
 
 

DEVELOPMENT OF MULTI-
PARAMETER FIBRE OPTIC CHEMICAL 

SENSOR SYSTEM BASED ON LONG 
PERIOD GRATINGS MODIFIED WITH 

FUNCTIONAL THIN FILMS  
 
 
 

 

 

 

 
   Jiri Hromadka 

 

 

 

 

 

 

 

 

 

 

 

 

Thesis submitted to the University of Nottingham 
 for the degree of Doctor of Philosophy 

 
 

   JULY 2017 
 
 
 
 
 



   

 

ii 

 

Abstract 

 

This work focuses on the development of fibre optic long period grating (LPG) 

based chemical sensors and the fabrication and evaluation of the appropriate 

sensitive coatings.  

Fibre-optic sensing platforms have been considered as a promising platform 

for the development of new sensors. The current progress in the field of LPG 

based chemical sensors is provided. The proof of concept of LPG based metal 

organic framework (MOF) sensors for the detection of organic vapours and 

carbon dioxide is presented. The inappropriate indoor air quality negatively 

affects human health. Nutrients growth in aquatic environments causes 

eutrophication and thus changes in the chemistry of the whole ecosystem. The 

practical use of LPG based ammonia and VOCs sensors is demonstrated in the 

fields of seawater and indoor air quality monitoring. Real-time monitoring and 

development of new sensors are highly needed in these areas. An array of three 

LPGs was created in a single optical fibre, multiplexed in the wavelength 

domain. Sensors were calibrated in the laboratory and the simultaneous 

measurement of the key indoor air quality elements was undertaken.  

In conclusion the project has successfully demonstrated the use of novel fibre 

optic sensors in laboratory and real conditions that are in a good agreement 

with commercially used techniques.  
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Chapter 1: Introduction  

 

 

Monitoring of a wide range of physical, chemical and biological parameters 

have become an integral part of the modern society. The number of different 

sensing devices have increased rapidly during the last decades, but there is still 

a need for new sensors, especially those that can provide high chemical 

selectivity and sensitivity operating in real time.  

For practical applications, the sensor performance should consider not only 

application specific sufficient accuracy but also the cost and energy efficiency, 

size and fabrication process. High priority should be given to the monitoring of 

parameters affecting human health or the environment such as air and water 

quality or waste and drink water treatment (1).  

People spend about 90% of time in indoor environments (2). There is 

significant scientific evidence that inappropriate indoor air quality (IAQ) can 

negatively affect human health. The real-time monitoring of key IAQ 

parameters (such as temperature, relative humidity, volatile organic 

compounds (VOCs) or carbon dioxide (CO2)) is at high interest to get more data 

and thus improve the situation  (3).  

Water represents the key resource for humans and water ecosystems cover 

more than 2/3 of the Earth’s surface. High concertation levels of nutrients 

(nitrate, nitrite and ammonia) lead to eutrophication -  a massive change in 

chemical balance that can cause algae boom (4)(5). Management of this 

phenomenon efficiently requires remote and real-time nutrient monitoring (6). 
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The techniques currently used for air and water quality measurement 

consist of the expensive equipment that requires well-trained operators, 

sampling collection and is limited to in situ applications.  

Optical fibres have become a common part of day to day life due to their use 

in telecommunications. They can transfer light over the long distances with low 

losses of the information. During the last several decades there is a strong 

scientific interest to use optical fibres for the development of the optical fibre 

chemical sensors. With appropriate modification, the fibres can monitor 

physical or chemical changes in the environment. The response of the modified 

fibre optic sensor is not only qualitative, indicating the presence or absence of 

the analyte, but it can also provide quantitative information, i.e. measure the 

concentration of the selected analyte (7).  

Optical fibre devices are considered to be attractive sensing platforms for 

the future as they are small, lightweight, immune to electromagnetic 

interference and as such can be used in extreme conditions, enabling remote 

real time monitoring with no electrical power needed at the sensing point (8).  

Recently there has been considerable interest in the development of fibre 

optic sensors and especially chemical sensors based on fibre optic platform 

which represents the rapidly developing hot topic in science (9)(10).  

Fibre optic sensors include a various range of platforms including fibre Bragg 

gratings (FBGs) (11), long period gratings (LPGs) (12), sensors based on the 

interaction with an evanescent wave (13) or electromagnetic resonances (14). 

The deposition of the sensitive layer onto the LPG surface can endow the 

sensor with the specific chemical sensitivity. Fibre-optic sensing platforms 

based on long period gratings (LPGs) with functional coatings have been used 

to measure various measurands, including ammonia (15), antigens (16), carbon 



 

Chapter 1: Introduction   

3 

 

dioxide (17), hydrogen  (18), relative humidity (19) and VOCs (20).  

The principle of operation of the fibre optic chemical sensor based on the 

functional coating is shown in Figure 1-1. 

 

Figure 1-1: The schematic illustration of fibre optic sensor. 

 

Development and fabrication of new fibre optic sensors (FOSs) covers the 

following research areas: 

 

(i) discovery of the new materials suitable for application as the 

selective coatings,  

(ii) employment of the existing materials that can be deposited onto 

various fibre optic sensing platforms,  

(iii) optimisation of material properties (thickness, refractive index) and  

(iv) deployment of the existing FOSs in the practical applications in real 

environments. 
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Metal organic frameworks (MOFs), because of their unique properties, offer 

an ideal platform for the development of the sensitive layer. They can be 

considered as crystalline materials with tuneable porosity, large internal surface 

area and organic functionality. The strong metal-oxygen-carbon bonds imbue 

the materials with high chemical and thermal stabilities (21).  

There have been limited reports of MOF based sensors, but they indicate 

their potential to become powerful analytical devices (22). The main advantage 

is the high chemical selectivity enabled by the selection of the MOF with 

appropriate properties (23). However, there is a need to establish a suitable 

means of signal transduction to enable the use of MOFs for chemical sensing 

(24). This can be achieved by the fabrication of the MOF film on an optical 

sensing platform such as optical fibre.  

An alternative approach could be based on the deposition of nanoparticles 

allowing to endow the fibre-optic platform with chemical sensitivity (25). As an 

example, silica nanoparticles have been used to measure relative humidity (26) 

and ammonia (15) or VOCs (27) (after infusion of the functional compound into 

the mesoporous structure of the film). 

This thesis describes the project devoted to the development and fabrication 

of fibre optic chemical sensors using an LPG as a sensing platform. The 

complete pathways from the sensor design and lab tests to the real-world 

applications and multi-parameter sensing is demonstrated.  

To the best of the author’s knowledge MOFs are used for the first time and 

comprehensive characterisation of these novel materials is provided. On the 

other hand, the work related to the nanoparticles enables to further investigate 

the performance of the FOSs coated with silica nanoparticles towards more 

specific applications in the real environment. 
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In this introductory chapter, a brief description of the project is given, the 

aims and objectives are stated and the structure of the thesis is provided. 

 

1.1 Aims and objectives 

1.1.1 Aims 

 

The main aim of the project is to discuss and evaluate the possibilities to use 

fibre optic chemical sensors with functional coatings for multi-parameter 

measurements and implement the idea in the practise by fabrication of the 

sensors and the sensing arrays. 

The possibility to use different types of materials from the MOF family 

deposited onto the optical fibre LPG as the selective material to enable 

chemical – particularly VOCs and CO2 sensing is considered and the sensor are 

developed. 

Attention is also given to practical applications of LPG based sensors coated 

with silica nanoparticles in the field of air and seawater quality.  

The potential implementation of LPG coated by the sensitive layer to the 

multi-parameter sensing array and the use of this array in the real environment 

is investigated. 
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1.1.2 Objectives 

 

The following set of objectives have been selected to fulfil the aim of the 

project: 

 

o The literature review to provide the appropriate summary of the 

background knowledge in the field with main focus on: 

 Background information about i) IAQ, its parameters and currently 

used techniques for their measurement and ii) the role of ammonia 

in aquatic ecosystems and its detection principles; 

 Understanding the types, principles and fundamentals of fibre optic 

sensors, especially LPG, the theory and applications; 

 Selection of functional coatings applicable to the optical fibres, their 

types, properties and deposition techniques; 

 Summarize the properties of MOFs with regard to their application in 

sensing; 

 Selection of the appropriate MOFs that are applicable to the sensing 

purposes with the target of chemical vapour sensing; the properties 

of the MOF, the feasibility of its fabrication and possibilities of its 

deposition on optical fibre will be considered. 

 

o Perform the deposition of MOF thin film on an optical fibre LPG and test 

the chemical sensitivity of the sensor: 

 Optimize the selected fabrication procedure of the desired MOF; 
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 Undertake a deposition of MOF film on the different types of 

substrates – glass, quartz and silica with the aim of subsequent  

structural characterisation; 

 Learn the fundamentals of scanning electron microscope (SEM) 

imaging and use these knowledge in practice of taking SEM images 

of the substrates with MOF films;  

 Evaluate the properties of the film using SEM and test the crystalline 

structure by x-ray diffraction (XRD) pattern analysis 

 Evaluate the film thickness using ellipsometry; 

 Conduct  the laboratory trials to show the sensor's chemical 

sensitivity and optimize the thickness of the film;  

 Familiarize with Spectrum Interrogation Routine (SIR) and getting 

advanced skills of Origin (both of them are software for transmission 

spectra evaluation); 

 

o LPGs fabrication: 

 Gain the theoretical knowledge about using lasers with accent on 

fabrication of LPGs with the use of UV laser beam technique; 

 Design set up for inscription of LPGs in the core of the optical fibres; 

via amplitude masks and using point by point approach employing  

UV laser;  

 Fabricate LPGs relevant to the project. 
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o Evaluation of the possible deployment of LPG based sensors and sensing 

array for the real environment applications: 

 Identify the appropriate environments for testing the performance 

of the sensor; 

 Plan and conduct experiments;  

 Benchmark sensor performance with the commonly used 

techniques. 

 

o Preparation of the obtained results for the publication in scientific 

journals and conferences 

 

1.3 Structure of the thesis 

 

This thesis consists of 8 chapters, starting with introduction, Chapter 2 

covers the theory and literature review and Chapter 3 describes the 

methodology of LPG fabrications via UV laser beam. Chapter 4 and Chapter 5 

show the new development of MOF based LPG sensors and Chapter 6 focuses 

on the practical applications of the LPG sensors in the fields of air and seawater 

quality. Chapter 7 presents the idea of LPGs multiplexing and the use of the 

optical fibre sensor array for indoor air quality monitoring. The last chapter 

concludes the work and provides some suggestion for the future directions. 

Each Chapter is briefly summarized below. 
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Chapter 1: Introduction shows the introduction into the topic, presents aims 

and objectives of the project and thesis structure 

Chapter 2: Background information and Literature review covers the areas 

of the indoor air quality and ammonia in seawater, with concern on the 

currently used measurement techniques. Fibre optic sensors, their theory and 

applications focusing on sensors based on long period gratings are described in 

the second subsection along with the brief summary of LPG fabrication 

techniques and newly developed LPG based chemical sensors. The last 

subsection gives the introduction into MOFs emphasizing the thin film synthesis 

and potential use of MOFs for sensing applications. 

Chapter 3: LPG fabrication describes the experimental set up and fabrication 

process of LPGs that were used in the project using UV laser beam via the point 

by point technique and via the amplitude masks.  

Chapter 4: Organic vapour sensor based on LPG modified with ZIF-8 reports 

the progress over the development and fabrication of ZIF-8 LPG based organic 

vapour sensor. This chapter provides the background information about ZIF-8, 

describes the methodology of the film fabrication, deposition onto the surface 

of LPG and characterization by SEM and XRD. The chemical sensitivity towards 

organic vapours is examined and presented. 

Chapter 5: Carbon dioxide sensor based on LPG modified with HKUST-1 

shows the potential of carbon dioxide monitoring using an LPG based sensor. 

This chapter has similar structure to Chapter 4 and gives the background 

information about HKUST-1, including the methodology of the film fabrication 

and deposition onto LPG sensors and characterization by SEM and XRD. The 

chemical sensitivity towards CO2 is examined and presented. 
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Chapter 6: Chemical sensors based on LPG coated with silica nanoparticles 

shows two practical applications of LPG based chemical sensors in the field of 

air and seawater quality monitoring. The performance of the LPG based 

ammonia and VOCs sensors coated with silica nanoparticles infused with a 

sensitive element is described.  Fabrication, lab calibration and the field 

experiments procedures are provided.  

Chapter 7: Multi-parameter sensing using an LPG array presents the 

fabrication of LPG array consisting of three LPGs for simultaneous detection of 

temperature, relative humidity and volatile organic compounds. The 

performance of the sensor, its fabrication, lab experiments and field 

measurement of indoor air quality is reported. 

Chapter 8: Conclusions represents a final chapter and provides the summary 

of the thesis with suggestions for the future work in the field of LPG based 

chemical sensors.



 

Chapter 2: Background information and Literature review   

11 

 

Chapter 2: Background information and 

Literature review 

 

 

This chapter covers the literature review and provides the background 

information related to the project. It contains three main parts. At the 

beginning, the brief introduction into real world measurement challenges that 

will be described in this thesis such as indoor air and water quality is given. The 

summary of currently used techniques for the detection of volatile organic 

compounds, carbon dioxide and ammonia (in liquid phase) is provided and their 

main limitations are discussed. These parameters were chosen in respect to the 

newly developed sensors presented in Chapters 4-7. 

The second part explains the principle of operation of fibre optic sensors in 

general with the main focus on LPGs followed by the description of the different 

LPG fabrication techniques. The principle of the sensitivity of LPGs to physical 

parameters such as temperature and external index of refraction is described. 

The deposition techniques used to endow the LPG with desired sensitivity to 

the analyte of interest are briefly discussed. The first part of this section is 

devoted to the actual progress in the field of the chemical and bio-chemical 

sensors based on optical fibre LPG.  

The third part of this review chapter will provide the reader with the brief 

overview of properties of MOFs. The methodology and progress in the field of 

fabrication of thin films is discussed in depth and the last subsection is given to 

the use of MOFs in a sensor development. 
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2.1 Background information related to the project 

2.1.1. Indoor air quality 

 

During the last decade, interest in air quality control has shifted from 

outdoor to indoor environments, reflecting the changes in lifestyle associated 

with increasing levels of urbanization (28). 

IAQ is influenced by a mixture of physical, chemical and biological factors, 

each with different sources and associated adverse health effects (3). 

Temperature, relative humidity (RH), carbon dioxide and VOCs represent the 

key factors of interest (29). 

Temperature extremes represent a serious risk for human health, where low 

temperature during winter months can cause cardiovascular diseases and 

death within susceptible groups such as elderly people (30). Extreme heat can 

cause a range of adverse health effects with different severity, from heat rashes 

to heat stroke. Heat also negatively affects the respiratory and cardiovascular 

systems (31). Low RH can cause irritation of the eyes and mucous membranes 

of the respiratory system, increase sensitivity to aerosol particles and facilitate 

the spread of airborne diseases (32). On the other hand, high RH leads to higher 

occurrence of allergies that affect negatively respiratory systems, such as 

asthma, respiratory infections, coughs, wheeze and dyspnoea (33). The 

recommended values of RH for human well-being and that minimize possible 

adverse health effects are in the range of 40 to 60%  (32).  

Both temperature and RH are also essential parameters in the assessment 

of the performance of a building, because of their influence on energy demand. 

The reduction of the energy needed to obtain the appropriate IAQ is important 
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for both people’s health and for utility costs. There is a need to develop 

technologies for future homes, which optimise performance against these 

criteria (34). 

The theoretical background concerning VOCs and carbon dioxide will be 

discussed in the following subsections.  

 

2.1.2 Volatile organic compounds 

 

VOCs in the indoor environment comprise a broad mixture of chemicals that 

are present in household products and that leaks from materials commonly 

present indoors (e.g. paints and furniture). VOCs are also product of 

combustion processes such as heating or smoking and their concentrations can 

increase by up to a 1000 times over short time periods. VOCs cause various 

short and long-term (delayed) adverse health effects (35). Some are proven as 

animal or human carcinogens, however not all VOCs represent a significant 

health risk. They are also determined as one of the possible causes of sick 

building syndrome (SBS) (36)(37). The material leakage represents the 

important indoor source of VOCs (one half, the other one is associated with 

human activities) the overall acceptable emission rate of the materials should 

be kept below 30 µg.m-2. h-2 (the approximation has been done for the size of 

the room, possible leakage surface area and ventilation rate) (37).  

The legal framework concerning the testing of VOCs leakage from paints is 

covered by EU 2004/42/CE which sets the limits for VOCs emissions which occur 

due to use of organic solvents in certain paints, varnishes and vehicle refinishing 

products. The guidelines for material testing are also covered by ISO standards, 
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where following are the most appropriate EN ISO 16000-9 - Indoor air - Part 9 - 

Determination of the emission of volatile organic compounds from building 

products and furnishing - Emission test chamber method and EN ISO 16000-10 

Determination of the emission of volatile organic compounds from building 

products and furnishing – Emission test cell method).  

Passive flux sampling, emission test cells (ETC) and field and laboratory 

emission cells (FLEC) have been considered to be useful for material leakage 

measurements to determine the level of VOCs. Gas chromatography-mass 

spectroscopy (GC-MS) is used for VOC analysis in this case (38). 

Passive sampling does not require an air pump and an air-flow meter, but 

very volatile agents can be lost because of the back diffusion. Passive samplers 

provide average concentration data for an exposure period that is often days or 

weeks to achieve appropriate sensitivity. When the concentration dynamic 

(changes of exposure in time) is required to be determined then the active 

(pumped) approach is applied (39). However, longer time averages may be 

more relevant when possible health effects of the pollutant are considered, but 

in the case of the chronic effects the concentration dynamic are in the centre 

of interest (39). 

Passive badges use the charcoal or other medium as an adsorbent. The 

badge is left in the environment during the sampling period (commonly from 

8h to 1 week) and then is sent to the lab for the further analysis (35). 

The most precise and also the most expensive approach is active 

sorption/chemical analysis. The sampled air is flowed by the pumps into the 

tubes which include the sorbent of organic polymer resins (e.g. Tenax) or 

activated charcoal. The sorbent traps the present VOCs and the GC-MS is used 

for VOCs analysis. The VOCs are measured individually and then total amount 

of VOCs (TVOCs) is subsequently calculated (35). 
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Field and laboratory emission cell (FLEC®, Chematec) can be small and 

portable with typical volume of 0.035 dm3 and can measure emission levels 

from an area of 0.0177 m2. The chambers are usually fabricated from glass or 

steel, because there should be no reaction between the surface of the chamber 

and the analyte of interest. The condition inside the cells can be controlled and 

FLECs have the advantage that they can be used anywhere even outside the 

lab. The air flows through the cell to the tubes and trapped VOCs are then 

analysed by GC-MS (38). 

Photo-ionization detectors (PIDs) represent the real time measuring 

approach, but the accuracy depends on the type of VOCs present in the actual 

mixture (35).  

 

2.1.3 Carbon dioxide 

 

Carbon dioxide is the product of the metabolism of organisms and it is 

naturally present in the atmosphere in levels between 350-400 ppm, with 

higher concentrations in urban areas and the levels are of scientific and public 

concern because of the global warming impact and climatic change.  

The detection of carbon dioxide is necessary and important in a wide range 

of applications including indoor air quality (3) and food industry (40). 

The monitoring of dissolved carbon dioxide (and related inorganic carbon) 

e.g. in seawater is at high interest and represents the other area where the new 

sensors for real-time and remote measurement are desired (41) as well as for 

monitoring of soil respiration (42). 
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Non-dispersive infra-red (NDIR) sensors (based on the effect of CO2 

absorption of light in infra-red region) represent the currently most used 

technique for the detection of carbon dioxide however their use is limited by 

the high cost typically in a range of hundred pounds and can be too bulky for 

some applications. The performance of the sensor could be also affected by 

other gases or by high concentration of water vapour. The other disadvantage 

of NDIR sensors is represented by particulates (40). 

GC-MS can be used for the detection of CO2 however this approach is more 

expensive than NDIR sensors and cannot be used for real-time measurements. 

 

2.1.4 Ammonia 

 

Ammonia is one of the nutrients affecting the water quality and the chemical 

balance of the aquatic ecosystems. 

Ammonia (NH3) is a natural compound present in water environments taking 

involvement in nitrogen cycle and affects the biochemical processes such as a 

phytoplankton growth (43). The source of the naturally present NH3 comes 

from sediments as the results of bacterial decomposition of organic matter 

(44). Higher concentrations can be affected by human activities, where 

ammonia is derived from wastes and fertilizers (44).   

The lowest concentrations in the range of 10-100s of nM were observed in 

the open ocean and some unpolluted freshwater (45)(46), going to increase to 

single units µM level in coastal seawater and most continental water 

ecosystems. The concentration in mM levels could be found due to the 

anthropogenic pollution or due to the extreme biological activity (47)(48). 
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The increase of ammonia level associated with increase of bacteria 

population leads to the reduction of dissolved oxygen and subsequently causes 

decrease in species diversity (44). Ammonia at high levels is also directly toxic 

to fish species (49). 

Ammonia level in water is measured by colorimetric technique, where the 

most of the methods use the spectrophotometric determination of the 

indophenol blue (IPB) complex formed by the reaction of ammonia with phenol 

and hypochlorite, in alkaline pH (50). The limit of detection (LOD) of this 

technique of 0.6 µM was presented with possible further improvement using a 

long-path liquid waveguide capillary cell (LWCC) (51). However the main 

disadvantages of this approach consist of the complicated operation and 

necessity to use chemical reagents (52). 

 

2.1.5 Background information – Conclusions 

 

This subsection described the importance of the some of the key parameters 

of air and water quality and summarize the commercially used techniques for 

their measurement, Table 2-1.  
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Table 2-1: Comparison of the currently used commercial techniques for the 

selected analytes. 

M* Technique Sensitivity Cost 

[£] 

Size Real 

Time 

In-situ 

use 

Ref 

EtOH 

[g] 

Electro-

chemical/ 

IR 

absorption 

Ppm range 10s-

100s 

≈10x15x5 

cm 

YES YES (53) 

(54) 

CO2 

[g] 

NDIR ≈10s ppm 100s ≈10x15x10 

cm 

YES YES (40) 

VOCs 

[g] 

PID/FID Ppm range 100-

103s 

≈10x15x10 

cm 

YES YES (35) 

NH3 

[l] 

Colouri-

metry 

≈10s-100s 

nM 

104 s 2x1x0.3 m NO Limit-

ed 

(50) 

All [g] 

[l] 

GC-MS / 

LC-MS 

Ppb range 105-

106 s 

≈ 1x1x2 m NO NO (55) 

(56) 

(57) 

*M = measurand; [g] and [l] sign for gas and liquid phase of the measurand 

 

The high demand for less expensive and real-time sensors was observed, 

which can be satisfied by the development of the novel optical fibre optic 

sensors. 
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2.2 Fibre optic sensors 

2.2.1 Introduction 

 

The optical fibre has a cylindrical shape and it contains the core with high 

refractive index (RI) and the cladding with lower RI. The whole fibre is 

commonly covered by plastic buffer (jacket) to enable the protection against 

any mechanical damage, Figure 2-1.  

 

 

Figure 2-1: Scheme of typical single mode optical fibre. 

 

The light propagates along the optical fibre via total internal reflection. 

Optical fibres can be single or multi-mode based on the number of the modes 

propagating in the fibre core. All of the fibres used in this work were single 

mode type. 

It has been shown that optical fibres have unique properties which enable 

them to be highly suitable for the sensing applications (8).  
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In general, there are two approaches for FOS implementation: 1) intrinsic – 

the fibre itself is used as the transducer measuring a change in the ambient 

conditions, 2) extrinsic – the fibre enables only the transmission of light to and 

from the measurement region (7). When the light from the light source with 

appropriate wavelength range – associated with the material of the fibre and 

used sensor element is guided in optical fibre through the sensing area the 

transmission or reflection spectrum is measured by photo detector connected 

to the interrogation unit and the data are further evaluated using specialized 

software. 

The possible applications for fibre optic sensors cover chemical and 

biological sensing, environmental monitoring or medical diagnosis. The key 

advantage of fibre optic sensors is their potential to produce highly sensitive 

and selective sensors (7)(10)(58). Chemically specific sensors can be fabricated 

by deposition of chemically sensitive nano-scale coatings onto the surface of 

the fibre (25)(59). 

