removal that prevents significant damage to the film. Figure 5.3.1
is an electron micrograph at low magnification that shows the largely intact film on the fibre

surface with only a few narrow fractures extending across the film surface.

100 um

Figure 5.3.1: Scanning electron micrograph of a raw gel film on an
optical fibre that had been exposed to UV radiation from a mercury
lamp for 1 hour.

E= oo :
Figure 5.3.2: Scanning electron micrograph of a raw gel film on an

optical fibre that had been exposed to UV radiation from a mercury
lamp for 24 hours.
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After prolonged irradiation the film integrity and adhesion deteriorated. The quantity of
fissures increased and the film lifted off the fibre substrate as can be seen in the micrograph in
figure 5.3.2.

Attempts to determine the crystallinity of these thin films failed as before, again likely due to
insufficient film thickness and material quantity. Figure 5.3 3 illustrates a typical XRD trace

obtained. Again, the amorphous hump at 30 °26 is visible and no titania peaks are seen.
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Figure 5.3.3: XRD spectrum of a raw gel film on an optical fibre that had been exposed to UV
radiation from a 500 W mercury lamp for 24 hours.

Irradiation with ultraviolet light certainly causes rearrangements within the films. Given the
lack of evidence of change in the X-ray and infrared spectra it is unlikely that the use of
ultraviolet radiation was sufficient in this instance to induce crystallisation. It is probable that
higher intensity sources such as UV lasers would be more appropriate as recommended by
Asakuma "*and Imai >, It is also probable that radiation of higher energy would be more
effective than the near UV sources used in this study. Vandeleest '’ recommends a maximum
incident wavelength of 200 nm, equivalent to an energy of 6.2 eV. Continuing on what is
becoming a recurring theme, the presence of such high organic content in these films, as an
unavoidable consequence of the reverse micelle procedure, seems to be responsible for the
lack of success. Were the organic component of the films less, then the use of ultraviolet

radiation, hydrothermal treatment and supercritical fluids may be more effective.
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The inevitable contraction of the films as organic constituents are removed is highly
detrimental to film integrity and leads in most instances to catastrophic film failure. It is seen
in the case of UV irradiation, that even where little or no organic residues are removed there is
still a degree of film densification and contraction due to bond rearrangements. It is thought
that were the films less organic in the first instance then the associated contraction would be
less and it may be feasible to use the above treatments either in combination or individually to
induce crystallisation and remove the organic residues at temperatures low enough to be
compatible with the optical fibres used. A further complication is that the thicker a film is the
more likely it is to crack. This was seen in this work repeatedly as films cast onto slides were
thinner and showed better integrity whereas films deposited onto fibres were invariably
thicker for given sol conditions and demonstrated a tendency to fracture catastrophically. It
has been suggested in the literature > that only sol-gel films less than 1 um thick can dry
without cracking and this is likely to be considerably more significant where some 50 % of the

film volume has to be removed by post coating treatments.

5.3.4 Direct particle deposition

Removal of the organic component completely prior to coating was attempted by calcination
of the bulk gels to produce nanocrystalline powders of titania. These powders were then
deposited onto optical fibres using a novel technique of partial dissolution of the fibre
cladding using volatile solvents. Acetone suspensions of precalcined titania particles were
dispersed using ultrasound for 10 minutes after which time glass slides were dipped and
withdrawn. Scanning electron micrographs of the slides after deposition are shown in figure
5.3.4 (overleaf). Likewise, silica optical fibres were similarly coated and assessed by SEM. In

both cases, little or no deposition was seen. Trials to determine if the deposition could be
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improved by varying the solvent showed that deposition was not improved in any of the

common laboratory solvents.
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Figure 5.3.4: Scanning electron micrograph showing precalcined titania particles deposited onto
a conducting glass slide from suspension. The particles size can be seen to vary from 150 um
down to sub-micrometer sized.

Those few particles that were seen to adhere were large, random shaped agglomerates such as
those seen in figure 5.3.4. Thus the ultrasonic agitation had failed to break down micron-sized
aggregates and a particle size distribution ranging from sub-micrometer dimensions up to
hundreds of microns was observed. Attempts to deposit precalcined titania particles from
acetone appeared to be immediately successful in the case of plastic (PMMA) fibres. After
dipping in the opaque white suspension, the fibres showed a white coating on their surface,
visible to the naked eye. Examination of this coating with SEM suggested that the particles
were dispersed and reformed to produce a fine net or mesh on the surface of the fibre. Figure
5.3.5 (overleaf) is a micrograph showing this mesh on the surface of a PMMA fibre. The
appearance of this high surface area mesh coating and its porous nature is further illustrated at
higher magnification in figure 5.3.6 (overleaf), which shows enlargements of the two boxes in
figure 5.3.5. As can be seen the mesh consisted of interconnecting pores with the suggestion
of deeper layers of porosity beneath. It was hypothesised that these networks were formed
during evaporation of the solvent after dipping as the suspended particulates migrated to the

edges of solvent bubbles or droplets and reaggregated.
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Figure 5.3.5: Scanning electron micrograph showing the extensive mesh
covering the surface of a PMMA fibre after dipping in the titania
suspension. The boxes mark regions that are magnified in the next figure.

Figure 5.3.6: Scanning electron micrographs showing the extensive mesh
covering the surface of a PMMA fibre after dipping in the titania
suspension. Both images are at the same magnification.

The presence of titania could not be confirmed by EDX as the facility was in repair. To
determine whether or not the mesh was titania, a control sample of PMMA fibre was treated in
a similar fashion in pure acetone. In this instance, the white coating was again seen, thus
demonstrating that the mesh was not made of titania. Figure 5.3.7 compares two micrographs;

one of a fibre dipped in a titania suspension and the second in pure acetone.
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Figure 5.3.7: Scanning electron micrographs showing that the mesh formed is not titania and is
caused by partial dissolution of the fibre surface. Both images are at the same scale.

As can be seen, the two mesh structures are near-identical. The discovery of this mesh
structure is serendipitous as it would represent a fascinating means of entrapping a coating to
the fibre wall or of allowing solution ingress into the region where the evanescent field will be
at its strongest. Further examination of samples showed that it was indeed possible to trap the

precalcined titania particles within the matrix of the mesh (figure 5.3.8).

Figure 5.3.8: Scanning electron micrograph showing fine, sub-micron
sized embedded particles of titania within the PMMA mesh.

By first exposing the fibre to pure acetone in order to produce a surface mesh, and then
dipping the mesh-covered fibre into an acetone suspension of titania nanocrystallites it was

possible to trap small crystals within the pores of the net as can be seen in the figure above;
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furthermore this would in theory protect the fibres from mechanical removal from the fibre
surface and bring them into greater interaction with the evanescent field.

Attempts were made to increase the particle loading of the fibre coating by increasing the
volume fraction of titania in the suspension, by increasing the dipping exposure time and by
applying multiple coats. This was performed on a PMMA fibre to produce a thick coating onto
the cut end of a straight fibre. Thus, it was possible to manufacture a device with a remote tip
that would be in the direct path of the incident beam as it struck the endface of the fibre core.

Figure 5.3.9 shows a series of micrographs at increasing magnification of the coated fibre tip.

Figure 5.3.9: Series of scanning electron micrographs showing that it is possible to trap
titania crystallites within the mesh with multiple dip-coatings in the titania suspension.
Image magnification increases clockwise from the top-left.
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Given the porous nature of the coating it is feasible that such a device could show great
potential if incorporated into a fibre sensor or photocatalytic device. Such a coating could be

applied to an optical absorption probe of the type shown in figure 5.4.0 below.

I,
I —

Figure 5.4.0: Diagram of an absorption probe with a notched head which
could be filled with the porous titania mesh if using a PMMA fibre.

This would enable the use of absorption, fluorescence or scattering spectroscopy to identify
compounds that permeated into the porous mesh and could remotely monitor their
photodegradation at the photoactivated anatase surface.

The porosity and surface area of the mesh and embedded particles were not known but the
embedded particles were much greater than micron sized. This was likely due to a lack of
complete deaggregation of the secondary particles. Further work was carried out to disperse
the particles in n-methyl pyrollidone (nmp) which shows greater solubilising power for many
materials 2°2*. Nmp was used in the place of acetone and tests were performed to determine if
a similar mesh would be obtained. Coiled fibres were immersed in pure nmp and scanning
electron micrographs recorded. Figure 5.4.1 is an example of the results obtained and includes

a descriptive graphic.