The optical fibres commonly used in telecommunications are not inherently 

sensitive to the physical or chemical factors in the surrounding environment 

(indeed any sensitivity is a confounding factor for them).  

The fibre should be appropriately modified, for instance via fabrication of 

the fibre grating (11)(12), via tapering (60) or bending (61) the fibre and via 

etching the cladding (62) to obtain such sensitivity. Other option is to use of 

optical fibres to create an interferometer (26) (63) or deposit a coating over the 

fibre to create a sensor based on electro-magnetic resonance (64).   
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2.2.2 Sensing platforms used in fibre optic sensing 

 

When the cladding is removed or etched or when both the fibre core and 

cladding are tapered then the evanescent field of the light propagating through 

the waveguide (fibre) interacts with the surrounding environment. When the 

specific sensitive coating is applied at this region the changes in the absorbance 

between this coating and the evanescent wave can be observed (7). The 

operation principle of an evanescent wave sensor based on tapered fibre is 

shown in Figure 2-2, where an example of transmission spectrum is shown in 

Figure 2-3. 

 

 

Figure 2-2: Schematic illustration of operation principle of the sensor based 

on the tapered optical fibre. 
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Figure 2-3: Example of the optical signal response of evanescent wave based 

tapered fibre-optic sensor (black and red line show the transmission spectra of 

the sensor in air and water). 

 

The “U” shape bended fibre could be used to enhance the penetration depth 

of light transferred into the evanescent field and thus to enable the higher 

interaction between the evanescent wave and the coating/surrounding 

environment. As an example, “U” shape bended fibre optic sensors were 

developed for the detection of ammonia (61), methanol (65) or pH  (66). 

Changes within the interaction between the evanescent wave and the 

coating can be observed via surface plasmon resonance (SPR) or lossy mode 

resonance (LMR).  

SPR technique has been considered as the gold standard in the field bio-

sensing due its label free and real-time approach. The light propagates through 

the optical waveguide and then reacts with the functionalized usually gold 

substrate inducing the change in the optical signal. The amount of this change 

is relevant to the amount of the refractive index change induced by the binding 
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of the analyte and thus indicates its concentration (67), Figure 2-4. On the other 

hand, it is necessary to use noble metal as the substrate for the sensitive layer 

and there is need to use a polarized light propagating through the waveguide 

(68).  

 

 

Figure 2-4: Schematic illustration of resonance based fibre optic sensor (68). 

 

As an example, a sensor based on SPR and cladding removed plastic  optical 

fibre had been used for the detection of uric acid (69) and SPR sensors have 

been reviewed in (67).  

When a specific condition of the coating permittivity are fulfilled then the 

light is coupled into a different propagating medium and this loss of the 

transmitted light is referred as LMR. Semiconductor and polymers have been 

considered as useful coatings to enable a coupling between waveguide modes 

and a specific lossy mode of the thin film (68)(70). 

Relative humidity and ammonia sensors were developed using LMR principle 

of operation, where the sensing platform was based on the etched cladding and 

tapered optical fibre respectively (62)(71). 
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Optical fiber interferometers represent the other type of fibre optic sensors. 

The principle of operation of any fiber optic interferometer is based on the 

interference between two beams that propagate through different optical 

paths of a single fiber or two different fibers (72). The following type of 

interferometers were used as fibre optic sensors: i) Fabry-Perot, ii) Mach-

Zehnder, iii) Michelson and iv) Sagnac loop. 

The Fabry-Perot-fibre optic interferometers can be developed via fabrication 

of an air gap or semi-reflecting mirror into the fibre (72)(73)(74) however the 

difficulties in the fabrication process have been considered as the main 

limitation for their applications (73). The easiest option is the deposition of the 

sensitive coating onto the tip of the fibre, as an example to fabricate an relative 

humidity sensor (26)(75). Two optical interfaces are represented with the fibre 

tip-coating and coating-environment each with characteristic Fresnel 

coefficients for reflection. The changes within the reflected optical signal are 

due to humidity induced changes of the coating (absorption of water vapour 

lead to the change of the refractive index) (26)(76). Similarly the carbon dioxide 

sensor has been presented with use of phenol as the sensitive material (77). 

Mach-Zehnder interferometers in principle use two independent arms for 

the propagating light, the sensing arm and the reference arm. The sensing arm 

is exposed to the changes in the measurand of interest while the reference arm 

is isolated from the external variation (72). The effect of splitting and 

recombining of the incident light can be obtained by several ways in the fibre 

as schematically shown in Figure 2-5. 
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Figure 2-5: Examples of different types of Mach Zehnder interferometers 

using: a) pair of LPGs, b) core mismatch, c) air hole collapsing of photonic crystal 

fibre, d) segments of multi-mode fibre, e) segments of small core single mode 

fibre and f) fibre tapering (72). 

 

Mach-Zehnder interferometer can be designed to be insensitive to 

temperature and bulk refractive index and response only to the changes of the 

selected chemical analyte. This is highly desirable for the use of the sensor in 

real environments, where both temperature and bulk RI represent the 

confounding factors for the chemical sensor performance (63).  
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Michelson interferometer acts as a half of Mach-Zehnder device. The light 

propagating through the fibre is split into two arms and then both of them are 

reflected with use of the mirror. The in-line Michelson interferometer is 

schematically shown in Figure 2-6. The coupling of the light from the fibre core 

can be done by the same methods as for Mach-Zehnder interferometer (72) 

and thus any LPG based sensor operating in reflection mode acts as Michelson 

interferometer. As an example, this arrangement had been demonstrated for a 

relative humidity sensor (78). 

 

 

Figure 2-6: Schematic illustration of Michelson interferometer (72). 

 

The principle of operation of Sagnac loop interferometer is based on the two 

beams propagating through the loop in counter directions with different 

polarization states (72), Figure 2-7. Optical path length difference is determined 

by the polarization dependent propagating speed of the mode guided along the 

loop (72). 
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Figure 2-7: Schematic illustration of Sagnac loop interferometer (72). 

 

High phase sensitivity is obtained using high birefringent or polarization 

maintaining fibres (72). Doping with germanium can increase thermal 

expansion coefficient inducing high birefringence variation and thus higher 

sensitivity can be obtained (79). On the other hand, the temperature sensitivity 

can be highly reduced using photonic crystal fibre to design a temperature 

insensitive strain sensor (80).  

Inscription of the fibre grating into the setting with the Sagnac loop  can lead 

to multi-parameter sensing, where simultaneous detection of strain and 

temperature (81) or refractive index and temperature (82) can be maintained.  

Among the different types of fibre-optic sensors, those based on gratings, 

specifically long period gratings (LPGs), have been employed extensively for 

refractive index measurements (9) and for monitoring associated chemical 

processes (9), since they offer wavelength-encoded information, which 

overcomes the referencing issues associated with intensity based approaches. 
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Fibre grating consists of the periodic perturbation of the refractive index of 

the fibre core. There are two types of fibre gratings: i) fibre Bragg grating (FBG) 

(sometimes also called short period grating) and ii) long period grating (LPG). 

The principle of operation of both is schematically shown in Figure 2-8.  

 

 

(a) 

 

(b) 

Figure 2-8: Scheme of a) the backward coupling of the light propagating 

through the FBG and b) the forward coupling of the light propagating through 

the LPG (83). 

 

According to the coupled mode theory, the coupling of the propagating light 

could occur in the same or opposite directions (84). Contra-directorial 

(backward) coupling is observed for FBGs while the case of co-directorial 

(forward) coupling is represented by LPG (85). 

However this classification can be used only where the grating is made at 

the right angle to the propagating light. The situation is much more complicated 
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for both types of tilted gratings and the both cases of coupling can occur, which 

will not be covered in this work (85). 

The FBGs are more suitable for measurement of physical parameters such as 

strain and temperature (11). The fibre with Bragg grating acts as a dichroic 

mirror and the wavelength with the highest reflectance is called Bragg 

wavelength and can be obtained using Equation 1. 

λB = 2neffΛ 

Equation 1 

where Λ is the period of the grating, neff is the effective refractive index of 

the fibre core and λB is the reflected Bragg wavelength. 

The principle of operation of FBG based fibre optic sensors is following: any 

external factor which can cause the change of Λ or neff can be measured as the 

function of the change of λB. This determines primary use of FBG for sensing 

the temperature and strain. A longitudinal deformation affects neff due to 

photo-elastic effect and Λ due to the increase of the grating pitch. Temperature 

affects neff due to thermal dilation and due to thermo-optic effect (86).  

The grating period of an FBG is about 0.5 µm which is much smaller than 

grating period of an LPG which varies from tens to several hundred of 

micrometres (85).  

This work focuses on the development of FOSs based on LPGs as they offer 

several advantages over the other (fibre-optic) sensing platforms: i) LPG shows 

a narrow bandwidth and, ii) high transmission loss of the attenuation bands; iii) 

the signal relies on the wavelength encoded information, iv) they offer 

structural stability and easy handling (in comparison to tapered and etched 

fibres).  
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The operation principle of an LPG based sensors is covered in the next 

subsection. 

 

2.2.3 LPG based fibre optic sensors – principle of operation 

 

LPG couples light between the fundamental core mode and the cladding of 

the fibre. The change of the transmission spectra can be observed due to this 

coupling and this change is shown as the series of loss or resonance bands (each 

correspond to one cladding mode). The cladding modes are sensitive to the 

surrounding environment and the change e.g. in temperature or refractive 

index causes the change in the transmitted spectrum (12). The principle of 

operation is shown in Figure 2-9. 

 

Figure 2-9: Scheme of LPG operation principle (7). 

 

The large radius of the cladding makes it a multimode waveguide. Efficient 

coupling between the core and the cladding is achieved when both have a 

similar electric field. This limits the number of the coupling modes (87). 
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The cladding modes propagate along the fibre axis and decay rapidly due to 

scattering loses at the cladding-air interface. As the light is coupled to the 

discrete cladding modes, each associated with specific wavelength, LPG acts as 

a wavelength-dependent loss element (88)(89). 

The series of attenuation bands occur in the transmission spectrum and the 

highest transmission loss is obtained at certain wavelengths (further referred 

as central wavelengths). The association between these wavelengths, the 

period of the grating and the effective refractive indices of the core and the i-

th mode of the cladding can be theoretically expressed in phase matching 

condition. The central wavelength λcw of any LPG can be obtained according to 

Equation 2: 

 

         Equation 2 

where neff core and ni
eff clad are the effective refractive indices of the fibre core 

and i-th mode of the cladding, respectively (12)(89). 

The phase matching curves can be obtained by fulfilling the Equation 2 

where the central wavelength is plotted as the function of LPG period (12), 

Figure 2-10. 
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(a) 

 

(b) 

Figure 2-10: Phase matching curves a) of low order and b) high order 

cladding modes obtained with use of phase matching equitation (12). 
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The central wavelength of the attenuation band can be easily identified at 

the transmission spectrum as the wavelength with the lowest absolute 

transmittance which can be calculated using Equation 3: 

 

Equation 3 

 

where Ti indicates the transmission at i-th cladding mode, Κi is the coupling 

coefficient (constant) for the i-th cladding mode and L is the length of the LPG 

(12).  

Each phase matching curve associated with the higher order cladding mode 

has its own phase matching turning point (PMTP), Figure 2-10b. 

When the period of the LPG is close to PMTP then two attenuation bands 

occur in the same region but with different and independently recognized 

central wavelengths both associated with the same cladding mode and this 

phenomenon is called a dual resonance (90). 

Fibre optic sensors operating close to the PMTP are the most sensitive to any 

environmental perturbations and the LPG based sensors using the dual 

resonance phenomenon have been presented e.g. for measurement of 

temperature, strain and refractive index (91). 

The principle of any LPG based sensor is based on the modulation of the 

propagation of the core and the cladding modes by the change of the 

surrounding environment. This effect can be easily observed as the change of 

the central wavelength and detected in the transmitted spectrum. In general, 

LPG without selectively sensitive coating is sensitive to temperature, strain, 

bending and refractive index (88).  
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The calibration of the sensor can be done by exposing it to the known level 

of the factors of interest and by simultaneous noting the position of the central 

wavelength. Other possibility is to measure the change of the transmission 

amplitude at specific wavelength (12). 

 

2.2.4 LPG fabrication 

 

The periodic perturbation of the refractive index of the core of an optical 

fibre can be performed by photo-induction or by physical deformation of the 

fibre, that can be done mechanically (92), by periodic tapering of the fibre with 

CO2 laser (93) or using electrical arc discharge as the heat source (94)(95).  

The mechanical fabrication of LPG is based on the fibre pressed between a 

periodically grooved plate and a flat plate, Figure 2-11. The mechanically 

fabricated LPG is sensitive to polarization (92). 

 

 

Figure 2-11: Side of the schematic setting for the mechanically induced LPG 

fabrication (92). 
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LPG fabrication using electric arc discharge represents the most common 

fabrication technique however the limited choice of the grating period is their 

biggest drawback, as fabrication of LPGs with shorter periods and thus 

operating at PMTP needs to use a high voltage power supply and still suffers 

from poor repeatability. In conclusion the electric arc fabrication technique 

provides an easy fabrication technique for LPGs with periods from 400 to 700 

µm but suffers from the several issues highlighted above (95).   

Exposure to electric arc discharge also induced the tapering of the fibre (95). 

The periodic tapering of the fibre allows the control over the grating period and 

LPG length however the tapering compromises the mechanical stability of the 

fibre as it achieves diameters of 10-15 µm (93), as shown in Figure 2-12. 

 

 

Figure 2-12: Optical micrograph of four periods of a micro- taper-based LPG. 

The inset shows a single bulge (93). 

 

The photo-induction of the RI change can be done using the laser operating 

in UV (96), or infrared (IR) region (97)(98), or by ion implantation (99). Each 

individual part of the grating can be fabricated point-by-point (96)(98) or, in the 
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case of UV irradiation, an extended  section of the fibre can be exposed to the 

beam via an amplitude mask (100), that imposes a spatial modulation to the 

intensity of the laser beam. 

LPG can be fabricated using irradiation in the near infrared (IR) region 

however LPGs fabricated by this approach suffer from the low transmission loss 

(less than 8 dB) (97). The set up for the LPG fabrication using femtosecond IR 

laser is shown in Figure 2-13. 

 

 

Figure 2-13: Schematic illustration of LPG fabrication using femtosecond 

laser operating in IR region at 800 nm (101). 

 

The change of the refractive index of the fibre core is induced by the 

densification of the glass using IR technique. The advantage of this approach 

lays in high thermal stability of up to 1200 oC (12). 
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The technique using a laser beam in IR region is limited by the operating 

wavelength of the laser providing the ideal condition only for a single LPG 

period, in this case for 436 µm. The authors declared an inscription time of 55 

min and LPG length of 40.11 mm. The improvement up to 20 dB transmission 

loss has been presented  (101).  

The fabrication of LPGs, particularly those of period shorter than 200 µm, 

via UV laser beam has been considered as the most promising approach to 

achieve satisfactory transmission loss, repeatability and relatively easy 

fabrication procedure. The mass production of LPGs with high reproducibility 

and low fabrication time is of importance for future commercial exploitation of 

the sensing platform. The fabrication of LPGs operating at PMTP with a high 

degree of repeatability was demonstrated recently (96). However the point-by-

point fabrication is time consuming and fabrication of 40 mm long LPG with the 

period of ~ 110 µm can take approximately 3 hours (96). On the other hand the 

LPG fabrication using an amplitude mask can reduce the beam time 

considerably when the same energy density is used as in point-by-point 

approach.  
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2.2.5 LPG based fibre optic sensors – temperature sensitivity 

 

The temperature sensitivity of the LPG can be theoretically explained using 

Equation 4: 

 

Equation 4 

where λ is the central wavelength, T is the temperature, neff co and neff clad 

represent the effective refractive index of the fibre core and cladding 

respectively, L is the length of the LPG and Λ its period (102). 

The first element of the Equation 4 on the right hand side takes into account 

the material effect  (composition of the fibre and its contribution depends on 

the change of the effective refractive indices of the fibre core and cladding 

which is induced by the thermo-optic effect) and the order of the cladding 

mode. High order cladding modes associated with grating periods of ca. 100 µm 

show almost negligible material sensitivity for the standard Ge-Si fibre. On the 

other hand the material effect dominates for the low order cladding modes 

with periods higher than 100 µm (12)(102). 

The strain sensitivity can be explained in the same manner as in the case of 

the temperature because there is also the contribution of the material effect 

and the cladding mode while LPG of low order cladding modes exhibit a 

negative material and positive waveguide effect (12). 

According to the Equation 4 it is possible to conclude that by choosing 

appropriate material of the fibre and the LPG period a sensing array with high 
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or almost no temperature sensitivity can be fabricated (103) and the same 

conclusion can be drawn for the strain (102). The linear dependence between 

the shift of the central wavelength and temperature change was observed 

within room temperature (104) and nonlinear change was observed at 

cryogenic temperature levels below 77K (105). 

 

2.2.6 LPG based fibre optic sensors – refractive index sensitivity 

 

The principle of the LPG sensitivity to refractive index is based on the change 

of the effective index of the cladding mode which is affected by the surrounding 

environment, Figure 2-14. 

 

 

Figure 2-14: Schematic image of LPG as an refractive index sensor – light is 

coupled from the core in to the cladding in LPG region, the wavelength at which 

coupling occurs depends on refractive index of surrounding medium (n3)  (89). 
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The relation between the refractive index of the surrounding  medium and 

the effective index of the cladding mode results in the sensitivity of LPG to bulk 

RI as shown in Equation 5 (106). 

 

    Equation 5 

where Dclad is the diameter of the cladding, nclad and namb represent the 

refractive index of the cladding and the ambient environment, neff core and ni
eff 

clad indicate the effective indices of the core and i-th mode of the cladding, while 

the order of the mode is i.  

The central wavelength shifts to the shorter wavelength (blue shift) due to 

increase of the refractive index of the surrounding medium and then the 

attenuation band disappears when the refractive index of the cladding is 

reached. With further increase of the refractive index the attenuation band 

occurs again with the longer central wavelength (106). 

The highest sensitivity was obtained for the higher order cladding modes 

and when the refractive index of the surrounding media is approaching the 

refractive index of the cladding Figure 2-15a (107). 
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(a)     (b) 

Figure 2-15: a) The shift of the central wavelength of the LPG of 5th cladding 

mode due to the change of the refractive index of the surrounding environment 

(107) and b) position of the central wavelength (up) and the transmission loss 

at this wavelength (down) of the LPG with the grating period of 275 µm for 

different levels of the refractive index of the surrounding environment (89). 

 

When these two refractive indices are equal then general decrease and no 

attenuation band is observed in transmission spectrum. There is no discrete 

cladding mode in this case and when the surrounding refractive index is higher 

than the refractive index of the cladding then reduced sensitivity is observed 

(89), Figure 2-15b, however the attenuation bands could occur due to Fresnel 

reflection in this case (106). 

The practical use of refractive index sensor based on unmodified LPG is 

limited to a measurement of the RI range lower than the refractive index of the 

cladding with non-linear sensitivity (108). The RI sensors based on unmodified 

LPG were successfully used for online remote measurement of sodium chloride, 

calcium chloride and ethylene glycol aqueous solutions in the food quality 

sector (109) or for xylene concentration in paraffin solution, where the 
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sensitivity of 6x10-5 of RI unit was obtained (110). 

Better performance could be achieved when an additional film is deposited 

onto the LPG. This approach could induce the RI change which is selective to 

the compound of interest and enable the fabrication of highly selective and 

accurate chemical sensors (7)(59).  

 

2.2.7 LPG based fibre optic chemical sensors – deposition of the 

sensitive element 

 

The first such sensor based on coated LPG was presented in 2000 for 

immobilised antibody bio-sensing (111). The coating deposition can be also 

used for the increasing of the LPG sensitivity to chemically unspecific RI change, 

e.g. 400 nm thick film of SiO2 nanoparticles was used to enhance the sensor’s 

performance (112). 

The refractive index of the deposited film affects the LPG performance. 

When a film has higher refractive than the cladding then the optical thickness 

of the film highly affects the change in the transmission spectrum (the position 

of the central wavelength). This trend was observed in a thickness range of a 

few hundred nanometres. On the other hand the coating with lower refractive 

index than the cladding shows much less sensitivity to the thickness (12). The 

thickness itself affects the change in the transmission spectrum as well. The 

shift of the central wavelength depends on the thickness of the film (113).  

It can be concluded that the application of the nano-scale coating is highly 

beneficial for LPG based sensors. The proper choices of the material endow the 

LPG with the sensitivity to a desired measurand and the optimization of the 
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thickness gives the highest level of this sensitivity (114). The specific cylindrical 

shape of the optical fibre represents an issue for the coating deposition. When 

all factors are considered then mainly three deposition techniques are used: 

the dip coating (DC) technique (115), the Langmuir-Blodgett (LB) technique 

(113) and the layer by layer (LbL) technique also known as electrostatic self-

assembly (ESA) (15). 

The dip coating technique was originally introduced for sol-gel or hydrogel 

coatings and is also suitable for the deposition on optical fibres. The main 

disadvantage of this approach is the limited thickness control in the nano-scale 

range (114), as an example, the LPG based sensor for chloroform detection in 

water was presented (115).  

The principle of Langmuir-Blodgett technique can be explained as follows: 

the monolayer is prepared on the surface of a liquid and then deposited on the 

solid surface by the immersion of the solid substrate into the liquid and as this 

monolayer is in nanometre range it enables the precise control over the 

thickness of the film (59). The example of the deposition of the thin film on LPG 

was presented for calixarene molecules which endow the LPG with sensitivity 

to volatile organic compounds (VOCs) (20).  

The layer by layer technique benefits from the thickness control and from a 

choice of using a wide range of coating materials. It is based on the deposition 

of the oppositely charged materials which can be added to the fibre on the 

molecular level to build up to the required thickness (15)(116).  

There are two possibilities of working principle of such sensors: i) the entire 

coating can be made from the sensitive material and then it reacts with the 

compound of interest. This effect leads to a change of refractive index which is 

subsequently detected as the change of transmission spectra (112) and ii) the 

sensitive layer can be infused with the material that causes the chemical 
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reaction which induces the refractive index change (15).  

The sensitive material should fulfil the following criteria: appropriate 

morphology, porosity, flexibility, thickness for the sensing selectivity and matrix 

porosity for the speed of analyte diffusion (117).  

As an example, LPG based sensor with functionalized film deposited by LbL 

technique was presented for ammonia sensing in water (15). 

The next section will cover the recent progress in the field of fibre optic 

chemical and biochemical sensors using deposition techniques mentioned 

above.  

 

2.2.8 LPG based fibre optic chemical and biochemical sensors – 

recent progress 

2.2.8.1 Relative humidity sensors 

 

Development of new relative humidity (RH) sensors is highly desired e.g. in 

the field of medical diagnostics (26).  RH is also one of the key parameters of 

indoor air quality (3).  

The sensitive coatings used for the RH measurement include PAH+/PAA- 

(polycation and polymer of acrylic acid) and Al2O3+/PSS- (118), TiO2 (119), SnO 

(120), polyvinyl alcohol (19), polyimide (121) or gelatine and CoCl2 (122).  

LPG based RH sensors have been successfully tested to operate in high 

radiation environments (119)(120). 



 

Chapter 2: Background information and Literature review   

45 

 

The summary of LPG based RH sensors is provided in Table 2-2. 

 

Table 2-2: Summary of LPG based RH sensors 

M* Coating 

material 

Sensitivity Range Resp. 

time 

LPG 

Ʌ* 

Ref 

RH 10 bilayers of 

PAH+/PAA- 

and 

Al2O3+/PSS- 

CW shift of 0.01 

nm / RH % 

20 to 

90 % 

No 

data 

430 

µm 

 

(118) 

RH 100 nm thin 

film of TiO2 

from 1.4 nm/RH % 

at low RH below 

10 % dropping to 

0.01 nm/RH % at 

high humidity 

levels 

0-

75 % 

No 

data 

404 

µm 

(119) 

RH 300 nm of 

SnO 

4.5 nm / 50 RH % 0-

50 % 

No 

data 

410 

µm 

(120) 

RH polyvinyl 

alcohol 

0.6 nm/RH % at 40 

to 85 %; 0.025 

nm/RH % at levels 

up to 40 % 

20-

85 % 

No 

data 

250 

µm 

(19) 

RH polyimide 0.1 nm/% RH and 

resolution limit of 

0.8 % RH 

20-

80 % 

No 

data 

330 

µm 

(121) 

RH gelatine and 

CoCl2 

0.18 nm/RH % 35-

90 % 

24 s 525 

μm 

(122) 

*M indicated measurand; Ʌ indicates period 
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2.2.8.2 H2 sensors 

 

Hydrogen plays an important part in various syntheses in chemical industry, 

even more it is considered as the energy source for the future. The monitoring 

of the hydrogen level is highly important due to the easily diffusion and possible 

explosion at concentrations over 4 % (123). LPG based H2 gas sensors were 

successfully tested even at high temperature simulating conditions  of coal or 

biomass gasification (18)(124). Two approached of the functional coating has 

been tested: i) palladium (123) and ii) zeolite (18)(124) based films. The 

properties of LPG based hydrogen sensors are summarized in Table 2-3. 