Figure 5.4.1: Scanning electron micrograph showing a cut section of a fibre coil. The coil, which
contained 3 turns of PMMA fibre was dipped into nmp, dried and then a section of the coil of 10 mm
length was removed and mounted for SEM analysis. The inner surface showed no mesh, which was
only observed on the outside of the coil and on the material between the fibres.
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In contrast to the meshes obtained with acetone the meshes observed with nmp were only
found on the outer surface of the coil and the material between individual fibre strands. This is
a feature not of the nmp but of the mechanism of fibre coiling. The fibres are coiled and then
heated briefly to fuse the fibres together prior to removal from their support. This fusing
process serves to melt the thin outer cladding layer on the PMMA fibres and use it as a ‘glue’
upon cooling to hold the fibre coil in its required form.

It is this material that is responsible for mesh formation. As it migrates to the outer faces of the
coil and between the individual fibre strands during melting it is only at these regions that
meshes are found.

Figure 5.4.2 shows a further micrograph which more clearly illustrates the binding material

between the fibre strands.

Figure 5.4.2: Scanning electron micrograph showing the material between
the fibre sections in a cut fibre coil after immersion into nmp.

One clear difference with nmp was that the morphology of the mesh was rougher and
suggested the presence of a more complicated wall structure. This again was likely to be due
to the heat-setting process.

Figures 5.4.3 and 5.4.4 overleaf illustrate the granularity of the mesh when nmp was used.
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Figure 5.4.3: Pair of scanning electron micrographs showing the mesh
obtained on the fibre coils after immersion into nmp. It is interesting
that in the case of nmp, a much rougher mesh surface is obtained.

As the plastic fibre was briefly heated in excess of its glass transition temperature the resulting
material upon cooling would be somewhat harder and more brittle and would therefore behave
differently in the presence of the solvent. The precise mechanism of the mesh formation

remains unexplained and would be addressed in any continuation of this work.

Figure 5.4.4: Pair of scanning electron micrographs showing the mesh
obtained on the fibre coils after immersion into nmp. It is possible to see
that the mesh is composed of smaller grains joined together to form sheets.

The key result in the favour of the use of nmp came when the titania particles were suspended
within it. As predicted the use of nmp as the solvent enabled better dispersion of the titania
particles. Analysis with SEM after coating showed that the large titania particles had been

broken down into spherical aggregates which in turn were partially broken down into smaller
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aggregates and some primary particles. Figure 5.4.5 is a series of micrographs at varying
magnification showing the distribution of the spheres over the mesh surface between the fibre

strands and the appearance of the aggregates.

Figure 5.4.5: Scanning electron micrographs showing detail of the structure of the
spherical aggregates deposited from an nmp suspension of titania particles onto a PMMA
fibre. The two outermost images are enlargements of the centre image and show the
polydisperse nature of the aggregates.

These images give clues as to their formation. Each sphere is composed of a collection of
smaller spheres which are in turn composed of smaller particles again. This implies that the
primary driving force behind agglomeration is direct coalescence of small particles followed
by growth of fresh titania between the aggregated particles, perhaps by an Ostwald ripening
process. Ostwald ripening may be defined ** as a very general phenomena that may occur in
liquids, solids or on solid surfaces and which involves the growth of larger particles at the
expense of smaller particles ' . Although the factors controlling growth in the solid state are
still not fully elucidated %, two key processes have been described for grain coarsening in
porous nanocrystalline materials. The first is the growth of particles by an evaporation

29-32

/condensation route and the second involves surface diffusion across terraces and

reattachment to larger particles >'~*?*.
Observed particle size was highly polydisperse with particles varying in size from 10 pm
spheres to primary particles less than 500 nm in size. This is partly illustrated in figure 5.4.6

overleaf
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Figure 5.4.6: Scanning electron micrographs showing detail of the structure of the
spherical aggregates and the polydisperse nature of the particles, varying from
sub-micron to 10s of microns in diameter.

Coils of PMMA fibre which had been coated with these spherical particles were immersed in
aqueous solutions of methanol and illuminated with a broad spectrum white light from a Xe
arc lamp source. The coiling of the fibres was shown to be highly effective at increasing the
light penetration through the coating surfaces.

Measurement of the increasing UV-visible absorption with coiling showed (figure 5.4.7
overleaf) that a loss of near-UV light (at a wavelength of 350 nm) of 10 % absorption with a
single coil (relative to an uncoiled fibre) was obtained and that with additional coiling it was
possible to further increase this loss to 35 % for a fibre with 10 coils. This light energy is lost
directly through the cladding walls around the coils and will penetrate the coating on the fibre
surface.