 

 Table 2-3: Summary of LPG based hydrogen sensors 

M* Coating 

material 

Sensitivity Range Resp. 

time 

LPG 

Ʌ* 

Ref 

H2  70 nm thin 

palladium  

CW shift of 

7.5 nm/4 % 

4 % 3 min 400 

µm 

(123) 

H2 SrCe0.8Zr0.1Y0.1O2

.95 (SCZY) – 

zeolite; 

thickness of 0.9 

µm 

1.9 nm / 

10 % of H2 

10 % No 

data 

520 

µm 

(18) 

H2 SrCe0.95Tb0.05O3
−ı 0.2 nm CW 

shift /8 %  

0.5 to 

12 % 

2 min 500 

μm 

(124) 

*M = measurand; Ʌ = period; CW = central wavelength 
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2.2.8.3 Carbon dioxide LPG based sensors 

 

LPG based carbon dioxide sensor had been reported with use of atactic 

polystyrene as sorbent for CO2 molecules diffusing trough the polymer matrix 

(17). The sensor was used to measure carbon dioxide level at high-pressure 

aqueous solutions in conditions simulating the use of the sensor in subsurface 

monitoring in deep saline aquifers (125). The performance of LPG based CO2 

sensor is shown in Table 2-4. 

Table 2-4: Summary of LPG base CO2 sensors 

M* Coating 

material 

Sensitivity Range Resp. 

time 

LPG 

Ʌ* 

Ref 

CO2 365 nm 

atactic 

polystyrene 

−1.23±0.08 

pm/%CO2;  

resolution 

of ±4.07 %  

steps of 

0, 25, 50, 

75 and 

100 % 

No data 450 

µm 

(17) 

*M = measurand; Ʌ = period 

 

2.2.8.4 Ammonia LPG based sensors 

 

Monitoring of ammonia in aquatic ecosystems is important and desired due 

its effect onto the biochemical processes. Ammonia either in gas and liquid 

phase is important for the health diagnostics as it was considered as biomarker 

for kidney, liver and physical disorders (126). 

The ammonia detection in gas (126)(127)(128) or liquid phase (15) was 

reported using LPG based sensors and the results are summarised in Table 2-5. 
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Table 2-5: Summary of LPG based ammonia sensors 

M* Coating 

material 

Sensitivity Range Resp. 

time 

LPG 

Ʌ* 

Ref 

NH3 

(g) 

PDDA/TSPP 100 ppm 

induced CW 

shift of 10 nm; 

LOD = 0.67 ppm 

3 to 

1067 

ppm 

No data 100 

µm 

(12

6) 

NH3 

(g) 

PDDA/PAA 0.35 and 0.31 

nm/ppm based 

on shift of 1st 

and 2nd CW 

0.3 to 

24 

ppm 

< 5 min 100 

µm 

(12

8) 

NH3 

(g) 

PAH/PAA LOD = 10.7 ppm 3-348 

ppm 

< 5 min 100 

µm 

(12

7) 

NH3 (l) PDDA/SiO2 + 

TSPP or PAA 

LOD = 140 ppb 0.1-

100 

ppm 

< 100s 100 

µm 

(15

) 

*M = measurand; Ʌ = period; LOD = limit of detection; (g) and (l) indicate gas 

and liquid phase of the measured ammonia. 

 

A practical example of LPG based ammonia sensor for the sea water quality 

monitoring will be shown in Chapter 6 with use of the methodology described 

in (15). 

 

2.2.8.5 LPG based bio-chemical sensors 

 

Development of new bio-chemical sensors is in high interest in the field of 

medical applications. The wide range of the analytes includes vancomycin 

(129), bacteria (16)(130)(131)(132)(133)(134)(135)(136), triacylglycerides 

(137), cholesterol (138), glucose (139) and streptavidin (140). Detection of 
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antigens (anti-Igs) present in serum represent the recent challenge in bio-

sensing field and prototypes of LPG based Ig sensors had been proposed 

already (141)(142)(143)(144). The performance of LPG based bio-chemical 

sensors is summarized in Table 2-6. 

 

Table 2-6: Summary of LPG based bio-chemical sensors 

Measurand Coating 

material 

Sensitivity Range Resp 

time 

LPG   

Ʌ* 

Ref 

antigens atactic 

polystyrene + 

Antibodies 

(Igs) 

 2-100 

μg/mL 

No 

data 

460 

µm 

(144) 

goat 

antigens in 

human 

serum 

Eudragit L100 

(polymer) + 

(Igs) 

LOD = 70 

μg/L (460 

pM); 4.6 nm 

per 100 

mg/L 

up to 100 

mg/L 

15 

min 

165 

µm 

(143) 

goat 

antigens in 

human 

serum 

Eudragit L100 

(polymer) + 

(Igs) 

LOD = 7.6 

mg/L and 

0.5 mg/L 

 1 h 615 

and 

370 

µm 

(142) 

antigens in 

human 

serum 

120-160 nm 

thin 

titania−silica 

sol gel film + 

Igs 

4.5 nm CW 

shift for 10 

mg/L; LOD = 

8 μg/L (5.3 × 

10−11 M) 

0.1 mg to 

10 mg/L 

40-

60 

min/ 

seru

m 

342 

μm 

(141) 

vancomycin 

(glycol-

peptide 

antibiotic) 

molecularly 

imprinted 

polymer 

(MIP) 

nanoparticles 

 

 

 10 nM-

700 µM 

(14 g/L - 

1 g/L) 

No 

data 

111 

µm 

(129) 
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Francisella 

tularensis 

bilayers of 

PAH or PDDA 

and PSS + 

antibodies 

(Igs) 

Lowest 

detected 

dose of 105 

colony 

forming 

units (CFU) 

 4 

min 

260 

µm 

(130) 

methicillin-

resistant S. 

aureus 

(MRSA) 

five bi-layers 

of PAH/PCBS 

+  mouse 

monoclonal 

antibody 

 102 - 106 

CFU 

No 

data 

116 

µm 

(131) 

E. coli T4 bacterio-

phage 

central 

wavelength 

shift of 1.3 

nm was 

induced by 

108 CFU 

 No 

data 

169.

7 µm 

(133) 

E. coli APTES + T4 

bacteriophag

e 

CW shift 2 

to 4 nm over 

the range 

103 to 

109 CFU 

≈ 20 

min 

226.

8 µm 

(16) 

lipopolysac

haride (LPS) 

on surface 

of E. coli B 

70 nm TiO2 

film + E. coli B 

bacteriophag

e g37 adhesin 

28.1 nm CW 

shift per 

250 μg/mL 

of LPS 

 No 

data 

226.

8 µm 

(136) 

E. coli via 

membrane 

proteins  

E. coli DNA 

aptamers 

0.16 nm CW 

shift per 

decade 

0.1 nM 

to 30 nM 

No 

data 

396 

µm 

(132) 

Triacyl-

glycerides 

(TGs) in 

human 

blood 

APTES + 

Lipase 

enzyme 

CW shift of 

0.5 nm per 

mM at pH 

7.4; LOD = 

17.71 

mg/dL 

0.5-7 

mM 

(44.27- 

620 

mg/L) 

≈ 1 

min 

581 

µm 

(137) 

cholesterol 

in coconut 

oil 

chitosan CW shift of 

25.12 nm 

per 5 mg/L 

0.5-5 

mg/L 

No 

data 

435 

μm 

(138) 



 

Chapter 2: Background information and Literature review   

51 

 

glucose APTES + 

glucose 

oxidase 

0.8 nm / 

(mg/L)  

0.1-3 

mg/mL 

30 s 550 

µm 

(139) 

streptavidin SiO2:gold 

nanoparticles 

+ biotin 

6. 9 nm/ 

(ng/mm2) 

LOD of 19 

pg/mm2 

19 nM-

2.7 µM 

Seve

ral s 

to >

15 

min 

110.

7 µm 

(140) 

* Ʌ = period; LOD = limit of detection; CW = central wavelength 

 

2.2.8.6 LPG based sensors for detection of organic compounds 

 

Volatile organic compounds consist of a wide range of chemicals. Real-time 

VOCs monitoring is highly desired in the fields of air and environmental quality 

(145). Methane detection is at high interest in a wide range of applications 

including coal mines, landfills or in chemical industry (146). The chemical 

sensitivity of PAH in the mesoporous coating with SiO2 NPs was  used in a way 

to test and recognize different types of alcoholic beverages and to provide their 

quality assessment (147). 

An LPG based methane sensors were proposed using cryptophane A as the 

sensitive element combined with styreneacrylonitrile (SAN) (148) or 

polycarbonate (146). The performance of LPG based methane sensors is 

summarized in Table 2-7. 
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Table 2-7: Summary of LPG based methane sensors 

M* Coating 

material 

Sensitivity Range Respon

se time 

LPG 

Ʌ 

Ref 

CH4 styreneacrylon

itrile and 

cryptophane A 

0.375 

nm/CH4 %  

0.2-

3.5 % 

50 s 480 

µm 

(148) 

CH4 polycarbonate 

and 

cryptophane A 

2.5 nm/ 

CH4 % 

0.2-

3.5 % 

No data 520 

µm 

(146) 

* M indicates measurand; Ʌ indicates period 

 

Calixarene molecules were used as the selective material to fabricate LPG 

based VOCs sensor (20)(145).  

An LPG was coated with calix-4-resorcarene via Langmuir-Blodgett 

technique. Changes in transmission spectra were induced by the concentrated 

vapours of benzene and toluene, where much lower response was observed for 

aliphatic cyclohexane and hexane molecules (13 time higher response for 

toluene in comparison to hexane) (20).  The same approach was used for the 

detection of toluene in water with the aim of demonstrating the feasibility of 

application of LPG based sensor to water quality tests (145).  

An example of LPG based VOCs sensor in a practical application in the field 

of indoor air quality will be further explored in Chapter 6 using calixarene as the 

functional compound in the coating. 

The properties of LPG based sensors used for the detection of organic 

compounds are summarized in Table 2-8. 
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Table 2-8: Summary of LPG based sensors for detection of organic 

compounds 

M * Coating 

material 

Sensitivity Range Resp

time 

LPG 

Ʌ 

Ref 

ethanol 

(g) 

ZnO 

nanorods 

Change in 

transmission at CW 

50 

Torr 

50 

min 

407 

µm 

(149) 

aromatic 

carboxyli

c acids 

(ACAs) 

10 layers 

of 

PAH/SIO2 

Response via CW 

shift and/or the 

intensity change at 

CW 

1 µM 

to 1 

mM 

> 

1500 

s 

100 

µm 

(150) 

toluene 

(g) 

calixarene LOD of 231 ppm 3.7 to 

73.4 

kppm 

15 s 180 

µm 

(20) 

toluene 

(l) 

calixarene LOD of 41 ppm 1- 400 

ppm 

< 

400 

ms 

97 

µm 

(145) 

*M indicates measurand; Ʌ indicates period; CW indicates central 

wavelength; (g) and (l) indicate the gas and liquid phase of the measurand. 

 

2.2.9 LPG based chemical sensors: conclusions 

 

Optical fibre LPG has a high potential to provide the useful platform for the 

development of novel chemical sensors. The nano-scale coating represents the 

key element for chemical sensing. The range of different coating types and LPG 

based chemical sensors was demonstrated in the literature. The future 

development of new sensors is highly desired and depends on introduction of 

new materials as the sensitive layer. 

 



 

Chapter 2: Background information and Literature review   

54 

 

2.3 Metal organic frameworks 

2.3.1 Background information 

 

Metal organic frameworks (MOFs) are crystalline materials with high 

stability, tuneable metrics, organic functionality and porosity (151). The stability 

is due to metal-oxygen-carbon strong bonds and the main advantages of MOFs 

consist of a huge surface area (∼7000 m2/g) and the possibility of selective gas 

storage (21)(152). 

The combination of MOFs with sensor transducers creates a prospect for the 

fabrication of highly sensitive and selective sensors. In this section, recent 

approaches to the development of MOF based sensors, advantages and 

characteristic features of each approach are discussed and examples of the 

sensitive and selective detection of various chemical analytes are provided.   

MOFs consist of metal centres coordinated by organic linkers to construct 

porous structures, in which the porosity, internal surface area, chemical 

properties and organic functionality can be tuned. The ability to adjust the pore 

size and to perform post-synthesis functionalization enables the development 

of MOFs that offer specific reactions with an analyte of interest, where only 

certain molecules (treated by size or functional group) are allowed to enter into 

the MOF’s cavities. While MOFs are generally fabricated in the form of 

crystalline powders, the ability to deposit MOFs in the form of a thin film on a 

substrate that could act as a sensing platform, is crucial when considering the 

possible use of MOFs for (chemical) sensing purposes (22)(151)(153)(154). 

There are a number of challenges in the fabrication of thin films of MOFs, 

particularly in ensuring uniform coverage over the substrate and in providing 

control over the thickness and growth direction of the crystals (154). 



 

Chapter 2: Background information and Literature review   

55 

 

The scientific concern had shifted during the last decade from the 

development and fabrication of new MOF materials into the field of their 

applications (23)(151)(155), where the main interests lie in selective hydrogen 

gas storage (156), selective gas adsorption (157)  and separation (158) or 

catalysis (159). There have been limited reports of MOF based sensors, but 

these reports demonstrate their potential to become powerful analytical 

devices (153). The main advantage is the high chemical selectivity made 

possible by the ability to select a MOF with appropriate properties (23). 

More than 20,000 different types of MOFs have been described over the last 

decade, which makes MOFs the most extensive group of porous materials 

(151). The variability of pore size and structure of MOFs is illustrated in Figure 

2-16 (on the next page).  

The main attraction of the use of MOFs in the development of sensors is the 

high chemical selectivity which could be provided by the appropriate selection 

of a MOF with desired properties matched to the analyte (153). The criteria for 

the evaluation of a sensor’s performance include its sensitivity, selectivity, 

response time, material stability and re-usability. The following factors should 

be considered for the development of a MOF based sensor: i) identification of 

the desired MOF to obtain desired selectivity and sensitivity, ii) feasibility of the 

fabrication of the MOF in the form of a thin film on the selected substrate, iii) 

identify and apply means for signal transduction (153).  

The selection of the appropriate MOF would consider the following material 

properties: the MOF structure because of the space conformation the number 

of pores and their size, as they represent a mechanical barrier for certain 

molecules to pass and the type of metal centres present, with a particular focus 

on open metal access sites, as they represent the key reactive part for the 

selective binding of the analyte (23). 
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(a)                                               (b) 

 

(c)              (d) 

Figure 2-16: Examples of MOFs structures, represented by a) MIL-53, b) 

NOTT-112, c) HKUST-1 and d) MOF-5 (the colored balls represent the sizes of 

the pores in the frameworks). Figure taken in (160) via creative common free 

licence (http://creativecommons.org/licenses/by/4.0/). 

 

The size of the pores of the MOF affects the fabrication of the film, as they 

are initially filled by the solvent. When the solvent molecules are removed 

there is a risk of collapse of the whole structure. This risk increases with the size 

of the pores. The MOF structure can be characterized by a permanent porosity 

only when the MOF retains its structure after the removal of the solvent 

http://creativecommons.org/licenses/by/4.0/
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molecules. This is more readily achieved for microporous structures (23). 

Microporous MOF materials (pore size less than 20Å) can be used for gas 

storage and gas separation applications because of the strong interactions 

between the small gas molecule and the walls of the pores. Networks with 

larger pore size are advantageous for applications based on guest-host 

chemistry, for example catalysis (23). 

A specific functional group can also be added after the synthesis to fit the 

desired purpose of the framework. This process is called post-synthetic 

modification (PSM) (161). PSM is useful for gas storage and catalytic 

applications where the surface properties and pore geometry are modified by 

the added functional groups. When PSM is designed and evaluated, the 

following factors should be taken into account: i) the substance which provides 

the functionality should be small enough to get into the cavities, ii) the reaction 

itself and its conditions don’t damage or even destroy the structure of the MOF 

(23). 

In addition, much more specific molecular recognition could be achieved 

when the MOF is endowed with specific functions with following modifications: 

i) the change of the specific ligand or doping of metal ions into the framework 

– this approach is used mainly for lanthanide metals for their luminescent 

properties, ii) the use of post-synthesis modification by adding the desired 

functional groups or iii) the added functional groups could be directly 

entrapped in the cavities - this approach could also use the nanoparticles as 

such composites could enable the measurand recognition or could improve the 

signal transduction (162). 

The strategies of functionalization of MOFs, the benefits of this approach 

and their possible use for a range of applications are also discussed by (163). As 

an example, surface-enhanced Raman scattering (SERS) can be used for 
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chemical detection with enormous sensitivity and rapid response (164), which 

can be induced by metal nanostructures, in particular gold nanorods (AuNRs), 

deposited on the surface (165). The addition of AuNRs to the MOF structure 

enables use of SERS in a MOF based sensor (166).  

The guest-host interactions can be specified by the size of the analyte. MOFs 

have been used as molecular sieves (167). Larger molecules cannot get into the 

cavities, but smaller molecules are allowed to pass (167). Other effects include 

a “gate opening effect” that has been observed where pore expansion or 

constrictions can occur due to the interactions between the network and guest 

molecules (adsorbate and adsorbent) (157). It has been demonstrated that size 

of the pores can expand from 3.8 to 28.8 Å in MOF-5 (168). 

The level of water adsorption could be other important parameter to be 

considered during the MOF selection process (153). MOFs can be hydrophobic, 

for example the ZIF materials (24), while HKUST-1 can adsorb water (169). 

Following selection of the MOF with appropriate characteristics, it is necessary 

to find the most appropriate method for its fabrication in the form of thin film. 

 

2.3.2 Thin film fabrication 

 

From the practical point of view, the fabrication of MOF in the form of a thin 

film is considered to be crucial for the development of MOF based sensors. The 

development and the fabrication of MOF thin film has been reviewed in (154) 

(170). The uniformity of the film in terms of its structure, thickness and crystal 

orientation is desired, because these parameters influence drastically the 

performance of the sensor. The selected deposition technique plays an 
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important role in MOF thin film fabrication as it can affect all of these crucial 

parameters. 

The following methods have been reported for the fabrication of MOF films : 

i) liquid-phase epitaxy (LPE), ii) Langmuir-Blodgett / layer-by-layer deposition, 

iii) direct synthesis in situ, iv) seeded growth, v) electrochemical methods, vi) 

assembly of preformed MOF nanocrystals (154).  

The following factors should be taken into account during the thin film 

synthesis: temperature, concentration of the solution of the reactants, the 

solubility of both in the solvent, the pH of the solution and the exact ligand and 

metal. The ligand properties such as bond angles, size and chirality influence 

significantly the final framework. The capability of the metal ions to adopt the 

requested geometry also affects the MOF structure (23). 

The Langmuir-Blodgett technique was the first method used to demonstrate 

the controlled fabrication of a multi-layered film at nano-scale range with 

controllable thickness. This approach is advantageous due to the mild reaction 

conditions (room temperature, no highly toxic materials are involved) (154). LPE 

approach has been used for fabrication of MOF thin films (170)(171)(172)(173) 

and fabrication methodology is schematically shown in Figure 2-17. 
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Figure 2-17: Schematic illustration of NAFS-1 thin film fabrication via 

Langmuir-Blodgett technique (173). 

 

The layer-by-layer (LbL) technique consists of the deposition of oppositely 

charged materials that can be added to the substrate on the molecular level. 

This principle can enable control over the thickness of the film. In comparison 

to other techniques, LbL benefits from being a simple procedure that is 

conducted at room temperature. Other advantages include the rapid synthesis 

and minimal use of consumables. There are reports of the use of the LbL 

technique for MOFs thin film synthesis (174)(175)(176)(177), Figure 2-18. 

 

 

Figure 2-18: Schematic illustration of MOF synthesis via LbL approach (177). 
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Direct synthesis represents the simplest way to form a film on a substrate 

which can be bare or be treated by organic molecules or self-assembled 

monolayers. The substrate is subsequently immersed in solution and the 

crystals grow attached to the substrate surface (154). The process of immersion 

in the mother solution for MOF creation is called in-situ crystallization and 

numerous crystalline, dense and homogenous films were fabricated using this 

approach (154). This technique enables the deposition of MOF films on a 

number of different substrate materials, including TiO2 (178) or alumina (179). 

The in-situ growth of ZIF-8 film ceramic hollow fibres using a synthesis gel of 

high concentration has been reported (180). 

The modification of the substrate including seeding and attachments of 

organic ligands has been suggested. The modification plays an important role 

and help to increase the growth rate of the film (154). In general, when the in-

situ crystal synthesis approach is used, such promotion of the film growth 

seems to be essential to obtain a continuous film (181). This conclusion can be 

supported by several reports that show no film formation on bare substrates, 

while continuous films were obtained following the chemical modification of 

substrates (179)(182)(183)(184)(185). 

The orientation of the film is also determined by the treatment of the 

substrates (183), which can be achieved using OH- or COOH- groups (184). The 

same effect of surface preparation on crystal orientation was observed for 

HKUST-1 film deposited onto treated gold substrates (185). 

The in-situ crystallization technique encompasses a wide range of conditions 

during film fabrication. The limiting factor of this approach is the ability of the 

crystals to nucleate on the liquid/solid interface of the substrate (154). For the 

development of MOF-based sensors, it is important to develop a procedure that 

allows the deposition of a thin film at room temperature with no requirement 
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for substrate modification and that can be undertaken in a time period of a few 

hours (154).  

The seeded growth method has been applied successfully for the synthesis 

of zeolite films (sometimes is referred as the secondary growth method) (186) 

but it is also of use the formation of MOF thin-films. The fabrication process 

consists of two stages: firstly, the seeds are prepared and deposited on the 

surface and then the film growth is initiated, often under solvothermal 

conditions (154), as indicated in Figure 2-19. 

 

 

Figure 2-19: Schematic illustration of the seeded growth MOF thin film 

fabrication technique (187). 

 

MOF nanocrystals with sizes in the range 20-100 nm can be used as the 

seeds. Firstly, single crystals are fabricated and then deposited on the substrate, 

either by dropping (188) or using the dip coating technique (189). The 

advantages of the seeded growth approach include its simplicity and possibility 

to use this technique as a transition step from fabrication of MOF in a form of 

single crystals to smooth thin films (154). On the other hand sometimes the 

seeds are not stable and dissolve or become dissociated from the substrate. 

This effect is due to the acidic properties of the organic linker, which can be 
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solved by addition of a base (190). The lack of adhesion between the seeds and 

the substrate represents another issue (154). A further approach of secondary 

growth involves the use of microwave radiation, which enables the rapid 

synthesis of the film (190) or involves a thermal seeding at higher temperature 

(at 200 oC) (187). 

A MOF film itself, when deposited on a substrate can also act as seed layer. 

It has been shown films obtained using this approach are more homogenous 

and continuous using than those fabricated by direct growth synthesis. By using 

such a seed layer, films of [Cu2(ndc)2(dabco)] of thickness in the range 500 to 

700 nm could be formed on unmodified SiO2 or Al2O3 substrates (191).  

Electrochemical methods represent other promising approach for MOF film 

fabrication and they had been used to obtain Cu-MOF crystals. While to date 

only HKUST-1 films synthesis has been reported, the fabrication of films with 

other transition metals should be feasible (192).  

The deposition of multiple layers with controllable thickness, sometimes 

even comprised from different materials, represent another challenge for MOF-

based sensors, but the early trials of methods to achieve this  have been  

presented (22)(24)(173)(176). The enhancement of the MOF thin film with 

other elements or the combination of different MOFs could lead to 

improvements in the sensor’s functionality (22).  

While all of the discussed approaches could be used for the development of 

sensitive films for sensor applications, there is lack of generalization of these 

approaches to be more widely applied to fabricate films from other MOFs, as 

most of these materials are synthetized by solvothermal reactions at high 

temperatures (154). 
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2.3.3 MOF based sensors 

 

The possibility of defining the chemical functionality as well as providing size 

selectivity makes MOFs interesting candidates for use as sensing materials. 

However, it is recognized that there is a need to identify the appropriate means 

for signal transduction to enable the use of the broad range of MOFs for 

chemical sensing (153). To date the development of MOF based sensors has 

been focused mainly on their luminescent properties (193) in combination with 

size/shape selective adsorption (23). However, the ability to tailor the 

properties of MOFs represents an important factor in sensor development. In 

theory, any change of the MOF properties could be measured to act as the 

sensing signal (162). Betard and Fisher (154) suggest four signal transduction 

approaches: luminescence of the material, changes in optical properties, 

changes in mass of the film (with use of quartz crystal microbalance and 

microcantilevers) and the changes in electrical properties. Lei et al. used similar 

groups of MOF sensors based on optical, electrochemical, mechanical and 

photo-electrochemical transduction (162).  

The MOF itself can be used as both receptor and transducer in the case of 

solvatochromic or luminescent sensors (153)(162). However, this approach 

cannot be generalized because only a few MOFs and guests have been proven 

to show significant colour changes and most of MOFs show no evidence of such 

behaviour (153). 

Solvatochromism is based on the shift of absorbed spectrum of the material 

due to the change of the solvent polarity, which induces a change of the dipole 

moment and enables the solvatochromic component to reach the excited state. 

Two effects can be observed with increasing solvent polarity: i) A 
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red/bathochromic shift occurs when the dipole moment of the excited state is 

higher than the ground state, ii) a blue/hypsochromic shift occurs when the 

dipole moment of the excited state is smaller than that of the ground state 

(153).  

The following sensors that exploit the luminescent properties MOFs have 

been reported: i) sensors for selective ion monitoring, ii) sensors for the 

presence/absence or type of the guest molecules and iii) sensors for stress-

induced chemical detection (23). Luminescent materials can be obtained by 

using luminescent metal ions or clusters and organic ligand. Lanthanide metals 

are well-known for their luminescent properties and their use in MOFs 

synthesis has been reported (194). The incorporation of special host molecules 

can also be used to produce materials with luminescent properties (193).  

Luminescent MOFs sensors have been described in a range of possible 

applications and have been reviewed in (195)(196)(197). Here the signal 

transduction is based on the incorporation of a lanthanide element in the 

framework of the MOF (198). The principles of operation of sensors exploiting 

such materials include measurement of changes in the inter-molecular 

distances between the metal ions and organic ligands, measurement of the 

level of the chemical binding between the analyte the metal part and host-

guest chemistry interaction between the analyte and the framework (162). As 

an example, the detection of explosives represents an interesting application. 

Previously, Zn based MOFs were shown to exhibit an affinity to organic 

compounds such as pyridine, benzene and dodecane in liquid solutions (199). 

This behaviour was further examined and lead to the development of MOFs 

doped with luminescent elements used for the detection of dinitrotoluene and 

trinitrotoluene in vapour form (200). The detection principle is based on the 

induction of luminescence quenching by synergic effect of π-π stacking and 

hydrogen interaction that enables intermolecular electron transfer (201). The 
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quenching effect was described also in a different study, where the detection 

of nitrobenzene with use of Cd based type of MOF had been shown (202). 

A large group of MOF sensors is based on electrochemical changes and these 

were reviewed in (203)(204). Electrochemical sensors attract significant 

attention as they can enable the fabrication of versatile, reliable, attractive, 

highly sensitive and easy-to-use devices. However the electrochemical 

approach has two main issues: the conductivity of the MOF and the redox 

potential of the MOF (204). These issues could be overcome by the use of a 

mixture of MOF and a conductive material or by the attachment of a MOF film 

or coating to a substrate integrated with microelectronics. This provides the 

possibility of direct electron transfer between the film and substrate, with 

advantages such as control of film thickness, unobstructed access to pore 

cavities, and availability of active sites (203). The electrochemical approach has 

been successfully implemented in the development of MOF based sensors, 

where ZIF-70 was used as the key element for glucose measurement, where the 

principle relies on the measurement of dehydrogenase-based changes (NADH 

to NADH+) (205) or the use of a copper based MOF for the detection of H2S 

inside cells.  

Alternatively, quartz crystal microbalance (QCM) sensing, based on the 

measurement of the change of the oscillation frequency of the substrate due 

to the adsorption or desorption of molecules within the selected film, could be 

used (172)(206).  

Sensors exploiting changes in optical properties are often based on the 

measurement of refractive index changes. The specific reaction between a MOF 

and a chemical vapour induces a change of the refractive index of the guest-

host MOF based complex (24).  For example, a 1 µm thick ZIF-8 film deposited 

on glass substrate to act as a Fabry-Perot interferometer was used for propane 
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sensing. The concentration-specific changes in the light passing through the ZIF-

8 film were observed by monitoring the UV-VIS transmission spectrum.  The 

wavelength shifts in the features of the channelled spectrum that is 

characteristic of such interferometers exhibited an almost linear dependence 

on propane concentration (24).  

Thin film of UiO-66 (zirconium based MOF) had been deposited on the tip of 

optical fibre and the changes in the fringes of the reflected light were used for 

the detection of Rhodamine-B in water (207). 

One-dimensional photonic crystals (Bragg stacks), with use of a microporous 

metal-organic framework material and mesoporous titanium dioxide, have 

been used as a MOF based optical sensing platform, where device including ZIF-

8 (208) and HKUST-1 (171) show the selective response for different organic 

vapours measured as a shift of photonic bandgap. 

The sensor for detection of Cu2+ ions in aqueous solutions had been shown. 

The sensing approach was based on the changes in absorbance at 430 nm 

evaluated with use of UV–vis spectrophotometric and digital image-based 

colorimetric analysis. The sensor responded linearly in a range of 1.57 – 157.37 

nM followed by non-linear response up to approximately 32 µM of Cu2+. The 

colour change of the substrate was presented to be visible also with naked eye 

at higher concentration (approximately over 700 nM). Authors declared the 

LOD of 7.8 nM and 3.2 nM with use of of UV–vis spectrophotometric and Digital 

Image-based Colorimetric analysis, respectively. The sensitivity is enough to be 

possible to detect CU2+ ions to fulfil the WHO criteria for drinking water. The 

sensor also could determine the Cu2+ concentration in biological samples like 

blood or serum (209). 

The proposed CO2 sensor measures changes in NIR absorption of thin film 

consisting of HKUST-1 deposited in the etched region of optical fibre. The proof 
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of concept had been presented with multimode optical fibre with the coated 

region of 8 cm and the film thickness of 100 nm and authors declared a limit of 

detection of 500 ppm of CO2 gas in mixture with argon with use of high 

resolution NIR spectroscopy (210). The higher sensitivity was then obtained 

using the same film but coated onto the etched single mode fibre over the 

region of 5 cm. The improved LOD of 50 ppm of CO2 mixed with argon was 

reported (211). 

Kelvin probe setup had been used of gas measurements, where MOF-74 and 

Zn3(btc)2·12H2O (Zn-btc) MOF showed the sensitivity towards CO2 and short-

chain alcohols respectively (212)(213). 

MOF films can be also used to improve the selectivity of existing gas sensors. 

The accumulation of specific gas molecules around the nanoparticles causes a 

small change in refractive index. When an HKUST-1 film was deposited on silver 

nanoparticles, it caused 14-fold signal improvement for CO2 sensing with use of 

localized surface plasmon resonance spectroscopy (214). 

There is a need to establish a suitable means of signal transduction to enable 

the use of MOFs for chemical sensing (22)(24). The pores for all MOF structures 

are scaled in Angstroms, which makes it extremely difficult to measure the 

individual response from each pore and crystal.  The most promising approach 

appears to be the adoption of macroscopic perspective and to analyse changes 

in the properties of the whole film. This can be achieved by the use of optical 

transduction techniques, which require the fabrication of a film, ideally with 

controllable thickness, on an optical sensing platform such as optical fibre 

sensors. 
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2.4 Conclusions 

 

In this chapter, the overview of the commercially used techniques for the 

detection of VOCs, carbon dioxide and ammonia were provided and the high 

demand for real-time sensors in the field of IAQ and water quality was 

discovered.  

The concept and use of fibre optic sensors was introduced. The literature 

review focused on the recent progress in the field of LPG based chemical 

sensors. LPG provides an ideal platform among the fibre optic sensors as it 

benefits from the wavelength encoded information and enable the deposition 

of the sensitive coating, the key element for chemical sensing.  

Materials from MOFs family was described and it can be concluded that the 

combination of the diversity, specific selectivity and sensitivity of different 

materials seems to be highly promising in the field of the development of 

precise and reliable chemical sensors, especially in combination with optical 

fibres as sensing platform, while optical fibres solve the problem with the signal 

transduction. 

The literature review in the second part focused on the fabrication of MOF 

thin films in respect with the potential deposition of MOF thin films on the 

surface of optical fibre LPG.  

Both fibre optic LPG sensors and metal organic frameworks represent a hot 

research topic and both these areas noticed a rapid increase in the publications, 

with various range of suggested applications however long period grating fibre 

optic sensor with MOF functional coating has not been presented yet, the 

closest material applied on LPG was zeolite. 
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The information obtained from the literature review suggested that it should 

be possible to fabricate LPG based MOF coated sensor with high selectivity and 

sensitivity and this concept taken into practice is shown in Chapter 4 and 

Chapter 5. 

Deposition of nanoparticles to functionalize LPG has been considered as the 

useful platform for the development of LPG based chemical sensors. The 

further functionalization of the sensitive layer broadens this concept even 

further and creates a possibility to measure a wide range of analytes. This 

approach was decided to be tested further in the real environments and it is 

demonstrated on two LPG based sensors for the detection of VOCs and 

ammonia in Chapter 6 and as a part of multi-parameter array used for IAQ 

monitoring in Chapter 7. 
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Chapter 3: Fabrication of LPGs using UV laser 

beam 

 

 

3.1 Introduction 

 

The fabrication of LPGs operating at phase match turning point with use of 

UV laser is presented. Two techniques, fabrication point-by-point and via the 

amplitude masks are compared.  

All LPGs used in the project and presented in this thesis were fabricated by 

UV laser exposure using techniques described here. The purpose of this chapter 

is to summarize methodology, so the LPG fabrication details won’t be repeated 

again in the following chapters. 

 

3.2 Methodology 

  

LPGs were fabricated using UV laser in a photosensitive boron–germanium 

co-doped optical fibre (Fibercore PS750). This type of the fibre provides the 

high photosensitivity to UV light due to the co-doped germanium into the fibre 

core enabling the fabrication of an LPG and doesn’t require pre-treatment (such 

as hydrogen loading). The mode field diameter of 4.4 - 5.9 µm at 780 nm and 
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cut-off wavelength in a range of 610 – 750 nm are stated by the manufacturer. 

For comparison, the standard telecommunication fibres are not sensitive to UV 

light and are set to operate around 1550 nm (third telecommunication window 

based on the absorption of commonly present chemicals in the environment) 

and thus their cut-off wavelength is in the near IR region.  

The selected grating period facilitates coupling to a higher order cladding 

mode (LP019) at the PMTP, where its response to external refractive index is 

largest (215). The use of optical fibre with a short cut-off wavelength ensures 

that resonance bands at their PMTP lie towards the red end of the visible 

spectrum,  allowing the transmission spectrum of the LPG to be monitored 

using an inexpensive light source, halogen lamp, and a low-cost CCD 

spectrometer. 

The combination of the wavelength range based on the properties of the 

fibre and the spectrometer together with the application of the phase matching 

curves (shown in Figure 2-10) gives the desired region of the LPG grating period 

close to 110.0 µm to provide sensors operating at PMTP (occurring by coupling 

to LP019 cladding mode) and thus to fabricate LPGs with the highest sensitivity 

with the attenuation bands in visible-near infrared spectrum. All the LPGs 

fabricated and used in this project fulfil those criteria. 

The cladding modes associated with the attenuation bands have been 

calculated through numerical modelling using the phase matching equation 

and weakly guided approximation to determine the effective refractive indices 

of the core and cladding modes and the known values of the central 

wavelengths and the grating period (89). 

Prior to the LPG fabrication and thus the exposure to the output from the 

laser, the polyacrylate jacket of the fibre was mechanically removed (using a 

specialized stripping tool) over the section of the proposed grating and the fibre 
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was wiped using 2-propanol. The fibre was fixed using V-groves mounts on a 

translation stage. The fibre was fixed such that it was kept taut, with a constant 

strain, for the duration of the fabrication process.   

The laser used to side-illumination of the optical fibre was a frequency 

quadrupled Nd:YAG laser emitting at 266 nm (Continuum minilite I). The output 

power of the laser was 5 mW and the beam diameter was 3 mm. A cylindrical 

lens with a focal length of 100 mm was used to focus the 3 mm diameter beam.  

The fabrication set-up is shown schematically in Figure 3-1. 

 

 

Figure 3-1:  Scheme of the LPG fabrication using UV laser beam using point 

by point technique or via amplitude mask.  
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The point by point technique used mechanical metal slit to obtain the beam 

width of approximately 55 µm. Each part of the grating has been written 

separately with one spot exposure time of 30 s with followed by shift of the 

translation stage according to the desired grating period. The process was 

repeated until the grating length reached 30 mm.  

The fabrication system is shown in Figure 3-2. 

 

Figure 3-2: Setting of LPG fabrication system using UV laser via point by point 

approach. 

 

Alternatively, the fibre can be exposed to the laser beam through custom 

made (Suzhou Sunshine Laser Technology Co., Ltd., China) amplitude masks of 

1Cr18Ni9Ti steel alloy (the mechanical slit was removed from the system in this 

case). The beam propagates onto the amplitude mask, producing a 3 mm long 

line focus aligned with the axis of the fibre. The beam waist along the axis of 
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the fibre was calculated to be 1 mm. The fibre was fixed in the proximity of the 

amplitude mask. During exposure, the optical fibre and amplitude mask were 

moved across the laser beam as shown schematically in Figure 3-1. The 

dimensions of the amplitude mask are 90x15x0.15-0.2 mm with a grating size 

of 70x6 mm in the central region, Figure 3-3. 

 

 

Figure 3-3: Amplitude mask used for the fabrication of LPGs, custom made 

of 1Cr18Ni9Ti steel alloy (Suzhou Sunshine Laser Technology Co., Ltd., China); 

the dimensions of the whole mask are 90x15x0.15-0.2 mm (width-height-

thickness with the grating itself of 70x6 mm (width-height). 

 

LPGs with grating periods of 109.0, 108.8 and 108.6 µm or 109.0 and 109.5 

µm have been fabricated using point by point approach and via amplitude 

masks respectively. The grating period has been chosen in such a way that LPG 

can operate at phase match turning point of LP019 cladding mode. The duty 

cycle of the fabricated LPGs was kept to be approximately 50:50. 

The transmission spectrum of the optical fibre was recorded by coupling the 

output from a tungsten-halogen lamp (Ocean Optics HL-2000) into the fibre, 

analysing the transmitted light using a fibre coupled CCD spectrometer (Ocean 

Optics HR4000). Two different configurations were used. The spectrometer 

operates over the range of 200 to 1100 nm or 600 to 1100 nm with the 

resolution of 0.24 and 0.13 nm respectively. This light source was selected that 
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it can provide enough light intensity at the desired wavelength range. The same 

setting has been used for all other experiments presented in further chapters. 

The transmission spectra were recorded with an acquisition interval of 10 s 

during the LPGs fabrication. This sampling frequency is fast enough to monitor 

the changes in the transmission spectra associated with the LPG fabrication. 

The complete fabrication process takes 2.5 hours when fabricated using point-

by-point method and 20 min when grating is inscribed via amplitude mask. 

The Ocean Optics SpectraSuite software has been used for the displaying and 

saving the transmission spectra. The time average of three transmission spectra 

and the “boxcar width” function has been used to reduce the noise. 

The positions of the central wavelengths have been determined using 

Spectra Interrogation Routine, the specialized home-made Labview based 

software (216), developed by Matthew Partridge, Cranfield University. The 

moving average function using 5 points was employed to detect central 

wavelengths position. 

The same central wavelength tracking approach was applied throughout the 

entire work. 

The transmission spectra of the fabricated LPGs, were measured in air and 

water or methanol (refractive index of 1.33 and 1.36 at 589.29 nm respectively) 

to demonstrate the repeatability of the fabrication procedure and to determine 

the sensitivity to the refractive index change. 

The LPG arrays with the periods of individual LPG of 109.0 and 110.5 µm 

have been fabricated using amplitude masks to demonstrate the feasibility of 

LPG based multi-parameter sensing. The length of the individual LPGs was 

chosen to be 1, 2 and 3 cm.  
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The transmission loss increases with the increase of the LPG length. 1 cm 

represents the minimum for the detection of the attenuation band (≈10 %) at 

the transmission spectrum when using the fabrication system described above, 

while 3 cm provides the attenuation loss of about 40 %, at PMTP that is 

commonly used for the LPG based sensors (15)(140)(150). The increase of the 

LPG length to ≈4 cm does not provide the further increase in transmission loss 

due to the over-coupling (101).  The decrease of the LPG length up to 1 cm can 

be beneficial in health monitoring applications, e.g. for in-situ measurement in 

endotracheal tube (217)(218) where as short as possible sensors are desirable. 

 

3.3 Results and discussion 

3.3.1 Fabrication via point by point approach 

 

The point by point technique enables a precise control over the transmission 

spectrum by choosing the grating period, especially when the LPG operates 

close to or at the phase match turning point. As an example the change in the 

grating period of 0.2 µm enhances the rapid changes in the transmission 

spectra as demonstrated for LPGs with grating periods of 109.0, 108.8 and 

108.6 µm, Figure 3-4. 
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(b) 

Figure 3-4: Transmission spectrum of LPGs fabricated using point by point 

approach with the LPG period of 109.0 (black), 108.8 (red) and 108.6 µm (blue) 

taken in a) air and b) water. 

  

LPGs operating at PMTP have been successfully fabricated using point by 

point approach with similar results published in (96). The following LPGs had 

been fabricated with use of amplitude masks in order to fabricate LPGs faster, 

with similar transmission loss, width of the attenuation band and repeatability 

as with use of point by point approach. 
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3.3.2 Fabrication via amplitude masks 

 

Absence of the control over the amount of refractive index change of the 

fibre core induced by the laser beam during the LPG fabrication has been 

mentioned as one of the disadvantages when LPG is fabricated using a UV laser 

beam via an amplitude mask (96). The amplitude of the refractive index can be 

controlled via speed of the translation stage, which determines the exposure 

time of each section of the fibre. Usually, the transmission loss of about 40 % is 

used for LPG based sensors (15)(20) and for this reason the speed of the 

movement of the stage was optimized to obtain 40 % transmission loss at LP018 

and LP019. The transmission loss is also proportional to the LPG length. LPGs 

with 40 % attenuation loss can be obtained at 30 mm length, with beam 

exposure time of 20 min that corresponds to the stage movement speed of 

0.025 mm.s-1.  

The evolution of the transmission spectra during the LPG fabrication is 

shown in Figure 3-5a (on the next page). The attenuation band of LP018 cladding 

mode started to appear within 3 min from the beginning of the fabrication and 

from that moment the amount of transmission loss started to increase linearly 

until it reached 40 % loss after the 20 min of exposure to laser beam, Figure 

3-5b. Similarly the evolution of the second resonance band (LP019) working at 

PMTP was detected, where the shallow u-shape attenuation band occur after 

5 min with further increasing of the transmission loss, Figure 3-5a. The length 

of the LPG was increasing linearly with time as the stage was moving, reaching 

30 mm after 20 min. 
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(b) 

Figure 3-5: Transmission spectra of LPG with period of 109.0 µm after 5 

(black line), 10 (red), 15 (green) and 20 min (blue) from the beginning of the 

beam exposure and b) Change in the transmission at the central wavelength of 

LP018 cladding mode during the LPG fabrication (blue) (red squares determine 

the position of the selected transmission spectra shown in Figure 3-5a). 

 

Repeatability of the fabrication procedure is one of the important 

requirements for mass production of LPG based sensors and it is highly 

challenging to achieve this especially when the LPG operates close to or at the 
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PMTP. In order to demonstrate the feasibility of the reproducibility, three LPGs 

with same period of 109.0 µm that operate at PMTP were fabricated. Changes 

in the transmission spectra were recorded in air and methanol, with the results 

shown in Figure 3-6. 
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Figure 3-6: Transmission spectra of LPGs with period of 109.0 µm measured 

in a) air and b) methanol corresponding to LPG1 (black), LPG2 (red) and LPG3 

(blue). 
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The difference in the transmission loss of the LP019 attenuation band was less 

than 3 % and the difference between the separations of the attenuation bands 

corresponding to the same LP019 cladding mode was observed to be less than 

2 % in methanol. Similar results were observed for LPGs with period of 109.5 

µm, Figure 3-7b. 
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Figure 3-7: Transmission spectra of LPGs with period of 109.5 µm measured 

in a) air and b) methanol corresponding to LPG1 (black), LPG2 (red) and LPG3 

(blue), the inset shows the attenuation bands corresponding to LP018 cladding 

mode. 
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These results show similar repeatability as the previously presented LPGs 

fabricated by UV laser with point by point technique (96). 

The possibility to multiplex LPGs is demonstrated with the fabrication of the 

array containing two LPGs with period of 109 and 110.5 µm. It is possible to 

distinguish clearly each individual LPG in the transmission spectrum. The 

proportion of transmission loss to LPG length is demonstrated as the arrays 

consist of LPGs with length of 1, 2 and 3 cm, Figure 3-8, where even the length 

of 1 cm enables the recognition of the attenuation bands of the LPGs. 
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Figure 3-8: Transmission spectra of array consisting of LPGs with period of 

109 and 110.5 µm and length of 3 cm (black), 2 cm (red) and 1 cm (blue) 

measured in air. 
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3.5 Conclusions 

 

Fabrication of LPGs using UV laser irradiation point by point or via the 

amplitude masks has been shown. For the first time to the best to author’s 

knowledge, the fabrication of LPGs operating at the PMTP using amplitude 

masks has been presented. Fabrication technique via an amplitude mask 

produces LPGs at PMTP with high transmission loss and narrow attenuation 

bands. High repeatability of the fabrication process that can produce LPGs with 

highly similar transmission spectra was presented using an inexpensive custom 

made amplitude mask. 
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Chapter 4: Organic vapour sensor based on LPG 

modified with ZIF-8 

 

 

4.1 Introduction 

 

In this chapter, an LPG based chemical vapour sensor coated with ZIF-8 

functional coating is presented. The ZIF-8 film was characterized by scanning 

electron microscopy (SEM) and the thickness and refractive index of the 1,2,3,5 

and 10 growth cycles thick films were determined using an ellipsometer. The 

crystallinity of the films was examined by x-ray diffraction pattern (XRD). The 

performance of an LPG coated with a ZIF-8 thin film exposed to methanol, 

ethanol, 2-propanol and acetone vapours is discussed, revealing a 

concentration specific response to methanol, ethanol and acetone.  

 

4.2 Background information 

 

The fabrication of low-cost, portable, accurate and real-time sensors for 

VOCs is of considerable interest as the gas chromatography – mass 

spectroscopy (GC-MS) approach used commonly for total VOCs detection is 

expensive and needs experienced personnel  (35). The key element of any 

portable chemical sensor is the sensitive layer that captures the analyte. 
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It has been shown in Chapter 2 that metal organic frameworks (MOFs), 

because of their unique properties, offer an ideal platform for the development 

of the sensitive layer. 

Among the variety of MOFs, zeolitic imidazole framework (ZIF) - ZIF-8 

possesses properties that show promise for sensor development, such as its 

chemical robustness and thermal stability due to the sodalite (SOD) type of 

structure. The structure of ZIF-8 comprises zinc ions coordinated by four 

imidazolate rings with large cavities (11.6 Å) and small pore apertures (3.4 Å) 

(199), Figure 4-1.  

 

 

Figure 4-1: ZIF-8 3D structure (The tetrahedra show the zinc-nitrogen bonds; 

The sphere represents the pore size within the framework which can be used for 

gas storage; Both figures represent the same ZIF-8 structure)  (160). 