Figure 5.4.8 (also overleaf) shows two photographs of the coated fibre coils immersed in
methanolic solutions. Bubbles were seen to form on the surface of the fibres (as can be seen
in the figure). Tests were performed on the solutions using gas chromatography to determine
the concentration of methanol in the solutions both prior to and after the fibre immersions.
These tests were inconclusive as changes observed (less than 10 %) could be attributable to

experimental error.
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Figure 5.4.7: UV-visible spectrum showing absorption (light loss) increase with coiling of fibre.

Figure 5.4.8: Photographs of bubbles formed on coiled, titania coated PMMA fibres.
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5.4 Conclusions

Supercritical fluid extraction of films deposited onto glass slides was shown to produce films
of exceedingly large specific surface area with estimates of the BET surface area in excess of
150 m® per gram for films that had not been calcined, increasing up to values in excess of 600
m’ per gram for films that were calcined. Unfortunately, SFE treatment often led to
catastrophic fracturing of films and in the case of films on optical fibre the technique as it
stands would not be feasible. Where SFE treatment did not lead to film failure, gas adsorption
measurements demonstrated that high surface area, mesoporous films could be produced by
this technique. Further work is advised (and ongoing) to determine whether modification of
the extraction regimes may lead to improved film integrity and adhesion.

Hydrothermal treatment after gelation was shown to successfully induce the crystallisation of
the anatase phase in bulk gels. Steaming at atmospheric pressure was sufficient to lower the
carbon content by 40 % and when steamed at elevated pressures this reduction was increased
to greater than 50 % of the starting composition. The steam treatment led to the liberation of
surfactant as a viscous exudate that was easily washed from the steamed gels with isopropanol
or cyclohexane. In the case of thin films, as was seen for SFE methods, extensive fracturing
was observed after hydrothermal treatment, with partial removal of the film. Complete
removal of the film from slides was seen after immersion in heated liquid water. For thin films
on optical fibres hydrothermal treatment led to the complete destruction of films and their
removal from the fibre surface.

No work was carried out to investigate the effect of ambient humidity upon gelling rates in
thin films and all depositions were performed in open conditions. A series of experiments in a
glovebox environment would allow the influence of environmental conditions on the
deposition process to be characterised. It is thought that increasing the ambient humidity

would increase the rate of gelling of films as they are dipped.
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Porosity and surface area measurements on hydrothermally treated samples would be useful in
any future work to fully determine the effects of treatment on the films.

Ultraviolet irradiation of films did not cause any measurable change in phase, however
significant shrinkage was observed which is attributed to condensation reactions between
neighbouring hydroxyl groups within the oxide skeleton of the gel. Evidence for these
condensation processes was seen by the intensification of the yellow colouration of the films,
due to the formation of coloured titanium complexes with the liberated species.

Despite the poor performance of the thin films deposited and their extensive fracturing it
would be beneficial to pursue these processes in an attempt to produce films on optical fibre
that show the unusually high specific surface area seen for the thin films on conducting glass
slides, in excess of 600 m? per gram. The inherent problem with the reverse micelle
microemulsions used in this work is the high organic content of the resulting films. The
removal of some 50 % of the film volume after deposition will inevitably cause massive film
shrinkage and thus likely failure. Extreme fracturing of films was observed for all post-coating
treatments and this is an issue that needs resolving for coatings onto the optical fibres. Better
results for fibres would almost certainly be obtained using direct micelle techniques in
aqueous media, e.g. with nitric acid and ethanol. Such techniques are by the far the most
commonly reported in the literature. However, the best surface area estimates reported are
only 150 to 250 m” per gram. No work was performed with different surfactants, and this
work concentrated solely on the use of the non-ionic octylphenylpolyoxyethylene ether Triton
X-100, although there are other common surfactants within the Triton range in which the
polyoxyethylene chain is shorter. There are also saturated analogues of Triton X100 in which
the octyl phenyl moiety is replaced with a substituted cyclohexane ring. In addition of course

there is a vast range of non-ionic surfactants that could be used in this system. Furthermore,



water was the only hydrolysing agent considered whereas it would be possible to use
hydrogen peroxide or to look at an acid catalysed process.

The lack of XRD traces for thin films caused great difficulty in discerning any phase change
in the films after treatments. A series of measurements using Raman spectroscopy or
ellipsometry would enable phase information and changes in physical properties to be
detected. The use of ellipsometry as a tool for monitoring fluctuations in the refractive indices
of films would have been invaluable.