 

ZIFs have been considered to behave as adsorbents with molecular sieving 

properties. An investigation of a ZIF-8 film demonstrated the adsorption of 

isopropanol in a selective manner versus water (219). A ZIF-8 based Fabry-Perot 
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interferometer exhibited a concentration-specific reaction to a mixture of 

propane and nitrogen (24). ZIF-8 film fabrication involves no substrate 

modification. The procedure works at room temperature and facilitates control 

over the thickness with one growth cycle that takes less than an hour  (22)(24).  

 

4.3 Methodology 

4.3.1 Materials 

 

Zinc nitrate hexahydrate, 2-metyl-imidazole, methanol, ethanol, 2-propanol 

and acetone were purchased from Sigma-Aldrich. All of the chemicals were 

analytical grade reagents and used without further purification. 

 

4.3.2 Characterization of ZIF-8 film 

 

SEM was used to evaluate the structure and the thickness of the films 

deposited on glass substrates. Measurements were undertaken by Philips XL30 

FEG ESEM electron microscope with 10 kV beam voltage. Glass slides of 

dimensions 1x1 cm2 and 2x2 cm2 were cut from standard microscope glass 

slides and then coated with ZIF-8 thin films, following the procedure described 

in section 4.2.3. Samples coated with films consisting of 1,2,3,5 and 10 growth 

cycles of ZIF-8 were characterized by SEM. 

Thin Pt layers were sputtered on all samples before the SEM analysis. The 

sputter was set to 0.8 kV voltage and 0.7 mA current. The glass slides were 
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sputtered by two layers of the Pt coating, with a deposition interval of 90 

seconds.   

The thicknesses of the films on the glass substrates were further evaluated 

using an ellipsometer. The measurements were undertaken using an Alpha-SE 

Ellipsometer (J.A Woolan) and the data processed using a model assuming a 

transparent film on a glass substrate. Data were collected at a spectral 

resolution of 1 nm and measured in the wavelength range of 380–900 nm; for 

simplicity the RI value of the mesoporous film was determined at one 

wavelength (632.8 nm). The refractive index measurement has been taken at 

632.8 nm. The changes in the refractive index over the wavelength range of 

400-800 nm are negligible (220) and cannot influence the LPG sensor 

performance or the comparison with other films/fabrication techniques. 

X-ray diffraction patterns were collected using a Bruker-AXS D8 Advance 

diffractometer, using θ/θ goniometer geometry, a Cu-anode line-focus x-ray 

tube (powered at 40 kV & 35 mA), a Göbel mirror (producing a parallel CuKα 

beam) with a 0.6 mm exit slit, a diffracted beam 0.12º Soller-slit collimator and 

a scintillation counter x-ray detector. The samples were scanned with a fixed 

glancing incident angle of 2.140 and 1.140º, over a 2θ range of 5º to 40º, with 

a 2θ step size of 0.02º and a step time of 32 s. (The x-ray analysis had been done 

by Dr Nigel Neate, an expert in this field from the University of Nottingham). 

 

4.3.3 Sensor fabrication and modification 

 

LPG with grating period of 110.7 µm and of length 40 mm, was fabricated in 

a point-by-point fashion. The results obtained using this LPG are shown in 
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sections 4.4.3 and 4.4.4. LPGs with grating periods of 109.0 and 109.5 µm and 

of length 30 mm, were fabricated using an amplitude mask and the results are 

shown in section 4.4.5. The fabrication procedure followed the methodology 

described in details in Chapter 3. 

The set-up of the sensing system is schematically shown in Figure 4-2. 

 

Figure 4-2: Schematic illustration of the LPG sensor. 

 

LPG was coated with ZIF-8 by an in-situ crystallization technique, Figure 4-3 

(22)(24).  

 

Figure 4-3: ZIF-8 fabrication methodology (24). 
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Briefly, solutions of 15 ml of 12.5 mM zinc nitrate hexahydrate and 15 ml of 

25 mM 2-metyl-imidazole in methanol were mixed in a Petri dish. The LPG was 

fixed in a specially designed holder to keep the LPG taut and straight. The LPG 

was placed inside the Petri dish and immersed into the film forming solution for 

a period of 30 min. Then the LPG was washed by methanol and dried under 

nitrogen flow. The process was repeated to obtain thicker films consisting of 2 

and 5 growth cycles. The transmission spectrum of the LPG was monitored 

during each deposition step.  

 

4.3.4 Sensor performance 

 

The performance of the coated LPG as a chemical sensor was investigated 

by monitoring the central wavelengths of the resonance bands while exposing 

the sensor to methanol, ethanol, 2-propanol and acetone vapours. VOCs 

samples of volume of 200 µl were injected by a pipette into a container 

containing the LPG, Figure 4-4. The transmission spectra were monitored with 

acquisition interval of 10 seconds. A water droplet was also injected for 

comparison, with the aim of investigating the response to relative humidity, a 

potential interfering factor.  
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(a) 

 

(b) 

Figure 4-4: Set-up for chemical sensitivity experiments: a) scheme and b) 

photo of the experiments conducted in Petri dish. 

 

The response of the LPG to methanol, ethanol, 2-propanol and acetone was 

investigated with the fibre positioned in an environmental chamber composed 

of closed polytetrafluoroethylene (PTFE) box (15x15x15 cm with a total volume 

of 3.375 L), Figure 4-5. The LPG was fixed 5 cm above the base. The chemical of 

interest (volume of 10 and 50 μl or 0.5 and 2 μl for experiments presented in 

section 4.4.4 and 4.4.5 respectively) was injected from the top of the box by a 

pipette and the transmission spectrum was monitored and recorded. The 

concentration was calculated according to the amount of the analyte injected 

and the volume of the box. 



 

Chapter 4: Organic vapour sensor based on LPG modified with ZIF-8   

92 

 

 

 

Figure 4-5: PTFE box used for the chemical sensing. 

 

Temperature and relative humidity were also recorded during all 

experiments with logging interval of 10 seconds by data logger (iButton® 

Hygrochron Temperature/Humidity Logger, part number DS1923, from Maxim 

IntegratedTM with precision of +/-0.5 oC and +/- 0.6 RH %) and a temperature 

resolution of 0.5 oC.  

The chemical concentration of the organic gases in the closed chamber has 

been calculated as follows. The concentration in ppm is given as the portion of 

the volume of the organic compound in gas form (VVOC[g]) divided by the volume 

of the whole chamber (Vchamber), Equation 6.  

C [ppm] =
𝑉𝑉𝑂𝐶[𝑔]

𝑉𝑐ℎ𝑎𝑚𝑏𝑒𝑟
 

Equation 6 
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The volume of the injected VOC in the gas form can be calculated via the 

following equation based on the ideal gas law, Equation 7. 

𝑉𝑉𝑂𝐶[𝑔] = 22.4 ∗
𝑇1

𝑇𝑠𝑡𝑑
∗ 𝑛 =  22.4 ∗

𝑇1

𝑇𝑠𝑡𝑑
∗  

𝑚

𝑀
=  22.4 ∗

𝑇1

𝑇𝑠𝑡𝑑
∗

𝜌𝑉𝑉𝑂𝐶[𝑙]

𝑀
 

Equation 7 

Where VVOC[l] is the injected volume of the chemical in the liquid form, 22.4 

is the volume of 1 mol of the ideal gas at standard conditions (pressure of 1 

atmosphere and temperature of 0oC), T1 is the actual temperature when the 

experiment was conducted, the whole fraction T1/Tstd is the correction for any 

temperature deviation from the standard conditions, n is the amount of molls, 

m is the mass of the VOC compound, M is the molecular weight and ρ signs the 

density. The substitutions for number of molls (n) has been calculated using 

basic chemical formula n = m/M and m=ρ.V.  

 

4.4 Results and discussion 

4.4.1 Film morphology  

 

The SEM images allow to assess the coverage of the glass-slide substrate, 

Figure 4-6, and the thickness of the deposited ZIF-8 film, Figure 4-7. The density 

of the crystals over the substrates is affected by the concentration of the film 

forming solution. The optimal in terms of the uniform crystal cover over the 

surface of the substrates was found to be 12.5 mM for Zn source and 25 mM 

for methyl-imidazole (22). 
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Figure 4-6: Top view SEM image of ZIF-8 film grown on glass substrate with 

5 growth cycles. 

 

 

Figure 4-7: Cross sectional SEM image of ZIF-8 film grown on glass substrate 

with 10 growth cycles. 

 

The horizontal size of the crystals in the ZIF-8 film was observed to increase 

as a function of growth cycle, starting at approximately 100 nm and ending at 
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400 nm, in films of 1 and 10 growth cycles respectively. This effect was observed 

through substrates coated with 1, 3, 5 and 10 growth cycles, Figure 4-8 and 

Figure 4-9 respectively.  

 

 

(a)                                                                  

  

(b) 

Figure 4-8: SEM images of ZIF-8 film comprised of a) one and b) three growth 

cycles (the white line at the bottom corresponds to 500 nm). 

 

1 growth cycle 

3 growth cycles 



 

Chapter 4: Organic vapour sensor based on LPG modified with ZIF-8   

96 

 

 

(a)                                                                    

 

(b) 

Figure 4-9: SEM images of ZIF-8 film comprised of a) five and b) ten growth 

cycles (the white line at the bottom corresponds to 500 nm).  

 

This could be explained by the agglomeration of the freshly crystalized ZIF-8 

units onto the surface of the previously formed ones, similarly to that described 

for the seeded growth fabrication technique (154). The increase of the crystal 

sizes with increasing number of growth cycles has been observed previously for 

substrates comprised of 1, 10 and 40 growth cycles (24).  

5 growth cycles 

10 growth cycles 
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Lu and Hupp characterized the surface area by applying the Brunauer-

Emmett-Teller equation and obtained surface value SBET = 1530 m2/g and the 

micropore volume Vmicro = 0.59 cm3/g (estimated by Saito and Foley (SF) 

method) (24). As the same fabrication procedure has been followed here, 

similar characteristics are expected. 

The film thickness was evaluated using cross-sectional SEM imaging. A film 

consisting of 10 growth cycles has a thickness of about 400 nm, Figure 4-7, 

which is approximately about half of the value presented earlier obtained using 

the same deposition method (24). The smaller thickness of the film in 

comparison to the work presented by Lu and Hupp (24) could well be due to 

the differences in the nitrogen flow rate or the exact vertical position of 

substrates in the Petri dish during the crystallization process in the film forming 

solution. 

The SEM images were taken on the glass slides following the same procedure 

as conducted  for the deposition on the optical fibre LPG. It was assume that 

properties of the obtained thin films are similar. In addition, advantage of using 

glass substrates instead of optical fibres is in the simpler experimental 

procedure for SEM measurements.  Monitoring of the properties of the film 

directly on the fibre surface or the tip of the optical fibre should be done in the 

further work. 

Ellipsometry measurements were conducted to investigate further the 

thickness of the substrates coated with 1, 2, 3, 5 and 10 growth cycles. A linear 

dependence of the MOFs film thickness on number of the deposited cycles was 

obtained with the slope of approximately 50 nm per growth cycle, Figure 4-10. 

These results correspond well with the data obtained using SEM images, Figure 

4-7.   
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Figure 4-10: Ellipsometry measurement: thickness of the ZIF-8 film as a 

function of growth cycle (average value is shown and error bars were calculated 

as the standard deviation from the measurement over the 3 samples). 

 

The refractive index (RI) of the coating was measured by ellipsometry and a 

nonlinear relation between growth cycle and RI was observed. RI values varied 

from 1.48 to 1.40 for a film composed of 1 and 10 growth cycles respectively, 

Figure 4-11. Interestingly, this change corresponds to the size of the crystals, 

Figure 4-8 and Figure 4-9. Larger crystals were observed on the substrates at 

the higher number of growth cycles which could denote presence of larger 

mesopores in the film structure (221). Refractive index of ZIF-8 films depends 

strongly on the selected crystallization method and conditions during 

fabrication. As an example, crystallization can be conducted in the nitrogen 

atmosphere, or under the N2 flow with different rate or time or it can be 

conducted at the liquid-air interface in the capillary regime (24)(221). Large 

variations in RI values have been reported previously. Demessence et al. 

reported ZIF-8 films with RI ranging from 1.18 and 1.23 (219). On the other 

hand, Cookney et al. obtained ZIF-8 films with much higher RI ranging from 1.54 

to 1.58, which was related to the low porosity of these films (221).  
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Figure 4-11: Ellipsometry measurement: refractive index of the ZIF-8 film as 

a function of growth cycle (RI was measured at 632.8 nm). 

 

4.4.2 Film structure 

 

X-ray diffraction patterns establish that the films comprised of ZIF-8 crystals, 

Figure 4-12. The positions of the peaks {110}, {200}, {211}, {220}, {310} and 

{322} indicate a crystalline ZIF-8 structure. The highest intensity, at the {110} 

reflection peak, suggests that the orientation of the crystals is perpendicular to 

the substrate. The elevated plateau from 15 to 40 θ° relates to the amorphous 

structure of the glass substrate. The position and the intensity of the peaks in 

Figure 4-12 are in a good agreement with the X-ray diffraction patterns 

presented in the literature and as well with the modelled diffraction pattern for 

ZIF-8 (24)(179). 
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Figure 4-12: In-plane X-Ray diffraction patterns of 20 growth cycles of ZIF-8 

film on glass substrate, recorded at room temperature. 

 

4.4.3 LPG modification 

 

The transmission spectrum of an unmodified LPG with period of 110.7 µm is 

shown in Figure 4-13. Attenuation bands in the region of 775 and 900 nm 

correspond to the LP019 cladding mode and operate near the PMTP, while the 

other bands (region of 625 and 670 nm) correspond to lower order cladding 

modes and are less sensitive for this LPG period.  
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Figure 4-13: Transmission spectrum of an uncoated LPG with period of 110.7 

µm measured in air, with attenuation bands at 670 nm and 775 and 900 nm 

corresponding to the LP018 and LP019 cladding modes (the dual resonance was 

observed for the LP019 cladding mode denoted as LP019-L (775 nm) and LP019-R 

(900 nm)); CW, central wavelength. 

 

Changes in the transmission spectra of the LPG when immersed into the film 

forming solution were monitored. The transmission spectra recorded 30 min 

after the immersion are compared in Figure 4-14.  
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Figure 4-14: Transmission spectrum of LPG sensor measured in solution a) 

after 30 min of immersion to the film forming solution for 1st (black line), 2nd 

(red), 3rd green, 4th (blue) and 5th (magenta) growth cycle of ZIF-8, the inset 

shows the attenuation bands corresponding to LP018 cladding mode in detail.  

 

The shifts of the central wavelengths of the LP019-L, LP019-R and LP018 

resonance bands recorded in the film forming solution over the 1st to 5th growth 

cycles were observed to be of order nanometres, with the highest value for 

LP019-R. Larger shifts of the central wavelengths of the attenuation bands were 

observed when the LPG was immersed in the solution than when the LPG was 

in air. This was expected, since the attenuation bands are known to show a 

dependence on the refractive index of the medium surrounding the fibre, with 

the response being larger for higher surrounding refractive indices (89) and 

previous work has also shown that the presence of a thin coating on the fibre 

can influence the sensitivity to surrounding refractive index (112)(222).  

Changes in the central wavelengths of all of the attenuation bands were 

observed in air after the deposition of each of 1st to 5th growth cycle of ZIF-8, 
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Figure 4-15. The largest shift of the central wavelength during the deposition 

was observed for LP019-R. The difference in the sensitivities of LP019-R and LP019-

L to the film thickness can be explained by asymmetry in the phase matching 

curve around the PMTP (20)(91). The increasing separation of the attenuation 

bands corresponding to LP019-L and LP019-R can be expressed as the change of 

the difference between the central wavelengths and this change ranged from 

150.61 to 174.19 nm for 5 growth cycles. The enhanced sensitivity that is 

achieved by operating at the PMPT is highlighted by the comparison of the 

response of the resonance band corresponding to coupling to LP018 with those 

of LP019-L and LP019-R in Figure 4-16. A linear dependence of the change in the 

separation of the central wavelengths of LP019-L and LP019-R on the number of 

growth cycles indicates the uniform growth of the ZIF-8 film, Figure 4-16.  
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Figure 4-15: Transmission spectra of the LPG measured in air; black line, bare 

LPG and red, green, blue, cyan and magenta lines after the deposition of 1st to 

5th growth cycle of ZIF-8. 
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Figure 4-16 Change in the position of the central wavelength corresponding 

to LP018, LP019-L, LP019-R cladding modes and the change in the difference 

between the central wavelengths corresponding to LP019 cladding mode (blue) 

during the deposition of 1st to 5th growth cycle of ZIF-8. 

 

The smaller response of the central wavelengths of the attenuation bands 

for the first growth cycle agrees with the observations of Lu and Hupp when 

depositing ZIF-8 on silica substrates (24), where they reported that the 

thickness of the coating deposited on the first growth cycle was less that the 

thicknesses of the layers deposited after subsequent growth cycles.   

The linear relationship between the change of the separation between the 

central wavelengths and the number of growth cycles correlates well with the 

thickness measurements taken by the ellipsometer. The change in the central 

wavelength difference are plotted as a function of the optical thickness, i.e. the 

product of RI and thickness of the ZIF-8 film determined from the ellipsometer 

in Figure 4-17, showing a linear relationship with a gradient of  4.7 nm 

wavelength shift /100 nm film thickness. 
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Figure 4-17: The change in the separation of central wavelengths (LP019-R 

minus LP019-L) corresponding to LP019 cladding mode induced by the deposition 

of ZIF-8 as a function of optical thickness. 

 

The transmission spectrum was monitored and recorded throughout the 

deposition process, and the separation between the LP019-L and LP019-R bands 

are plotted as a function of time in Figure 4-18. The plots show a number of 

interesting features. Firstly, as indicated by the black lines, which are a guide to 

the eye, the central wavelengths of the resonance bands show a higher 

sensitivity to coating thickness when the LPGs is immersed in the growth 

solution than they do when the LPG is in air. Secondly, when the LPG is 

immersed in the growth solution, following the initial large step change in the 

central wavelengths in response to the increased surrounding refractive index, 

there is a continuous change as the ZIF-8 crystallises onto the optical fibre.  
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Figure 4-18: The dynamic shift of the central wavelength during the 

deposition of 1st to 5th growth cycle onto a surface of LPG. 

 

The oscillation of the central wavelength that occurred after the immersion 

process is likely due to the nitrogen flow that affects the spectra in two ways. 

Firstly, the central wavelength change is caused only by the mechanical 

response of the LPG to the flow, which causes slight movement and bending. 

Secondly, the chemical process is taking a place in the freshly crystallized ZIF-8 

film, where methanol is being replaced by nitrogen and then subsequently 

replaced by air in the ZIF-8 pores until the final crystalline ZIF-8 structure is 

reached on the surface of LPG. 

The rapid decrease of the central wavelength that can be seen to occur 

immediately after the immersion in the film forming solution indicates that the 

crystallization process starts rapidly and a high efficiency was observed within 

the first 10 minutes. The evolution of the transmission spectrum while the LPG 

was in the film forming solution (for the 1st growth cycle, labelled with the grey 

box in Figure 4-18, was used for the evaluation of the film fabrication process, 

Figure 4-19. 
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Figure 4-19: The relative shift of the central wavelength during the 

immersion in the film forming solution over the deposition of 1st growth cycle 

of ZIF-8 (red lines indicated 50 and 90 % of the deposition process). 

 

The measurement of the change in the difference between central 

wavelengths in real time provides an opportunity to observe the efficiency of 

the crystallization during the deposition in real time. It is possible to identify 

that the crystallization process starts rapidly, with a 50 % and 90 % of the central 

wavelength change reached within ~5 and ~20 min respectively. The central 

wavelengths of the attenuation bands were determined in real time using the 

peak detection routine in LabVIEW to process the spectra recorded by the 

Ocean Optics spectrometer.  

This finding is in a good agreement with real time measurements during the 

film deposition reported with the use of Quartz Crystal Microbalance (QCM) 

measurement of ZIF-8 film growth where changes in frequency and mass were 

measured for 2 hours and the 90 % mass change taken a place within 30 

minutes (24). For this reason authors decided to set the growth cycle immersion 
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for 30 min. Both the QCM and LPG data indicate that 50 % crystallization is 

achieved within ~5 min following immersion in the solution. 

 

4.4.4 VOCs sensing  

 

The LPG sensor response to the injection of each of the tested VOCs to the 

Petri dish was within 30 s. The shift of the central wavelengths of the bands 

reached the saturation in less than 60 s for methanol and acetone and about 

180 s for ethanol and 2-propanol. The response time correlates well with 

differences in volatility (based on the differences in boiling points), of the 

solvents where the highest value is expected for acetone, then methanol, 

ethanol and 2-propanol, respectively (223). The evaporation rate is affected by 

the functional group, partial pressure of the saturated vapour, molecular 

weight, surface of the spill and air flow over the spill.  

The highest response was observed for methanol, where the change in the 

bands’ separation due to the concentrated vapours of 4.23 nm was obtained in 

comparison to 2.4 nm change induced by exposure to ethanol, for the sensor 

coated by 5 growth cycles, Figure 4-20. The inset shows the LP019-L attenuation 

band in detail, where central wavelength shifts of 2.7 and 1 nm were observed 

for methanol and ethanol, respectively.  

A decrease of the transmission amplitude of the LP019-L band caused by the 

RI change due to the exposure to the chemical vapours was observed. Similar 

to the central wavelength, the highest intensity change was observed for 

methanol.   
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Figure 4-20: Transmission spectra of the LPG sensor with 5 growth cycles of 

ZIF-8 film measured in: black line, air and after exposure to:  blue line, methanol 

and red line, ethanol. 

 

Similarly, the transmission spectra are shown for acetone and 2-propanol, 

where the maximal change in the band separation reached 3.64 and 2.65 nm, 

respectively Figure 4-21 and Figure 4-22 (again, inset shows the detail of the 

LP019-L attenuation band).  
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Figure 4-21: Transmission spectra of the LPG sensor with 5 growth cycles of 

ZIF-8 film exposed to acetone. 
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Figure 4-22: Transmission spectra of the LPG sensor with 5 growth cycles of 

ZIF-8 film exposed to 2-propanol. 

 

The sensor coated with 2 growth cycles of ZIF-8 showed the highest response 

to methanol, followed by acetone and with significantly smaller values for 

ethanol and 2-propanol, Figure 4-23. Similarly to the changes in transmission 

spectra during the deposition, the bigger shift of the central wavelengths was 

observed for LP019 in comparison to LP018 cladding mode. The minimal response 

was observed for water corresponding to relative humidity increase from ≈40 

to ≈70 %) revealing high selectivity of the sensor towards VOCs over humidity. 

The sensor response was reversible, as the transmission spectra returned to 

their initial positions within 10 minutes after the maximum shift of the central 

wavelength was observed and complete evaporation of the chemicals. The 

differences between the recovery times corresponded to the differences in 

volatility of the VOC in the same way as for the response time (the recovery 

time was observed to be less than 3 minutes for acetone, about 5 minutes for 

methanol and about 10 minutes for 2-propanol and ethanol). It should be noted 

that the temperature difference was less than 1 oC during the all experiments, 

Figure 4-23. 
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Figure 4-23: The dynamic shift of the central wavelength of the LPG sensor 

coated with 2 growth cycles of ZIF-8 at the exposure to different organic 

vapours and water (for comparison); black line, LP018 cladding mode and blue 

line, LP019 cladding mode; grey line, temperature. 

 

The actual position, surface area and the local airflow in the Petri dish may 

affect the actual concentration of the injected VOC and thus the response of 

the LPG which leads to slightly different central wavelength shifts at the LPG 

exposure to methanol three times, Figure 4-23. 

The monitoring of changes in the central wavelengths of the resonance 

bands takes advantage of the wavelength encoded nature of LPG-based 

sensors. While it would be possible to monitor changes in intensity at the mid-

point of the resonance band edge as the central wavelength changes, this 

would introduce the need for intensity reference correct for fluctuations in 

source intensity, in down lead losses, etc. While, using the current interrogation 

system, a wavelength lying outside the resonance bands could be used as a 

reference, care would need to be taken as the reference wavelength might be 
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separated from the centre of the band by 10s of nm, making the measurement 

susceptible to changes in the spectrum of the broadband light source.  

While the experiments in the Petri dish showed qualitative response of the 

LPG to different organic vapours, they don’t allow proper comparison of the 

effect of the number of growth cycles (thickness) on the sensitivity and don’t 

enable to show concentration specific and quantitative response. Methanol, for 

its highest response in these experiments, was chosen to examine the response 

of the sensor over the range of concentrations. The experiments conducted in 

the environmental chamber (at the conditions close to the saturated 

atmosphere) showed the effect of the thickness of the film on the sensitivity. 