The production of a mesh structure was formed during dip-coating of PMMA fibres in acetone
or n-methylpyrrolidone suspensions of titania. This mesh phenomenon was at first attributed
to deposition of titania but was subsequently confirmed to be a phenomenon related to the
dissolution and redeposition of the fibre cladding material. The mesh was shown to be capable
of entrapping titania particles and a rudimentary device was assembled by immobilisation of
titania crystallites onto the tip of an optical fibre. The serendipitous discovery of this mesh
phenomena could be harnessed in future work to produce novel fibre devices by
immobilisation of dyes or sensing materials within the mesh matrix. In addition it would be
interesting to use a mesh covered optical fibre as a support for sol-gel deposition of the titania
material. Subsequent SFE or hydrothermal treatments may produce highly porous, high

surface area structures without the concerns of fracturing seen in the case of thin films.
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CHAPTER 6

Conclusions and final comments

An operating sensor cable incorporating a proprietary polysiloxane coating was produced
which showed a response to low molecular weight, low viscosity liquids and solvents (such
as petrols) in less than 30 seconds. Responses to high volatility solvents, such as chloroform,
were almost immediate. Successful operation of the sensor system at ranges between 500 m
and 2 km was reproducibly demonstrated and some success was shown at lengths greater
than 2 km. Occasionally it was observed that a response higher than expected was seen. This
was attributed to the synergistic effects of microbending and macrobending losses, where the
periodic stress applied to the core-cladding interface lay at a critical harmonic spacing. The
sensors were found to work virtually irrespective of the applied period and it was seen that
responses were around 0.07 dB per metre wetted for all the harmonics of the binding. On
occasions where the periodicity of the binder matched one of the theoretical harmonics, an
enhanced response was observed.

Considerable scope remains for the further development of the DISH sensor. It was
concluded that tuning of the sensor for aviation fuel would open up a huge potential range of
applications, on the ground and in the air. Development of a sensor for crude oil and common
petrochemical or other industrial feedstocks, products and wastes would be similarly
rewarded. The sensor cable could be adapted to monitor other analytes of interest by
prediction of polymer/solvent compatibility from solubility parameters, followed by
experimental assessment of the swelling responses of the identified polymer/fluid pairs.

The use of an aramid material for the binder led to problems with attenuation and tension
damage at elevated or lowered temperatures. This would be solved by the use of an

alternative binder material with a positive coefficient of expansion.

223



Stable sols were prepared from Triton X-100 in dry cyclohexane that remained stable and
transparent after the addition of water and liquid alkoxide. Viscometry confirmed the
presence of a short induction period. Viscometry and aging behaviour showed that the sols
would remain stable for an indefinite period, in excess of several months, where solvent
evaporation and water ingress was prevented. Where evaporation was unrestricted,
densification and extensive polymerisation occurred leading to the formation of solid
monolithic gels after between 24 and 48 hours. Further aging led to gel fracture and the
development of a characteristic, intense yellow colouration that gradually became more
amber as aging continued over several days. Aging also led to the liberation of surfactant
residues (together with a small quantity of excess water from polycondensation reactions) in
the form of a viscous, oily exudate. X-ray diffractometry confirmed that the as-produced gels
were amorphous and retained their amorphous state until thermal treatment induced
crystallisation of the anatase phase. Thermal treatment enabled the consistent production of
nanocrystalline titania powders as either single-phase anatase or a mixed-phase (anatase &
rutile) dependent upon the temperature regime employed. Crystal grain sizes, calculated from
the Scherrer relationship, were shown to vary from approximately 5 nm for anatase phase at
623 K to almost 25 nm for mixed phase at temperatures in excess of 823 K. Carbon content
was shown to decrease with increasing temperature of thermal treatment, requiring a

temperature of greater than 723 K to remove all residual organic content.

Conceptual fibre-optic based point sensors incorporating titania thin films were introduced
and their modes of operation outlined. Ideas for novel incorporation of electrochemical
sensing using a micro-optical ring electrode together with other optical fibre devices were
discussed although the assembly of any such devices was not possible within the timeframe
of this project.