The all following results were obtained from the experiments conducted in the 

closed box (described in Figure 4-5). Higher sensitivity was observed for the 

sensor coated with 5 growth cycles. Small changes of ≈ 2% in the transmission 

at the central wavelength were also observed. The transmission spectra of the 

LPG modified with the 5 growth cycles of ZIF-8 film measured in air and 

methanol is shown in Figure 4-24. 
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Figure 4-24: LPG sensor with 5 growth cycles of ZIF-8: a) shift in transmission 

spectrum corresponding to approximately 9,000 ppm of methanol. 
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The sensor coated with 5 growth cycles was exposed to methanol 

concentrations ranging from 1,790 to 27,900 ppm, the central wavelength shift 

was measured and the calibration curve plotted, Figure 4-25.  
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Figure 4-25: LPG sensor coated with 5 growth cycles of ZIF-8 - methanol 

calibration curve. 

 

Similar experiment had been conducted for the sensor coated with 2 growth 

cycles however the wavelength shift for the concentrations up to 9,000 ppm is 

shown, Figure 4-26. 
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Figure 4-26: LPG sensor coated with 2 growth cycles of ZIF-8 - methanol 

calibration curve. 

 

The limit of detection (LOD) of 1454 ppm was calculated using concentration 

from the calibration curve in Figure 4-25 for the sensor coated with 5 growth 

cycles and this value corresponds to 0.065 nm shift of central wavelength. This 

LOD is 1.5 times lower as compared with 2 growth cycles film. 

LPGs coated with 2 and 5 growth cycles of ZIF-8 exhibited sensitivity to 

methanol, ethanol, 2-propanol and acetone vapours. The highest sensitivity 

was to methanol. This can be explained by the use of methanol in the film 

forming solution and by the fact that the size of the pores matched well the size 

of the methanol molecule (199). 

The measurement of the response times of the sensor was limited by the 

time taken for the solvents to evaporate (with an upper limit of three minutes).   

A higher sensitivity was observed for the sensor coated with 5 growth cycles, 

which suggests that the sensitivity will increase with further increases in 

coating thickness. Issues associated with the decrease of attenuation of the 

resonance bands of the LPG at the deposition of the thicker films can be 
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resolved by optimisation of the grating period. The lowest limit of detection for 

the given LPG sensor configuration was found to be 1454 ppm. This value can 

be decreased by optimising sensor parameters such as grating period, length of 

the grating and film thickness. 

 

4.4.5 Sensitivity improvements 

 

Although the obtained limit of detection is currently too high for the direct 

real-world application, the results confirmed the feasibility of sensors based 

upon LPGs coated with MOF thin films. In order to increase sensitivity and bring 

sensor closer to the potential real-world application, different LPGs, operating 

more closely to the PMTP, were coated with 5 growth cycles and their 

sensitivities were tested over the same analytes. All results presented in this 

section are based on the experiments conducted in the closed PTFE box. 

The LPGs have been coated with 5 growth cycles of ZIF-8: i) LPG with period 

of 109.0 µm, where “U” shape band of LP019 cladding mode split into two 

attenuation bands after the deposition, Figure 4-27a, further referred as sensor 

A and ii) LPG with period of 109.5 µm, where no attenuation band 

corresponding to the LP019 cladding mode has been observed before the 

coating process and developed only after the deposition of ZIF-8 to provide the 

highest possible sensitivity,  Figure 4-27b, further referred as sensor B. 
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(b) 

Figure 4-27: Transmission spectrum of an LPG with period of a) 109.0 – 

Sensor A and b) 109.5 µm – Sensor B measured in air: uncoated (black) and 

coated with 5 growth cycles of ZIF-8 (blue), GC, growth cycle. 

 

The sensor A was exposed to methanol, ethanol and acetone concentrations 

ranging from 1,790 to 27,900, 1,240 to 24,800 and 987 to 19,700 ppm, 

respectively. The higher sensitivity to all tested analytes has been observed in 

comparison to the results presented in previous section. For example, the 
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change in the central wavelength difference induced by ~9,000 ppm of 

methanol vapour was measured to be 8.37 nm in comparison to 2.17 nm 

obtained when using first sensor (results shown in Figure 4-24), Figure 4-28. 
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Figure 4-28: Sensor A (LPG coated with 5 growth cycles of ZIF-8):  shift in 

transmission spectrum corresponding to approximately 9,000 ppm of 

methanol. 

 

The sensor A was calibrated via three independent measurements and its 

performance was evaluated. The sensitivity to ethanol and acetone was 

observed to be higher than for methanol, Figure 4-29.  
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Figure 4-29:  Sensor A: calibration curves for methanol (black), ethanol (blue) 

and acetone (red). 

 

The difference to the results obtained from the Petri dish experiments could 

be related to a different concentration caused by the same amount of the 

measurand (200 µl had been used for all chemicals in Petri dish resulting in the 

concentration in a range of 100s thousands of ppm). The sensor can saturate at 

lower concentrations in the case of ethanol and acetone and for that reason 

the methanol induced higher central wavelength shift at conditions close to the 

saturation point. The other option is represented by the different temperature 

level of the experiments, as those used for the calibration curve have been 

conducted at ~15 °C (in comparison to ~25 °C for Petri dish experiment). The 

temperature could affect the reaction kinetic between the analyte and ZIF-8 

structure in a different way for each chemical. 

The LODs of 14.74, 37.78 and 9.57 ppm for acetone, methanol and ethanol 

respectively were calculated using concentration from the calibration curve in 

Figure 4-29 for the A sensor and these values correspond to 0.065 nm shift of 

the central wavelength. 
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The high sensitivity of the sensor A towards the ethanol and acetone vapours 

lead to the further investigation of the possibilities of the improvement of the 

LOD. The sensor B was exposed to acetone and ethanol vapours in a range of 

49 to 543 and 61 to 666 ppm respectively. The ethanol solution of 0.5, 0.5, 0.5, 

2 and 2 µl was injected to PTFE box (described in Figure 4-5). 

The sensor’s performance can be tracked via the shift of the central 

wavelength of LP018 cladding mode. As an example, the sensor B responded 

even to the lowest concentration of 61 ppm of ethanol and showed the further 

shift of the central wavelength up to highest concentration of 666 ppm of 

ethanol, inducing the shift of the central wavelength of 0.60 nm, Figure 4-30.  
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Figure 4-30: The dynamic shift of the central wavelength of the sensor B 

(coated with 5 growth cycles of ZIF-8) at the exposure to ethanol vapours at 

concentration range from 61 to 666 ppm. 
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The higher sensitivity can be obtained via the evaluation of the changes in 

the attenuation band operating at PMTP. Two different approaches have been 

used i) changes in transmission at the central wavelength and ii) changes in 

band width at selected transmission level.  

The change in the bandwidth represents the novel approach in the field of 

the evaluation of LPG based sensors. It can reduce the noise level in comparison 

with the detection of the central wavelength and provides the higher sensitivity 

via the wavelength encoded information, especially when the single “U” shape 

attenuation band is observed in the transmission spectrum. 

For instance, concentration of 543 ppm of acetone vapour induced a change 

of approximately 2 % in transmission at the central wavelength of Sensor B, 

Figure 4-31. Similarly, a concentration of 666 ppm of EtOH caused 

approximately 3 % change in transmission, Figure 4-32.  
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Figure 4-31: Sensor B: change of the attenuation loss in the transmission 

spectrum corresponding to 543 ppm of acetone; the blue line indicates the 

wavelength where the transmission level was measured. 
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Figure 4-32: Sensor B:  change of the attenuation loss in the transmission 

spectrum corresponding to 666 ppm of ethanol; the blue line indicates the 

wavelength where the transmission level was measured. 

 

The Sensor B was exposed to acetone vapours in a range from 49 to 543 ppm 

and the changes in the transmission at the central wavelength are shown in 

Figure 4-33. 
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Figure 4-33: Sensor B: acetone calibration curve based on the change in 

transmission loss. 
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In theory, transmission value is calculated from the intensity measured 

directly in the transmission spectrum with range in thousands of mV and 

precision of 0.01 mV leading to the theoretical limit of measurement of 

0.0001 % change in transmission loss. However in practical measurement the 

intensity values are continuously changing. The standard deviation of 5 mV was 

calculated based on these changes and for this reason the adequate change of 

0.05 % in transmission has been used for the calculation of LOD.  

The LOD of 12.82 and 10.64 ppm have been calculated for acetone and 

ethanol respectively for Sensor B based on the change in transmission at the 

central wavelength of the attenuation band corresponding to LP019 cladding 

mode.  

The evolution of the differences in the width of the attenuation band 

corresponding to LP019 cladding mode has been demonstrated in response to 

ethanol vapours in the range of 61 to 666 ppm, Figure 4-34a. The band width 

has been measured at the wavelengths corresponding to 85 % of transmission, 

as shown in detail for the left section of the attenuation band in Figure 4-34b.  

As an example, the band width increased from 54.68 to 66.27 nm as a 

response to 666 ppm of ethanol, Figure 4-34.  
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(b) 

Figure 4-34: Sensor B: a) Transmission spectra and b) left section of the 

attenuation band corresponding to LP019 cladding mode in detail, measured in 

air (black), in response to 61 (red), 121 (green), 181 (blue), 424 (cyan) and 666 

ppm of ethanol (magenta). 

 

The calibration curve has been calculated based on the change of band width 

via the results of three independent measurements. The slope of 0.018±0.0015 

nm/ppm has been obtained for ethanol, Figure 4-35.  
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Figure 4-35:  Sensor B: ethanol calibration curve based on the changes in 

band width. 

 

Similarly, the response of the Sensor B has been evaluated for acetone over 

the range of 49 to 543 ppm with a slope of width difference of 0.015±0.001 

nm/ppm.  

The similar results for both ethanol and acetone were obtained when the 

different transmission levels were set, e.g. ½ of the attenuation or 80 and 90 % 

of transmission. 

The LOD of the sensor has been calculated in relation to the average 

standard deviation of 0.1 nm obtained over the values measured in stable 

conditions (at each concentration level) over the 2 min period using the slopes 

of width differences. The LOD of 5.56 and 6.67 ppm is presented for ethanol 

and acetone respectively for Sensor B.  

The sensitivity of the Sensor A and Sensor B with use of the different data 

evaluation techniques over the range of analytes is compared in Table 4-1. 
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Table 4-1: Comparison of the performance of Sensor A and Sensor B 

towards organic vapours across the different evaluation techniques. 

Sensor Analyte Conc. 

range 

[ppm]  

Data 

evaluation 

technique 

Sensitivity 

[nm/1000 

ppm] 

LOD 

[ppm] 

Sensor A MetOH 1,790 to 

27,900 

CW shift 0.83 ± 

0.08 

37.78 

Sensor A EtOH 1,240 to 

24,800 

CW shift 2.58 ± 

0.28 

14.74 

Sensor B EtOH 61 to 

666 

Δ Bandwidth 18 ± 1.5 5.56 

Sensor B EtOH 61 to 

666 

Δ Transmission 4.5 ± 

0.2** 

10.64 

Sensor A Acetone 987 to 

19,700 

CW shift 1.46 ± 

0.06 

9.57 

Sensor B Acetone 49 to 

543 

Δ Bandwidth 15 ± 1 6.67 

Sensor B Acetone 49 to 

543 

Δ Transmission 3.9 ± 

0.2** 

12.82 

* The linear response approximation has been done for the sensitivity 
 calculation. 

** The units are in the transmission percent loss per 1000 ppm. 

 

The obtained sensitivity for the ethanol vapour measurement fulfils the 

criteria for ethanol limit values for drivers in the range of 0.1-0.5 mg.L-1 (the 

values differ across the countries). The conversion of those limits into the 

amount of ethanol in gas phase will give the range of 30-130 ppm (224).   

The obtained sensitivity for the detection of acetone is sufficient to monitor 

occupational exposure in workspace. Health and Safety Executive in UK states 

the exposure limits of 500 and 1500 ppm of acetone as a weighted average over 

8 hours and 15 min respectively (225). Electrochemical based sensor represent 

the competing developing technology in a field of new acetone gas sensors, the 
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LODs vary from 0.4 to 500 ppm however they suffer from high operating 

temperature (200-500 oC) and sometimes were tested only in N2 atmosphere 

(226). When the sensitivity of the LPG sensor is further improved, e.g. using 

different data evaluation technique (based on the area change of the 

attenuation band) the LPG based sensor can be used as a non-invasive 

technique in health diagnostic. The concentration ranges from 1.7 ppm to 3.7 

ppm could be detected in breath of people  with diagnosed diabetic 

conditions in comparison to 0.8 ppm measured in breath of healthy people 

(227). Furthermore, the LPG based sensors with current design can be used for 

measurement of acetone in breath for the monitoring of ketogenic diet and 

associated weight loss (range of 2-40 ppm) or diabetic ketoacidosis (75-1250 

ppm) (228). 

 

4.4 Conclusions 

 

ZIF-8 films with controllable thickness have been deposited successfully onto 

the surface of an optical fibre LPG and the response of the transmission spectra 

has been characterized. X-ray diffraction patterns allowed the crystal structure 

of the film to be assessed and ellipsometry measurements revealed the direct 

relationship between the crystallization growth cycle and the film thickness, 

corresponding to a slope of approximately 50 nm per growth cycle. The change 

of the central wavelengths of the LPG resonance bands have been shown to be 

dependent upon the optical thickness of ZIF-8 film deposited onto the surface 

of LPG. 

The obtained LOD in a range of units of ppm for ethanol and acetone 

suggests the potential of the sensor for real world applications. The further 
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improvement could be done using higher resolution of the spectrometer and 

combined approach of data analysis (including the transmission, central 

wavelength and width change). The sub ppm level will be highly desired in 

health monitoring applications, e.g. breath analysis. 

The higher sensitivity could be also achieved using the thicker film. 

The novel concept of the LPG based gas organic compounds sensor coated 

with a MOF material has been demonstrated. The thorough study on cross-

sensitivity and the response of the sensor to the mixtures of gases can be 

included in the further work. 
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Chapter 5: LPG based carbon dioxide sensor 

coated with HKUST-1 

 

 

5.1 Introduction 

 

In this chapter, an LPG based carbon dioxide sensor coated with HKUST-1 

functional coating is presented.  

Within the various MOF thin film fabrication techniques, there are two 

approaches highly suitable for the deposition of the sensitive film on the 

surface of LPG: i) in situ crystallization technique and ii) layer by layer (LbL) 

technique. The procedures following these approaches were identified for the 

HKUST-1 thin film synthesis. The both of them were compared in terms of the 

feasibility of the deposition procedure (time and cost efficiency) and the 

sensitivity of the film to carbon dioxide. The aim of these experiments is the 

development of HKUST-1 LPG based carbon dioxide sensor.  

The HKUST-1 film was characterized by scanning electron microscopy (SEM) 

and the thickness and refractive index (RI) of the 10, 20 and 40 cycles thick films 

were determined using an ellipsometer. The crystallinity of the films was 

examined by x-ray diffraction pattern (XRD).  

The response of the resonance bands in the transmission spectrum of an 

LPG modified with in situ growth thin film and 10, 20 and 40 layers of HKUST-1 
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film upon exposure to carbon dioxide is shown.  

The sensing mechanism is based on the measurement of the change of the 

refractive index (RI) of the coating that is induced by the penetration of CO2 

molecules into the HKUST-1 pores.  

 

5.2 Background information 

 

It has been shown (in Chapter 2) that metal organic frameworks (MOFs) offer 

an ideal platform for the development of sensitive films with responses to 

specific analytes. Among the variety of MOFs, thin film of HKUST-1 is considered 

to be highly selective for carbon dioxide sensing due to the presence of 

unsaturated copper(II) metal centres and its structure, which consists of two 

large central cavities (9 Å) surrounded by smaller 5 Å cavities (229).  

The structure of HKUST-1 film is schematically shown in Figure 5-1. 

 

 

Figure 5-1:  HKUST-1 3D structure (The sphere represents the pore size within 

the framework which can be used for gas storage) (160). 
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In situ crystallization technique represents the simplest technique for the 

fabrication of MOF films however the fabrication time can range from hours to 

days (154). Rapid thermal deposition technique can significantly decrease the 

crystallization time due to the rapid solvent evaporation at elevated 

temperature at the time enabling the synthesis of well inter-grown MOF film  

(230). 

The layer by layer deposition has been used previously for the fabrication of 

MOF films (174)(176) and its use is desired due to the simplicity of the 

procedure, which is conducted at room temperature, requires less time and 

involves minimal use of consumables in comparison to other techniques. In 

particular, the LbL approach for HKUST-1 crystallization leads to the fabrication 

of films with higher crystal density, conforming into homogenous films with 

preferred {222} orientation (176).  

 

5.3 Methodology 

5.3.1 Materials 

 

Copper nitrate hemi(pentahydrate) ([Cu(NO3)2·2.5H2O]), 1,3,5-benzene 

tricarboxylic acid (BTC), dimethylformamide (DMF), copper acetate 

(Cu(CH3COO)2), potassium hydroxide (KOH) and ethanol were bought from 

Sigma Aldrich. All of the chemicals were analytical grade reagents and used 

without further purification. Deionized water (18.3 MΩ cm) was obtained by 

reverse osmosis followed by ion exchange and filtration (Millipore, Direct-

QTM). 
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5.3.2 Characterization of HKUST-1 films 

 

SEM, X-Ray diffraction patterns and ellipsometry measurements have been 

conducted to evaluate the properties of the HKUST-1 thin films. The procedures 

followed the ones described in the previous chapter for ZIF-8 films (section 

4.3.2). 

 

5.3.3 Sensor fabrication and functionalization 

 

LPGs with a grating period of 109.2 and 109.5 μm and length of 30 mm have 

been functionalized using in situ crystallization technique. Single LPGs with 

periods of 109.0 µm and 108.8 and LPG array consisting of LPGs with the period 

of 109.5 and 110.5 µm and length of 30 mm (for all) have been functionalized 

with use of layer by layer technique. All the fabrication procedures followed the 

methodology described in Chapter 3.  

The system used for the deposition of the sensitive coating is identical to the 

one already described in the previous chapter (4.3.3).  

The surface of LPG was functionalized with OH- groups prior to the 

fabrication of HKUST-1 film. The optical fibre was rinsed with deionized water 

and immersed in a 1 wt% KOH in ethanol/water = 3:2, v/v solution for 20 min. 
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5.3.3.1 In-situ crystallization technique 

 

The LPG was coated with HKUST-1 via in situ crystallization technique using 

rapid thermal deposition (230), Figure 5-2. 

 

 

Figure 5-2:  HKUST-1 film fabrication methodology using in situ 

crystallization technique (230). 

 

The mother solutions of 0.768 M copper nitrate hemi(pentahydrate) (metal 

solution) and 0.425 M BTC (ligand solution) in DMF have been prepared and 

stirred for 10 min. The ligand solution (20 mL) was then added to the metal 
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solution (20 mL) dropwise (with use of a pipette) and the mixture was stirred 

until the clear solution was obtained. 14 mL of the mixed solution has been 

injected to the Petri dish.  

The LPG was placed inside the Petri dish and immersed into the film forming 

solution for a period of 30 s and then the excess of the solution has been 

carefully wiped.  

The LPG was subsequently placed into the oven preheated to 180 oC. The 

oven was switched off after 15 min and the LPG was left there to cool down 

naturally.  When the temperature was close to the ambient level, the LPG was 

immersed in methanol for 24 hours to remove DMF from the HKUST-1 cavities 

and replace it with methanol and then left to dry under the ambient conditions 

(to release methanol from the cavities to make the porous structure of the film). 

 

5.3.3.2 Layer by layer technique 

 

Alternatively, the LPG was coated with HKUST-1 using a layer by layer 

technique (176). Briefly, solutions of 1 mM BTC and 0.2 mM copper acetate in 

ethanol were prepared. The optical fibre was immersed into a Cu2(AcO4) 

solution and an BTC solution for 5 min each, resulting in the alternate 

deposition of Cu2+ and BTC-, forming an HKUST-1 film on the surface of LPG. 

Between each of these steps the LPG was immersed in ethanol for 10 min to 

remove all unreacted parts of film forming solutions. The process was repeated 

to obtain a thicker film consisting of 10, 20 or 40 growth cycles. Transmission 

spectra were recorded continuously during the deposition process. The HKUST-

1 layer by layer deposition is schematically shown in Figure 5-3. 
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Figure 5-3: HKUST-1 film fabrication methodology using layer by layer 

technique (176). 

 

The effect of the immersion into pure ethanol (for 10 min at the beginning 

and then as an intermediate step between the immersions to metal and ligand 

solutions) on the quality of the film has been tested. Two approaches of the 

layer by layer method were used: i) following procedure published in (176) and 

shown in Figure 5-3 and ii) replace the immersion to ethanol step by rinsing 

with ethanol (conducted three times with a plastic pipette). 

 

5.3.4 Sensor performance 

 

The performance of the LPG as a chemical sensor was investigated by 

exposure the coated device to elevated concentration of carbon dioxide. The 

response of the LPG was investigated with the fibre positioned in an 
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environmental chamber composed of closed polytetrafluoroethylene (PTFE) 

box (15x15x15 cm). The LPG was fixed 5 cm above the base of the chamber. 

The setting of the experiment is schematically shown in Figure 5-4.  

 

 

Figure 5-4:  Schematic illustration of the experimental set-up used for CO2 

sensitivity experiments. 

 

The chamber was initially filled with nitrogen and then the concentration of 

CO2 gas was increased up to 40,000 ppm by infusion of the mixture of CO2 and 

argon.  
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The central wavelengths of the resonance bands in the LPG’s transmission 

spectra were recorded and sensor response to the presence of carbon dioxide 

was evaluated. The concentration of carbon dioxide, the temperature and the 

relative humidity (RH) were measured by a commercial data logger (K-33 ICB 

30% CO2 sensor from CO2meter, Inc.) An acquisition interval of 20 s was set for 

all experiments (it represents the minimal interval of a commercial data logger). 

 

5.4 Results and discussion 

5.4.1 Film morphology 

 

Three different approaches of the deposition techniques were examined; 

deposition: i) via in-situ crystallization technique, ii) layer by layer with 10 min 

crystallization in ethanol and iii) layer by layer with ethanol rinsing. 

Homogenous crystalline film, uniformly covering the substrate was observed 

for in-situ crystallization technique (Figure 5-5) and layer-by-layer approach 

following the procedure with immersion to ethanol (Figure 5-6). Homogenous 

film was observed also for the layer by layer procedure with ethanol rinsing 

however the single crystals were not identified (Figure 5-7). 
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(a) 

 

(b) 

 

(c) 

Figure 5-5: a), b) Top view and c) cross sectional SEM images of HKUST-1 film 

grown on class substrate via the in-situ crystallization technique. 
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(a) 

 

(b) 

Figure 5-6: a) Top view SEM images of 40 layers of HKUST-1 film grown on 

class substrate via the layer by layer technique following the ethanol immersion 

step. 
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(a) 

 

(b) 

Figure 5-7:  a), b) Top view SEM images of 40 layers of HKUST-1 film grown 

on class substrate via the layer by layer technique with use of ethanol washing.  

 

The skipping of the ethanol immersion step in the layer by layer deposition 

technique leads to the development of much smaller crystals. This finding 

supports the hypothesis that the 10 min of immersion in ethanol plays a similar 

role for the HKUST-1 crystallization as the Phase 2, rapid thermal development, 

for the in-situ crystallization technique. Although the individual crystals could 

not be detected the difference in the structure between deposited film and 

precursors suggested the sufficient building process of HKUST-1.  
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This hypothesis is in a good agreement with the previously reported study 

characterizing the HKUST-1 film deposited using the layer by layer approach 

onto the quartz microbalance electrodes. No change in mass frequency during 

the deposition while the substrates were immersed in ethanol was observed 

(176).  

The immersion step in ethanol affected the size and quality of the crystals 

however the deposition of the HKUST-1 film on the surface of the substrate was 

observed. As this change in the procedure rapidly reduced the deposition time 

(from 30 min to 10 min per layer), it has been decided to follow this adjusted 

deposition procedure. 

The film thickness obtained via the in situ crystallization technique was 

estimated to be 2 µm based on the cross-section SEM image, Figure 5-5c.  On 

the other hand the thickness of the film fabricated via layer by layer technique 

was expected to be in a range of 10s of nm (176) and for this reason the 

thickness measurement were conducted using the ellipsometer, where the 

results indicated the film thickness of ≈ 55, 20 and 10 nm for 40, 20 and 10 

layered film respectively. No significant difference in film thickness was 

observed within procedures with and without the immersion in methanol step. 