The deposition of thin films of titanium dioxide onto assorted substrates was shown.
Deposition onto conducting glass slides was largely successful, where 300 to 500 nm thin
films of nanocrystalline titania were produced. Scanning electron micrographs demonstrated
that layers of reproducible thickness could be produced as either single or multi-layered
films. X-ray diffraction investigations into the crystallinity of the films were unsuccessful.
Despite this, investigation using X-ray photoelectron spectroscopy confirmed that tetravalent
titanium dioxide was indeed produced and suggested that a surface-hydroxylated form
(anatase) may be present. UV-visible spectra demonstrated that optically transparent films

were produced and showed clear differences between raw gel and crystalline films with sharp
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band-edges indicative of well-defined crystal size in samples that were calcined at elevated
temperatures.

The deposition of lithium doped thin films on conducting glass slides was less successful.
Upon thermal treatment, the doped films became extensively fractured which was attributed
to phase separation of the matrix into dopant-rich and dopant-poor regions. In the absence of
secondary ion mass spectrometry imaging or mapping XPS, this could not be confirmed.
Again, XRD analyses failed to produce spectra of the films, likely due to their very thin
(<500 nm) thicknesses. XPS spectra did not show direct evidence of the presence of Li" in
the films. Given the weak signal expected from the single Lils electron in XPS generally,
this was not surprising. The high resolution spectra of the Ti2p signal showed that the Ti2ps3;
peak for lithium doped films was found at the bottom end of the range expected for
tetravalent titanium and lay in the range where Ti’" may be seen. This may be indirect
evidence for the presence of Li" in the lattice as this would cause a reduction in the mean
oxidation state of titanium within the lattice overall. Electrochemical lithium insertion into
both lithium-doped and pure titania thin film electrodes on conducting glasses showed that
room temperature intercalation was possible accompanied by a pronounced change in the
optical properties of the film. The presence of such intercalation at room temperatures is
indicative of an anatase (or brookite) structure. When the film potential was swept in the
negative direction a cathodic reduction current was seen, associated with the reduction of Ti
(IV) to Ti (IIT) and the intercalation of lithium. This was accompanied by a change from a
transparent to a deep indigo colour. The film returned to its deintercalated transparent state
when the scan direction was reversed and an anodic current peak was recorded. Cyclic plots
of transmittance versus film potential showed a sigmoidal shape but did not overlay on each
repeat cycle, nor was superimposition observed for successive voltammograms where a
diminishing current response was observed with cycling. The films were thus not wholly
optically reversible and the redox reaction was not fully stable. Over several cycles, it was
possible to observe film degradation with each charging/de-charging cycle, and films
deteriorated fully after between 5 and 10 cycles.

Europium doped films were produced successfully, albeit at very low doping ratios. The
doping ratios used were of the order of 1 %o and were too small for any luminescence to be
observed under UV illumination. Nor was the doping of sufficient concentration to produce
strong signals in the XPS spectra. Some evidence for the presence of Eu was seen, but no
allocation of oxidation state was possible. Stronger doping, between 1 % and 10 % would be

required to produce strong signals and visible luminescence. The europium-doped films were
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characterised by excellent adhesion and smooth, unfractured surfaces. Film thicknesses were
of the order of 200 to 500 nm and multi-layered structures were produced.

Coating of optical fibre with titania thin films was unsuccessful. Reproducible deposition of
raw gel layers and xerogel films was demonstrated, however attempts to calcine these layers
to form crystalline films failed. The contraction of films under heating led to catastrophic
fracture of the films. Use of fibres with considerably larger dimensions to minimise curvature
did not solve the problem as these larger core fibres were made of plastics that deformed or
melted when exposed to temperatures in excess of 150 to 200 °C. Despite some interesting
results with the un-calcined, xerogel films on these PMMA fibres, the intention to produce
crystalline films on the fibres by standard methods of thermal treatment was scrapped. It then
became necessary to determine alternative methods for the production of crystalline films on
the fibre surfaces. Hence, considerable effort was directed into establishing a series of
treatments that would induce film crystallisation and remove the organic residues that make

up a significant proportion of the un-calcined gels.

Supercritical fluid extraction of films deposited onto glass slides was shown to produce films
of exceedingly large specific surface area with estimates of the BET surface area in excess of
150 m? per gram for films that had not been calcined, increasing up to values in excess of
600 m?* per gram for films that were calcined. Unfortunately, SFE treatment often led to
catastrophic fracturing of films. In the case of films on optical fibre, it was concluded that the
technique as it stands would not be feasible. Where SFE treatment did not lead to film
failure, gas adsorption measurements demonstrated that high surface area mesoporous films
could be produced by this technique. Further work is advised (and ongoing) to determine
whether modification of the extraction regimes may lead to improved film integrity and
adhesion.

Hydrothermal treatment after gelation was shown to successfully induce the crystallisation of
the anatase phase in bulk gels. Steaming at atmospheric pressure was sufficient to lower the
carbon content by 40 % and when steamed at elevated pressures this reduction was increased
to greater than 50 % of the starting composition. The steam treatment led to the liberation of
surfactant as a viscous exudate that was easily washed from the steamed gels with
isopropanol or cyclohexane. In the case of thin films, as was seen for SFE methods, extensive
fracturing was observed after hydrothermal treatment, with partial removal of the film.

Complete removal of the film from slides was seen after immersion in heated liquid water.
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For thin films on optical fibres hydrothermal treatment led to the complete destruction of
films and their removal from the fibre surface.

No work was carried out to investigate the effect of ambient humidity upon gelling rates in
thin films and all depositions were performed in open conditions. A series of experiments in
a glovebox environment would allow the influence of environmental conditions on the
deposition process to be characterised. It is thought that increasing the ambient humidity
would increase the rate of gelling of films as they are dipped.

Porosity and surface area measurements on hydrothermally treated samples would be useful
in any future work to fully determine the effects of treatment on the films.

Ultraviolet irradiation of films did not cause any measurable change in phase, however
significant shrinkage was observed which was attributed to condensation reactions between
neighbouring hydroxyl groups within the oxide skeleton of the gel. Evidence for these
condensation processes was seen by the intensification of the yellow colouration of the films,
due to the formation of coloured titanium complexes with the liberated species.

Despite the poor performance of the thin films deposited and their extensive fracturing it
would be beneficial to pursue these processes in an attempt to produce films on optical fibre
that show the unusually high specific surface area seen for the thin films on conducting glass
slides, in excess of 600 m” per gram.

The inherent problem with the reverse micelle microemulsions used in this work is the high
organic content of the resulting films. The removal of some 50 % of the film volume after
deposition will inevitably cause massive film shrinkage and thus likely failure. Extreme
fracturing of films was observed for all post-coating treatments, which is problematic for
coatings onto optical fibre. Better results for fibres would almost certainly be obtained using
direct micelle techniques in aqueous media, e.g. with nitric acid and ethanol. Such techniques
are by the far the most commonly reported in the literature. However, the best surface area
estimates reported are only 150 to 250 m* per gram. No work was performed with different
surfactants, and this work concentrated solely on the wuse of the non-ionic
octylphenylpolyoxyethylene ether Triton X-100, although there are other common
surfactants within the Triton range in which the polyoxyethylene chain is shorter. There are
also saturated analogues of Triton X-100 in which the octylphenyl moiety is replaced with a
substituted cyclohexane ring.

In addition, there is a vast range of non-ionic surfactants that could be used in this system.
Furthermore, water was the only hydrolysing agent considered whereas it would be possible

to use hydrogen peroxide or to look at an acid catalysed process.
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The lack of XRD traces for thin films caused great difficulty in discerning any phase change
in the films after treatments. A series of measurements using Raman spectroscopy or
ellipsometry would enable phase information and changes in physical properties to be
detected. The use of ellipsometry as a tool for monitoring fluctuations in the refractive
indices of films would be invaluable in any continuation of this work.

The production of a mesh structure was formed during dip coating of PMMA fibres in
acetone or n-methylpyrrolidone suspensions of titania. This mesh phenomenon was at first
attributed to deposition of titania but was subsequently confirmed to be a phenomenon
related to the dissolution and redeposition of the fibre cladding material. The mesh was
shown to be capable of entrapping titania particles and a rudimentary device was assembled
by immobilisation of titania crystallites onto the tip of an optical fibre. The serendipitous
discovery of these mesh phenomena could be harnessed in future work to produce novel fibre
devices by immobilisation of dyes or sensing materials within the mesh matrix. In addition, it
would be interesting to use a mesh covered optical fibre as a support for sol-gel deposition of
the titania material. Subsequent SFE or hydrothermal treatments may produce highly porous,

high surface area structures without the concerns of fracturing seen in the case of thin films.

If this work were continued it is thus recommended that alternative surfactants be explored
possibly including ionic surfactants and that a means of reducing organic content of the gel
prior to coating be found. It is also recommended that the use of other titanium alkoxides or
tetrahalides be considered together with the use of other hydrolysing agents, specifically

hydrogen peroxide and dilute acids.

228