 

5.4.2 Film structure 

 

X-ray diffraction patterns establish that the films comprised HKUST-1 

crystals. The positions of the peaks {200}, {220}, {311}, {222}, {400}, {331}, 

{420}, {333} and {440} indicate a crystalline HKUST-1 structure. The highest 

intensity, at the {222} reflection peak, suggests that the orientation of the 
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crystals is preferred to be out of plane orientation along the {222} 

crystallographic direction. The elevated plateau from 15 to 40 θ° relates to the 

amorphous structure of the glass substrate. The position and the intensity of 

the peaks in Figure 5-8  are in a good agreement with the X-ray diffraction 

patterns reported in the literature and with the modelled diffraction pattern for 

HKUST-1 (230). 

 

 

Figure 5-8: In-plane X-Ray diffraction patterns of HKUST-1 film on glass 

substrate, recorded at room temperature; inset on the right top shows the 

results obtained in (230) and modelled values. 

 

5.4.3 LPG modification using in-situ crystallization technique 

 

The evolution of the transmission spectrum of LPG with period of 110.0 µm 

during the HKUST-1 deposition process is shown in Figure 5-9.  
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Figure 5-9:  Deposition of HKUST-1 via in situ crystallization technique: bare 

LPG (black) and after the end of Phase 1 – immersion into mother solution (red), 

after the end of Phase 2 – rapid thermal development in the oven (green) and 

after the end of Phase 3 – immersion in methanol with further evaporation 

(blue); a) Transmission spectrum of LPG with period of 110.0 µm taken in air 

and b) attenuation band corresponding to LP018 cladding mode. 
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The massive change of 33.35 nm of the difference in central wavelengths 

operating at PMTP and of 32.15 % in the transmission loss (for LPG-R) was 

observed after the immersion of LPG into the mother solution (Phase 1), with 

the attenuation bands operating at PMTP almost disappearing, Figure 5-9 (red 

line).  

The evaporation of the solvent took place in the oven during Phase 2, 

associated with the increase of the transmission loss that can be observed for 

attenuation bands operating at PMTP in Figure 5-9a (green) and for LP018 

cladding mode in Figure 5-9b (green). Rapid thermal deposition induced the 

crystallization of HKUST-1 structure, where DMF was still present in the cavities 

(230). This structural change can explain the further shift (separation) of the 

central wavelengths operating at PMTP and LP018 cladding mode. 

DMF was replaced in the cavities by methanol that was subsequently 

evaporated. The further shift of the central wavelengths and decrease in 

transmission loss was observed, with LPG-R disappearing and LPG-L with a very 

weak transmission loss, Figure 5-9a (blue). Same trend was observed over the 

change of central wavelength corresponding to LP018 cladding mode, Figure 

5-9b (blue). 

Changes in the transmission spectra during the whole Phase 1 and Phase 3 

were monitored at the central wavelength corresponding to LP018 cladding 

mode, Figure 5-10a and Figure 5-11, respectively. 

The evolution of the transmission spectrum while the LPG was in the film 

forming solution showed the continuous shift of the central wavelength in the 

first 30 s after the immersion followed by saturation, Figure 5-10b. 
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Figure 5-10: The dynamic shift of the central wavelength during the 

deposition of HKUST-1 via in situ crystallization technique: a) Phase 1, 

immersion in the mother solution, inset shows the interval while LPG was 

immersed in detail and b) the interval while LPG was immersed in detail (data 

from the grey box from Figure 5-10a). 

 

Minimal shift of the central wavelength was observed within the first 10 h 

while the LPG was immersed in methanol during the Phase 3 followed by the 
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continuous change that saturated approximately after 20 h, Figure 5-11. These 

changes are expected to be associated with the replacement of DMF by 

methanol in HKUST-1 cavities. 

 

 

Figure 5-11: The dynamic shift of the central wavelength during the 

deposition of HKUST-1 via in situ crystallization technique: Phase 3, immersion 

in methanol with further evaporation. 

 

5.4.4 CO2 sensing using in-situ crystallization technique 

 

When exposed to carbon dioxide, no measurable change of the central 

wavelength was observed, as the response to the high concentration of carbon 

dioxide in the range from 500 to 5,500 ppm, Figure 5-12. The continuous shift 

in the position of the central wavelength matched the continuous shift in the 

temperature, where no steps according to the levels of CO2 were observed. 
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Figure 5-12: The sensor coated with HKUST-1 via in situ crystallization 

technique exposed to carbon dioxide in mixture with air: dynamic shift of the 

central wavelength corresponding to the LP018 cladding mode (black), 

concentration of carbon dioxide (red) and temperature (blue). 

 

This observation could be due to the influence of the ambient humidity 

present in air. While the sensitivity of HKUST-1 to carbon dioxide was 

demonstrated previously as the gas partial pressure in vacuum (176), it is 

known that water vapour can react with the open copper sites in the HKUST-1 

structure and then block their specific affinity to carbon dioxide molecules. This 

effect was previously accounted for the degradation of the film properties with 

time of a HKUST-1 film stored under elevated relative humidity levels (176). 

To further test this hypothesis another LPG with period of 109.5 µm was 

coated by HKUST-1 film using in-situ crystallization technique and exposed to 

the mixture of nitrogen and carbon dioxide up to the CO2 concentration of 

42,000 ppm. The transmission spectra before and after the deposition of 

HKUST-1 are shown in Figure 5-13. 
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Figure 5-13: Transmission spectrum of LPG with period of 109.5 µm taken in 

air before (black) and after (blue) the deposition of HKUST-1 film via in-situ 

crystallization technique. 

 

When the LPG was exposed to carbon dioxide the position of the central 

wavelength responded again to temperature only and no observable shift was 

observed as the response to CO2, Figure 5-14. The drop of the central 

wavelength at 100 min was probably caused by the relaxation of the fibre due 

to the nitrogen flow (the whole transmission spectrum dropped in the intensity 

values at this time). 
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Figure 5-14: The sensor coated with HKUST-1 via in situ crystallization 

technique exposed to carbon dioxide in mixture with nitrogen: dynamic shift of 

the central wavelength corresponding to the LP018 cladding mode (black), 

concentration of carbon dioxide (red) and temperature (blue). 

 

Absence of the response of the LPG based sensors coated with HKUST-1 film 

with use of in-situ crystallization technique to carbon dioxide could be 

explained by the high film thickness, estimated to be ≈ 2 µm (Figure 5-5b), 

exceeding highly the optimum region for sensitive coating in a range of 

hundreds of nm (112).  

The experiments with the LPG sensors modified by layer by layer technique 

has been undertaken using mixtures of nitrogen and CO2 to investigate further 

the sensitivity of deposited HKUST-1 films to carbon dioxide.  
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5.4.5 LPG modification using layer by layer technique 

 

Since LPG is also sensitive to the temperature, an array containing LPG1 and 

LPG2 with periods of 109.5 and 110.5 µm respectively was fabricated and LPG1 

was coated with 40 layers of HKUST-1. This array is further referred as Array A. 

The performance of Array A as the carbon dioxide sensor was evaluated via the 

changes in the central wavelength difference associated with the attenuation 

bands of bare and coated LPGs. The bare LPG2 works as a reference to subtract 

the effect of temperature and any other perturbation from the surrounding 

environment (e.g. the flow effect of the gas that could possibly cause the 

relaxation of the LPG). The transmission spectrum of the array taken in air 

before and after the deposition of HKUST-1 on LPG1 is shown in Figure 5-15.  
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Figure 5-15: Transmission spectrum of Array A before (black) and after the 

deposition of 40 layers of HKUST-1 onto LPG1 (blue), inset show the attenuation 

band of LPG1 in detail. 
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The shift of the attenuation band corresponding to LPG1 induced by the 

deposition of HKUST-1 film can be observed, while the attenuation band 

corresponding to the bare LPG2 remained in the same position, Figure 5-15. 

Changes in the transmission spectra of the LPG when immersed into the film 

forming solutions (metal and ligand) were monitored. The total change of the 

central wavelength of LPG1 associated with attenuation band corresponding to 

LP018 cladding mode induced by the deposition of 40 layers of HKUST-1 was 

measured to be 5.5 and 6.7 nm in air and solution respectively, Figure 5-16. 

The black lines, which are a guide to the eye, indicate the central 

wavelengths of the resonance bands. Higher sensitivity to coating thickness 

when the LPGs is immersed in the growth solution than in air was observed. 

The “spikes” in the figure represent the short period of time, while LPG was in 

air when the metal solution was replaced with the ligand solution, Figure 5-16. 
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Figure 5-16:  The dynamic shift of the central wavelength of LPG 1, Array A, 

corresponding to the LP018 cladding mode during the deposition of 1st to 40th 

layer of HKUST-1 onto a surface of LPG. 
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5.4.5 CO2 sensing using LPG coated via layer by layer technique 

 

The both LPGs are sensitive to the temperature, while only LPG1 is sensitive 

to carbon dioxide and so any changes in the difference of the position of the 

central wavelengths are due to response to carbon dioxide only.  

The changes in the transmission spectrum of Array A as the response to 

carbon dioxide levels in a range of 2,000 – 40,000 ppm are shown in Figure 5-17. 

The highest concentration of 40,000 ppm caused the 0.72 nm change in the 

position of the central wavelength of coated LPG1 (Figure 5-18a) corresponding 

to LP018 cladding mode, higher change can be expected when the sensor will 

operate at PMTP. The bare LPG2 stayed in the same position (Figure 5-18b).  
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Figure 5-17: Transmission spectrum of a) Array A (LPG 1 coated with 40 

layers of HKUST-1 at exposure to 2,000 (black), 10,000 (red), 20,000 (green) and 

40,000 (blue) ppm of carbon dioxide. 

. 



 

Chapter 5: LPG based carbon dioxide sensor coated with HKUST-1   

152 

 

695 700 705

70

75

80

85

T
ra

n
s
m

is
s
io

n
 (

%
)

Wavelength (nm)

 2000 ppm

 10 000 ppm

 20 000 ppm

 40 000 ppm

 

(a) 

720 725 730

75

80

85

T
ra

n
s
m

is
s
io

n
 (

%
)

Wavelength (nm)

 2000 ppm

 10 000 ppm

 20 000 ppm

 40 000 ppm

 

(b) 

Figure 5-18: Transmission spectrum of a) Array A (LPG 1 coated with 40 

layers of HKUST-1); b) LPG1 and c) LPG2 in detail at exposure to 2,000 (black), 

10,000 (red), 20,000 (green) and 40,000 (blue) ppm of carbon dioxide. 

 

The sensor’s performance can be tracked via the shift of the central 

wavelength of LP018 cladding mode of LPG1, as no detectable shift of the bare 

LPG2 was observed, Figure 5-18b.  
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The dynamic shift of the central wavelength of LPG1 was tracked during the 

carbon dioxide sensitivity experiment, Figure 5-19. The position of the central 

wavelength of LPG1 is possible to distinguish between the each CO2 

concentration step up to 40,000 ppm, Figure 5-19. 
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Figure 5-19: Array A  (LPG1 coated with 40 layers of HKUST-1+bare LPG2) 

during the exposure to carbon dioxide in the range up to 40,000 ppm: dynamic 

change of the central wavelengths difference corresponding to the LP018 

cladding mode of LPG1 and LPG2 (blue) and carbon dioxide concentration 

(black); red boxes indicate the intervals used for the calibration curve presented 

in Figure 5-20. 

 

The changes in the differences of central wavelengths corresponding to LP018 

cladding mode were monitored and the calibration curve has been obtained, 

Figure 5-20. 



 

Chapter 5: LPG based carbon dioxide sensor coated with HKUST-1   

154 

 

0 10000 20000 30000 40000

0.0

0.2

0.4

0.6

0.8

C
e

n
tr

a
l 
w

a
v
e

le
n
g

th
 d

if
fe

re
n
c
e

 (
n
m

)

Carbon dioxide (ppm)

 Central wavelength 

difference shift 

 

Figure 5-20: Array A: Carbon dioxide calibration curve. 

 

The LOD has been calculated using the average standard deviation of 0.07 

nm obtained over the values measured in stable conditions (at each 

concentration level) over the 3 min period and using calibration curve, Figure 

5-20. The LOD of 1184 ppm was identified for the range of CO2 concentration 

of up to 10,000 ppm.  

The increase of the sensitivity could be achieved with increase the thickness 

of the film however it has been reported that film consisting of 80 layers lost 

the preferred {222} crystal orientation enabling the optimal conditions of CO2 

adsorption (176). The higher sensitivity can also be achieved via optimisation 

of the LPG period to operate at PMTP. 
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5.4.6 Sensitivity improvements 

 

Although the obtained limit of detection is currently too high for the direct 

real-world application, the results confirmed the feasibility of carbon dioxide 

detection based upon LPGs coated with HKUST-1 thin films.  

In order to increase sensitivity and bring sensor closer to the potential real-

world application, different LPGs, operating at the PMTP, were fabricated. 

HKUST-1 films consisting of 10, 20 and 40 layers have been deposited on the 

surface of the single LPG with period of 108.8 (10 layers) and 109 µm (20 and 

40 layers).  

The changes in the transmission spectra in air before and after the 

deposition have been monitored, Figure 5-21. 
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(c) 

Figure 5-21: Transmission spectrum of LPG with the period of 109 µm taken 

in air before (black) and after the deposition of a) 10, b) 20 and c) 40 layers of 

HKUST-1 (blue). 
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Changes in the transmission spectra of the LPG when immersed into the film 

forming solutions (ligand) were also monitored. The linear increase of the 

difference between the central wavelengths operating at PMTP was observed 

over the deposition of 40 layers of HKUST-1, Figure 5-22. The average increase 

of 1.2 nm in the band separation was calculated based on the position of the 

central wavelengths after 5 min of immersion to ligand solution of each 

deposited layer. The smaller observed slope at the beginning where the film 

started to grow on the substrate is in agreement with previous study (176). The 

small plateau around 20th layer was caused by the break in the fabrication 

process, where the LPG was immersed into ethanol for ≈ 1 hour. 
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Figure 5-22: Difference between the central wavelengths corresponding to 

LP019 cladding mode during the deposition of 1st to 40th layer of HKUST-1 (taken 

in ligand solution). 

 

The sensors coated with 10, 20 and 40 layers of HKUST-1 were exposed to 

carbon dioxide concentrations ranging from 1,450 to 41,200 ppm and the shift 

of the central wavelengths was recorded, Table 5-1. 
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Table 5-1: LPG sensor coated with 10, 20 and 40 layers of HKUST-1 – Carbon 

dioxide sensitivity 

Sensor Δ CW* 

LP019 ≈ 10k 

ppm CO2 

Δ CW* 

LP019 ≈ 20k 

ppm CO2 

Δ CW* 

LP019 ≈ 40k 

ppm CO2 

Δ 

Temperature 

10 

layers 

1 nm saturated saturated 0.92 oC 

20 

layers 

4.45 nm saturated saturated 0.93 oC 

40 

layers 

7.2 nm 8.44 nm 10.58 nm 0.37; 0.59; 

0.85 oC 

* CW = central wavelength 

 

 The sensor coated with 10 layers showed the smallest response of 1 nm 

change in the central wavelength difference of the attenuation bands operating 

at PMTP (ΔCWLP019). The slight temperature increase was observed in the 

chamber after the each injection of carbon dioxide. The temperature sensitivity 

measured as the change in the difference of the central wavelengths 

corresponding to LP019 cladding mode was calculated to be ≈ 0.92 nm/oC. When 

this temperature induced change is subtracted then ΔCWLP019 of 0.15 nm was 

calculated to be caused by CO2. No further changes in the transmission 

spectrum were observed with increasing the carbon dioxide concentration to 

20,000 ppm. 

Concentration of ≈ 10,000 ppm of carbon dioxide induced the change in the 

central wavelength difference of 4.45 nm for the sensor coated with 20 layers. 

The ΔCWLP019 after the subtraction of the temperature effect was calculated to 

be 3.3 nm. This change definitely proved the response of the sensor to carbon 

dioxide. However no further shift of the central wavelengths were observed 

with increase the carbon dioxide concentration up to 40,000 ppm. 
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The sensor coated with 40 layers showed the largest response towards the 

exposure to carbon dioxide. The continuous shift of the central wavelength 

difference was observed over the whole concentration range up to 41,200 ppm, 

where it reached 10.58 nm (9.64 nm after the temperature effect subtraction). 

The change in the transmission spectrum is shown in Figure 5-23. 
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Figure 5-23: LPG sensor coated with 40 layers of HKUST-1: a) Transmission 

spectra at exposure to 1,450 (black) and 41,200 ppm of carbon dioxide (blue); 

the inset shows the attenuation band corresponding to the LP018 cladding mode 

in detail. 

 

The difference between the central wavelengths of the attenuation bands 

operating at PMTP was monitored over time during the exposure of the sensor 

to carbon dioxide, Figure 5-24.  
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Figure 5-24: The sensor coated with 40 layers of HKUST-1 exposed to carbon 

dioxide in mixture with nitrogen: dynamic shift of the central wavelengths 

difference corresponding to the LP019 cladding mode (black), concentration of 

carbon dioxide (red) and temperature (blue). 

 

Initial (after 15 min) rapid response associated with the nitrogen flowing 

inside the chamber and rapid decrease in temperature was observed. The 

carbon dioxide level reached concentration ~1,300 ppm at this stage.  

The moderate increase from 45 to 50 nm in the difference of the central 

wavelengths between 15 and 30 min of the experiment is fully induced by the 

increasing temperature from 26.5 to 29.3 °C, where the CO2 level was stable at 

1300 ± 50 ppm.  This region was used for the temperature calibration of the 

sensor with calculated sensitivity of 1.22 nm.°C-1.  

The rapid increase of ΔCWLP019 was observed (more than 5 nm) when the 

CO2 was introduced into the chamber followed by the small increase of 

temperature (~0.4 °C). The further increase in the band separation was 

observed associated with CO2 concentration increase up to 40,000 ppm. 
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The response of the sensor was observed to be irreversible as no change in 

the transmission spectrum was detected when the chamber was fluxed with 

nitrogen and the carbon dioxide reached back levels close to 1,300 ppm. 

The temperature effect was subtracted based on the temperature 

calibration and the ΔCWLP019 associated to temperature was removed, Figure 

5-25. Minimal shift (less than 0.5 nm) was observed then between 20,000 and 

40,000 ppm carbon dioxide concentration levels indicating the saturation of the 

sensor.  
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Figure 5-25: The sensor coated with 40 layers of HKUST-1 exposed to carbon 

dioxide in mixture with nitrogen: dynamic shift of the central wavelengths 

difference corresponding to the LP019 cladding mode before (black) and after 

subtraction of the temperature effect (green); concentration of carbon dioxide 

(red); the grey box indicates the values used for the temperature calibration. 
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The LPG sensor started to response immediately (in 20s) after the exposure 

to carbon dioxide. The response time of 6 min was calculated for the step 

change between the different levels of carbon dioxide concentration and based 

on the time when the central wavelength shift reached 90% of the total change. 

However the continuous temperature effect and acquisition interval of 20 s of 

commercial device make it difficult to determine the response time more 

accurately and thus this value is only indicative. More static condition 

measurements are necessary for the clarification of the response time and 

better evaluation of the sensitivity. 

The changes in the central wavelength difference of the attenuation bands 

operating at PMTP were plotted as function of carbon dioxide and the 

calibration curve was obtained, Figure 5-26.  

It has been mentioned that the position of the central wavelength was 

affected by temperature. The subtraction of this temperature effect from the 

change in the position of the central wavelengths was applied to the calibration 

curve, Figure 5-26 (blue spots).  
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Figure 5-26: LPG sensor coated with 40 layers of HKUST-1: Carbon dioxide 

calibration curve before (black) and after the temperature level was subtracted 

(blue). 

 

The limit of detection (LOD) (the smallest detectable difference in CO2 

concentration) has been calculated using the average standard deviation of 

0.28 nm obtained over the values measured in stable conditions (at each 

concentration level) over the 3 min period and from the calibration curve (after 

the subtraction of temperature). The LOD of 401 ppm was identified for the 

region up to 10,000 ppm. 

The sensor provides sufficient sensitivity for the detection of carbon dioxide 

for indoor air quality, where the target range of ≈400-10,000 ppm is required 

(3)(231). The practical use of the sensor in the real environment is 

compromised by the effect of the ambient relative humidity. The further work 

should target the development of the protective layer for separation of the 

water molecules. However the sensor can be still used in the field of food 

industry, e.g. for monitoring of the food packaging processes (40), where only 

the mixture of oxygen, nitrogen and carbon dioxide is used (232).   
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5.5 Conclusions 

 

An HKUST-1 film has been deposited successfully onto the surface of an 

optical fibre LPG using the in-situ crystallization and the layer-by layer 

technique and the response of the transmission spectra has been 

characterized. The linear shift of the central wavelength during the deposition 

indicates the uniform growth of the HKUST-1 film with the increasing number 

of layers.  

HKUST-1 thin film had been characterized using SEM, XRD and ellipsometer. 

The x-ray diffraction pattern obtained with use of XRD matches well with the 

previously reported data and proved the deposition of HKKUST-1 film with 

desired {222} orientation. The thickness of the film of 2 µm and 55 nm was 

established for the film deposited with use of in-situ crystallization and layer by 

layer (40 layers) approach respectively. LbL technique enabled much better 

control over the thickness of the film. 

The LPG coated via in situ crystallization technique did not show chemical 

sensitivity to carbon dioxide. This could be explained by exceeding thickness of 

the sensing layer. The LPG coated with 40 layers HKUST-1 responded to carbon 

dioxide concentrations in the range of ≈2,000-40,000 ppm and the LOD of 401 

ppm was obtained. The thinner films showed the smaller response to CO2 

concentrations up to 10,000 ppm with further saturation of the sensor. 

The obtained LOD in a range of 100s ppm of carbon dioxide suggests the 

potential of the sensor for real world applications. The further improvement 

could be done by using higher resolution spectrometer and combined approach 

of data analysis (including the transmission, central wavelength and width 

change).  
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The novel concept of the LPG based carbon dioxide sensor coated with a 

MOF material has been demonstrated. The thorough study on cross-sensitivity, 

deformation of the film by ambient RH and the implementation of the sensor 

into a multi-parameter sensing array can be included in the further work.
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Chapter 6: Chemical sensors based on LPG 

coated with silica nanoparticles 

 

 

6.1 Introduction 

 

In this chapter, two practical applications of LPG based sensors are 

demonstrated for detection of i) volatile organic compounds emitted from 

paints and ii) ammonia in seawater samples. The principle of operation of both 

sensors is based on the deposition of silica nanoparticles on the surface of the 

LPG and their further functionalization with calixarene and tetrakis porphyrin 

dye (TSPP) towards VOCs and ammonia respectively.  

The indoor air and seawater quality have been chosen for the demonstration 

of real-world application of LPG based sensor.  

 

6.2 The sensor operation principle 

 

Silica nanoparticles have been previously used as the sensitive material for 

FOSs as they enhance the sensitivity to bulk refractive index (112) or relative 

humidity (26). Calixarene or TSPP can be infused into the coating to endow the 

LPG with sensitivity to VOCs (27) or ammonia (15).   
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6.2.1 Detection of ammonia  

 

TSPP represents a tetrakis(4-sulfophenyl) porphine, a compound that 

changes its optical properties (absorbance and refractive index) in response to 

exposure to ammonia. These changes are chemically induced by the 

deprotonation of TSPP and its returning to monomeric state and cause the 

decrease in the refractive index of the film (126). The sensor operation principle 

is schematically shown in Figure 6-1. 

 

 

Figure 6-1: Operation principle of LPG based TSPP ammonia sensor (126). 

 

The re-charge of TSPP by hydrogenation can be done, when the sensor is 

exposed to highly acidic environment, e.g. to vapours of strong (0.1 M) aqueous 

solution of HCl. The refractive index of the film is increased back to its initial 

value and this change is associated with the change in the transmission 

spectrum (126). However this re-charge is not possible to be done when TSPP 

compound is actually removed from the film as a response to ammonia binding.  
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6.2.2 Detection of VOCs 

 

Calixarene molecules contain a number of phenol or resorcinol aromatic 

rings connected together to a larger ring and the whole molecule looks like a 

bowl (233). The analyte of the interest reacts with calixarene and becomes 

temporarily entrapped, however only the weak interactions occur (no covalent 

bond is created) which enable easy liberation from the cavity and this effect 

causes the reversibility of the sensor. The sensitivity of the reaction depends on 

the size and shape of the molecule of interest and for this reason the specific 

reactions to different VOCs is expected (20).  

 

6.3 Methodology 

6.3.1 Materials 

 

Poly(allylamine hydrochloride) PAH (Mw: 75,000), 

Poly(diallyldimethylammonium chloride) (PDDA) (Mw 200,000–350,000, 20 

wt% in H2O), KOH, NH3, TSPP, benzene, toluene, chloroform and acetone were 

purchased from Sigma-Aldrich. SiO2 NPs (SNOWTEX 20L) was purchased from 

Nissan Chemical. Calix-[8]-arene (CA[8]) and calix-[4]-arene (CA[4]) 1 mM 

solutions were synthetized in the lab by Frank Davis, Cranfield University. All of 

the chemicals were analytical grade reagents and used without further 

purification. Deionized water (18.3 MΩ cm) was obtained by reverse osmosis 

followed by ion exchange and filtration (Millipore, Direct-QTM). 
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6.3.2 Sensor fabrication 

 

LPGs were fabricated following the procedure described in Chapter 3 using 

same single mode optical fibre. The grating period was selected such that the 

LPG operated at or near the phase matching turning point. 

A single LPG with period of 109.0 µm was fabricated using point by point 

approach and it was further used for the detection of VOCs. The concept of 

ammonia detection in seawater was tested using two LPG arrays consisting of 

LPG1 and LPG2 with periods of 109.0 and 109.5 µm respectively, where the LPG 

one was coated with the sensitive element, Figure 6-2. These arrays will be 

further referred as Array 1 and Array 2. They were used for tap water and 

seawater samples experiments respectively. 

 

 

Figure 6-2: Scheme of the proposed LPG based TSPP ammonia sensor. 

 

6.3.3 Thin film deposition 

 

A mesoporous thin film of SiO2 nanoparticles (NPs) was deposited onto the 

LPG using an electrostatic self-assembly approach as previously described (15) 

(112) (150).  
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Briefly, the region of the optical fibre with the LPG was rinsed with deionized 

water and immersed in a 1 wt% ethanolic KOH (ethanol/water = 3:2, v/v) 

solution for 20 min, leading to a negatively charged surface. The optical fibre 

was then sequentially immersed into a solution containing a positively charged 

polymer, PAH (used further for VOCs sensing) or PDDA (used for NH3 sensing), 

and a solution containing negatively charged SiO2 NPs for 15 min each, resulting 

in the alternate deposition of PAH or PDDA and SiO2 NPs layers on the surface 

of the fibre. The fibre was rinsed with distilled water, and dried by flushing with 

nitrogen gas after each deposition step. The immersion in the PAH and SiO2 

nanoparticles was repeated until the desired number of layers were deposited 

(5 for VOCs, and 8 or 5 for NH3 sensor of Array 1 and Array 2 respectively). The 

transmission spectrum of the LPG was measured after each deposition step.  

CA[8] and CA[4] were used as the functional materials to provide sensor with 

the sensitivity to VOCs and TSPP was used for the sensitivity to NH3. The LPG 

modified with the (PAH/SiO2)5 was immersed into a 1 mM of CA[8] aqueous 

solution for 2 hours followed by washing and drying and LPG sensor is referred 

as CA[8]. After all experiments (VOCs measurements) were completed with 

CA[8] sensor, the LPG was immersed into NH3 solution for 2 hours to remove 

the CA[8] molecules. The LPG was then dried and immersed into CA[4] solution 

(the procedure was the same as for CA[8]). LPG modified with CA[4] is referred 

as CA[4] sensor. Similarly, the LPG modified with (PDDA/SiO2)5 or 8 was 

immersed to 1 mM of TSPP aqueous solution for 2 hours followed by washing 

and drying. The whole deposition procedure is schematically shown in Figure 

6-3. 
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Figure 6-3:  Schematic illustration of the layer by layer deposition process 

(15). 

 

Transmission spectra of the LPG at the CA[8] and CA[4] or TSPP infusion were 

measured along with the dynamic change at the particular wavelength and the 

process was terminated when the dynamic change saturated.  

 

6.3.4 Ammonia experiments 

 

Array 1 was tested for the sensitivity to ammonia in tap water samples. The 

aquatic solutions of 0.1, 0.25, 0.5 and 1 mg.L-1 of ammonia were prepared via 

the dilution of original solution (concentration of 28%).  

The LPG was fixed in the Teflon holder used for the deposition and then 

exposed to tap water and to all ammonia solutions for 10 min. The sample was 

pumped out after the each test and the LPG was washed by distilled water three 

times and the sample with higher concentration was injected subsequently.  



 

Chapter 6: Chemical sensors based on LPG coated with silica nanoparticles   

172 

 

Array 2 was tested for the sensitivity to ammonia in seawater samples. 

Seawater sample was taken at Plymouth Marine Centre. The LPG was tested to 

the sample with no modification and then to samples with added ammonia 

with concentrations of 0.5, 1, 2, 4 and 10 µM. 

The transmission spectra were recorded every 10 s and the position of the 

central wavelength of the attenuation bands were noted. 

 

6.3.5 Volatile organic compounds experiments 

 

The LPG modified with the CA[8] and CA[4] was tested for VOCs sensitivity 

in the lab and then during paint leakage test simulation as follows. 

The LPG was fixed in the closed cell and the solution of the VOC of interest 

(benzene, toluene, acetone and chloroform), of volume of 10, 30, 50, 100 μl 

(according to the saturation level), was injected in the cell (standard Petri dish 

with volume of 100 cm3) and then was left until saturation. The cell was opened 

shortly before adding each volume. The LPG was kept in a straight position to 

avoid any bending which can affect its performance. 

The temperature and relative humidity (RH) were simultaneously recorded 

as both of them are interfering factors (LPG itself is sensitive to temperature 

and SiO2 NPs thin film causes the sensitivity to RH). One Wire sensor was used 

to control temperature and RH during the all experiments (sensor specifications 

are described in Chapter 4).  

The simulation of ISO standard test involved exposure of the LPG sensor to 

the mixture of VOCs emitted from paints within a chamber consisting of a 
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desiccator base and a stainless steel emission cell, as shown in Figure 6-4. The 

LPG was fixed in a glass desiccator (with estimated volume of 7.5 L) for 4.5 

hours; a piece of a cardboard box of surface area 100 cm2 freshly painted by 

commercially available paints was placed inside the desiccator. The paint source 

was: Plasti-kote project paint, 143S Antique gold (further referred as spray 

paint) and Wickes Master universal multi-surface primer (can paint). 

 

 

Figure 6-4: The scheme of the paint leakage test. 

 

Transmission spectra were recorded every 1 min during all experiments. The 

central wavelengths of the attenuation bands were obtained using Spectrum 

Interrogation Routine Software and Origin was used for further data analysis. 

The temperature and relative humidity were kept at the same level during 
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the experiments and simultaneously measured using OneWire device.  

A constant airflow was maintained during the whole experiment. The 

incoming air was controlled to be a 1:1 mixture of dry and humid air (initial RH 

in the cell was measured around 60 %).  An emission cell, stainless steel 

enclosure designed for the testing of emissions of VOCs from materials, (FLEC®, 

Chematec) was placed on the top of the desiccator base. Air provided to the 

device enters the enclosure from the perimeter and exits centrally where there 

is the facility to sample the air to determine the presence of VOCs. The FLEC® 

is further described in the international standard ISO 16000-10, which concerns 

determination of the emission of VOCs from construction products.  

 The air was constantly leaving the measuring system through an air 

sampling tube on the outlet. The sorbent tubes (packed with Tenax TA) were 

used to collect the mixture of VOCs in the air. The air flow rate was 100 mL per 

minute and samples were collected for 2.5 minutes with the final total volume 

of 0.25 L and used as follows. 

The air samples leaking from both paints were evaluated using TD/GC/MS 

(thermal desorption/gas chromatography/mass spectrometry). The VOCs were 

identified using special software according to peak area and expected retention 

time according to a library of previously analysed pure compounds. 

The thermal desorption technique was used to desorb VOCs from the tubes 

and a DB5 gas chromatography column and a mass spectrometer (quadropole) 

was used for the VOCs analysis.  

D8-toluene (C6D5CD3) (IS), retention time (RT) = 15.48 min was used as 

internal standard for GC-MS analysis. Its solution in methanol was injected to 

all tubes prior to analysis. 
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Details of this type of analysis method are in ISO 16000-6 (Indoor air part 6 

- Determination of volatile organic compounds in indoor and test chamber air 

by active sampling on Tenax TA sorbent, thermal desorption and gas 

chromatography using MS or MS-FID).  

 

6.4 Results and discussion 

6.4.1 Detection of ammonia in seawater 

 

Deposition of the (PAH/SiO2)8 film with further infusion of TSPP lead to the 

changes in the transmission spectrum of LPG1 of Array 1 and Array 2, Figure 

6-5, which agree well with the previous observation (15). The changes in the 

transmission induced by the deposition of the silica nanoparticles will be also 

described in more details in Chapter 7. 

The “U” shape attenuation band corresponding to LP019 cladding mode of 

LPG1 evolved during the deposition process providing the sensor with the 

highest sensitivity, while the other bands (in region of 670 nm) correspond to 

lower order cladding mode of both LPG1 and LPG2 and show the lower 

sensitivity, Figure 6-5a. 

Similar change of the transmission spectrum with evolution of the “U” shape 

attenuation band at PMTP was observed for Array 2, Figure 6-5b (blue line). The 

further changes in the transmission spectrum were observed after the 

immersion in water (due to the increase of the RI), Figure 6-5b (red line).  “U” 

shape attenuation band at PMTP observed in air split into two after the 

immersion in water and it becomes possible to distinguish two attenuation 

bands of LPG1 and LPG2 corresponding to LP018 cladding mode, Figure 6-5b. 
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(b) 

Figure 6-5: Transmission spectra taken in air of a) Array 1 and b) Array 2 

before (black) and after the deposition of the sensitive coating consisting of SiO2 

NPs infused with TSPP taken in air (blue) and water (red). 

 

The Array 1 has been exposed to ammonia in tap water. The transmission 

spectrum of LPG1 responded to NH3 concentration levels of 0.1, 0.25, 0.5 and 

1 mg.L-1, Figure 6-6.  The performance of the sensor was evaluated via the 

changes in the transmission at the central wavelength of the “U” shape band 

corresponding to LP019 cladding mode and the changes in the width of this band 
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(in the same way as described in Chapter 4). For example, ammonia 

concentration of 1 mg.L-1 induced the change in the transmission at 855 nm (as 

indicated by black line in Figure 6-6Figure 6-1b) of 4.88 % and bandwidth 

change of 22.4 nm (at 95 % transmission level), Figure 6-6b. 
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Figure 6-6: Transmission spectra of a) Array 1 with inset of LPG2 in detail and 

b) LPG1 in detail exposed to tap water (black) and 0.1 (red), 0.25 (green), 0.5 

blue and 1 mg.L-1 aqueous solutions of ammonia. 
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No changes in the transmission spectra were observed at the LP018 

attenuation band associated to the bare LPG2 as shown in inset of Figure 6-6a. 

The calibration plot has been calculated over the tested range of 0.1 to 1 

mg.L-1 of ammonia based on the measurement of changes in transmission, 

Figure 6-7a, and bandwidth, Figure 6-7b. 
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Figure 6-7: Array 1: ammonia calibration curve based on the changes in a) 

the transmission at central wavelength and b) the bandwidth associated with 

the attenuation band corresponding to LP019 cladding mode. 



 

Chapter 6: Chemical sensors based on LPG coated with silica nanoparticles   

179 

 

The results indicated that LPG should be able to detect the ammonia even 

at lower concentration than the smallest tested dose of 0.1 mg.L-1 (equivalent 

of 5.88 µM). The performance of array 2 was tested in real seawater samples 

over the range of 0.5 to 10 µM reaching the environmental levels (µM were 

used as they are more common units for chemical detection in seawater). 

Firstly, the sensor was exposed to deionized water and sea water (2 times) 

and minimal difference in the transmission spectrum was observed, Figure 6-8. 

This finding indicates that the sensor can respond to ammonia in seawater as it 

was shown for tap water samples. 
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Figure 6-8: a) Transmission spectrum of Array 2 and b) attenuation band of 

LPG-L in detail immersed in DI water (black) and two times in seawater (red) 

and (blue). 
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The Array 2 was subsequently exposed to ammonia dissolved in seawater 

and the changes in the transmission spectrum were observed, Figure 6-9.  
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Figure 6-9: Array 2: transmission spectrum in response to sea water (grey), 

0.5 (black), 1 (red), 2 (green), 4 (blue) and 10 µM (pink) of ammonia dissolved 

in sea water sample. 

 

The LPG transmission spectrum responded within 30 s to the injection of 

each of the tested ammonia concentration. The continuous shift of the central 

wavelengths has been observed, where the saturation started approximately 

after 5 min. The central wavelength difference of the attenuation band as a 

function of time is shown in Figure 6-10. 
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Figure 6-10: Array 2: The dynamic change of the central wavelength 

difference as a response to ammonia in seawater over the concentration range 

up to 10 µM. 

 

The changes in the difference of central wavelengths of the attenuation 

bands corresponding to LP019 cladding mode and the changes in the band width 

at 90 % transmission level were plotted as a function of ammonia concentration 

and the calibration curves were obtained, Figure 6-11a and Figure 6-11b 

respectively. The results clearly showed that even the lowest tested 

concentration of 0.5 µM induced the changes of 0.36 and 0.26 nm in the central 

wavelengths difference and bandwidth respectively. 
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Figure 6-11: Array 2: ammonia calibration curve based on the changes in the 

difference a) between the central wavelengths and b) bandwidth of the 

attenuation band corresponding to the LP019 cladding mode.  

 

The error bars in Figure 6-11 were calculated based on the standard 

deviation of the values taken from the 5 transmission spectra covering the same 

concentration level and the saturated response of the sensor (indicated by the 

red boxes in Figure 6-10). 
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The central wavelength difference has been used for the calculation of the 

LOD, as it has higher slope of the calibration curve. The minimal detectable 

change of 0.15 nm had been stated based on the average standard deviation of 

0.15 nm obtained over the values measured in stable conditions (at each 

concentration level) over the 1 min period.  

The LOD of 303 nM has been calculated using the calibration curve and the 

central wavelength shift of 0.15 nm in Figure 6-11a using the following Equation 

8: 

𝐿𝑂𝐷 =
𝜎

𝑘
 

Equation 8 

Where σ is the standard deviation (0.154 nm) and k is the slope the 

calibration curve (0.509 nm/µM). 

The obtained sensitivity enables the use of the sensor in the water 

environment, especially for non-saline waters, where the concentration in 

single units of µM and higher is expected (47) (48). The main drawback is 

represented by the absence of the sensor’s recovery, because the functional 

compound is removed from the coating in the presence of ammonia and thus 

the sensor works only on the one-time basis.  

The sensor’s performance in the presence of other nutrients and chemicals 

naturally present in the environment should be examined to determine any 

cross-sensitivity. 
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6.4.2 Detection of VOCs emitted from paints 

 

In order to endow the sensor with sensitivity to VOCs LPG was initially 

modified by applying 5 layers of SiO2 NPs.  The observed change in the 

transmission spectrum was in a good agreement with previously reported (15) 

(112). Comparison of the transmission spectra of the LPG measured after its 

immersion into CA[8] and CA[4] solutions is shown in Figure 6-12a. The CA[4] 

causes the larger wavelength shift of the central wavelengths (ΔCW at LP019 = 

17.96 nm) than CA[8] where only the small change was observed (2.75 nm). 

This effect can be explained by the molecule size of calixarene molecules 

indicating that smaller CA[4] was deposited more effectively on the SiO2 film 

surface. 

Evolution of the transmission spectrum of the LPG immersed in CA[4] 

solution during the modification process is shown in Figure 6-12b. The largest 

shift of the central wavelength as well as the absolute transmittance at the 

central wavelength was observed in first 15 minutes and small or nor change 

observed after an hour. 
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Figure 6-12: (a) TS after (SiO2)5 NPs deposition (black) with infused CA[8] 

(red) or CA[4] (blue) and (b) TS of LPG at the infusion of CA[8] into (PAH/SiO2)8 

film deposited over LPG in solution at different time intervals. 
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The characterization of the response of the LPG to VOCs showed that the 

optical fibre can respond to the high concentrations of a range of different 

VOCs. The results from the exposure of the sensor to individual VOCs are 

summarized in Table 6-1. 

 

Table 6-1: Sensitivity of CA[4] and CA[8] to individual VOCs 

Slope of the calibration curve [nm/ppm] 

Type of 

calixarene 
CA[4] CA[8] 

VOC Δ CW019 difference  

acetone 7.2 E-05 1.0 E-05 

benzene 5.4 E-05 1.8 E-05 

chloroform 2.5 E-05 0.7 E-05 

toluene 5.4 E-05 2.0 E-05 

 

A measurable response to VOCs was observed for LPG modified with CA[4] 

and CA[8] almost immediately even at the 10 µL of the injected solution, 

corresponding approximately to VOCs vapour concentrations of 18,000, 23,700, 

19,800 and 26,000 ppm for toluene, chloroform, benzene and acetone 

respectively. The biggest shift was observed for acetone and the lowest for 

chloroform. 

With increasing amount of VOC injected the sensor response saturated at 

28,000, 210,000, 125,000 and 298,000 ppm for toluene, chloroform, benzene 

and acetone respectively. 

CA[8] sensor demonstrated smaller response than CA[4] almost in all cases. 

No differences or ones at the edge of the resolution of the spectrometer were 

observed between individual VOCs for CA[8] sensor. The highest response 
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which indicates the highest sensitivity was observed for CA[4] sensor and with 

LPG-R attenuation band and for this reason these data were used for further 

analysis.   

The transmission spectra with maximum observed shift was noted for each 

volume injected and the position of the central wavelength was obtained. As 

an example acetone vapour at the concentration close to the saturation point 

(~298,000 ppm) induced the change in the central wavelengths difference of 

2.65 nm for CA[4] sensor, Figure 6-13. 
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Figure 6-13: Transmission spectrum of a) CA[4] sensor and b) LPG-R in detail 

in air (black) and exposed to high concentration of acetone (blue). 

The highest absolute shift of the central wavelength was observed for 

acetone; however the same volume of the injected VOC doesn’t reflect the 

same concentration. The shift of the central wavelength of LPG-R of CA[4] 

sensor was used for the recalculation to enabled the comparison of the sensor’s 

sensitivity to individual VOCs. The recalculation has been done for 10 µl injected 

volume. The concentration was divided by the absolute shift of the central 

wavelength (in nm) and multiplied by 0.13(nm) as the resolution of the 

spectrometer. The theoretical limit of detection was stated at 2841, 3626, 6550 

and 3961 ppm for acetone, benzene, chloroform and toluene respectively. 

Nearly same LOD to acetone, benzene and toluene and 2 times larger LOD 

to chloroform could be probably explained by the smaller size of chloroform 

molecules which leads to less occurrence of interaction between them and the 

calixarene film. 

However, stable conditions during the experiments cannot be reached 

because the chamber was not hermetically sealed and no validated measuring 

technique has been done to measure VOC concentration simultaneously. 

According to these factors affecting the experiment the calibration curve 

cannot be made properly and all the concentrations are approximate. 

The sensitivity achieved to date does not meet the criteria for the 8 hours 

exposure given by Health and Safety Executive (HSE), stated as 500, 50, 2 and 1 

ppm for acetone, toluene, chloroform and benzene respectively and neither 

the 15 min exposure limit of 1500 and 100 ppm for acetone and toluene 

respectively. Further work is required to optimise the sensitivity of the sensor. 

As the CA[4] sensor showed higher sensitivity to individual VOCs, it has been 
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decided to expose it to both spray and can paint, while CA[8] sensor was 

exposed to spray paint only, to compare the performance of different types of 

calixarenes over the mixture of VOCs. The positions of the central wavelength 

for selected transmission spectra-time intervals are shown in  

Table 6-2. 

 

Table 6-2: Absolute shift of the central wavelength difference during the 

paint experiments  

paint spray can 

sensor CA[8] CA[4] 

min Δ CW019 difference (nm) 

0 0 0 0 

5 0.96 3.57 0.57 

30 3.25 3.53 2.62 

120 3.13 3.93 2.63 

final 0.23 0.12 0.13 

 

LPG CA[8] sensor was exposed to the mixture of VOCs leaked from the spray 

paint in the desiccator. The visible change of the transmission spectrum was 

observed 5 min after the paint was installed. The shift of the central wavelength 

continued until 30 min of the experiments and then saturated. The LPG 

responded immediately to the paint removal from the desiccator while the 

rapid change of the central wavelength was observed. The final transmission 

spectrum was taken three minutes after the paint removal and similar position 

of the central wavelength was observed in comparison to the initial ones, 

indicating good reversibility of the sensor response,  

Table 6-2.  
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CA[4] sensor was exposed to the same paint at the same conditions and 

similar results were obtained in comparison to CA[8] sensor. The dynamic 

response of CA[4] sensor presented via the position of the central wavelength 

of LPG-L and LPG-R is shown in Figure 6-14a.  
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(b) 

Figure 6-14: a) Dynamic change of CA[4] sensor central wavelengths 

corresponding to LPG-L (black) and LPR-R (red) during the spray paint 

experiment and b) Transmission spectra of CA[4] sensor of LPG-R in detail at 

selected times during the can paint experiment –  initial one (black), final one 

(red) and 5 (green), 30 (blue) and 120 min (pink) after the paint placement. 
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CA[4] sensor was finally exposed to the can paint and transmission spectra 

at time intervals presented in  

Table 6-2 (the detail of the attenuation band of LPG-R) is shown in Figure 

6-14b. The slower initial response was observed in this case while almost no 

change in the position of the central wavelength was observed 5 minutes after 

the paint installation. 

The experiments showed higher response of CA[4] sensor as compared to 

CA[8] to the spray paint and the higher response of LPG-R to LPG-L was 

observed for both sensors. This finding is in agreement with laboratory 

experiments. LPG CA[4] sensor responses differently to two types of paints, 

most likely because of different VOCs composition they have. The less 

pronounced response of LPG was observed mainly during the first 30 min 

during the experiment with the can paint. These observations support the 

hypothesis of the different response to individual VOCs concluded during the 

experiments in the lab.  

The GC-MS analysis proved the different chemical composition of two 

different paints used in this work. More than 250 different compounds were 

identified in both paints. This finding indicates that the VOCs with higher 

molecular weight are present in a can paint. Although it is difficult to get the 

exact list of chemicals present because the individual peaks are overlapping 

which causes biases in chemical detection, some of the VOCs were classified. 

The following VOCs (5 with the highest abundance) were identified for each 

paint: spray - n-octane, o-xylene, n-nonane, Propan-2-ol, n-decane; can - o-

xylene, n-decane, n-nonane, n-undecane, etylbenzene. 

Even these five examples are similar, Figure 6-15 shows the presence of 
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different VOCs in both paints and it can be clearly stated that different kinds of 

mixtures were presented there. 

 

(a) 

 

(b) 

Figure 6-15: Results from GC-MS (a) spray paint (b) can paint. 
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Different response of the sensor to paint in a spray and in a can could be 

explained as follows. There were higher amount of aromatic compounds in the 

spray paint, and higher amount of aliphatic compounds were found in a can 

paint. This conclusion correlates well with the higher response of the optical 

fibre sensor to spray paint, because the higher sensitivity was obtained for 

aromatic VOCs in comparison to aliphatic ones as mentioned in (20). 

The sensor with infused CA[4] was observed to be more sensitive than that 

infused with CA[8]. This could well be due to the fact that calix[4]arenes usually 

form much more definite geometries and have better defined cavities than 

calix[8]arenes which tend to be flatter and more flexible structures. 

The experiments with the paints had been done in conditions which are 

similar to that used for tests which determine the emission of VOCs from 

building products and furnishing that are covered in British standards and 

international ISO norms. This kind of testing of VOC emission from different 

materials could be a further target for the application of fibre optic sensors after 

optimization of the sensor performance. 

The experiments also showed the potential of measuring total or selected 

VOCs with use of optical fibres technology, however its use at the low 

concentrations (ppb range) is highly questionable at this stage, but still can be 

used for measuring occupational exposure or for measuring at places with 

higher concentrations (in hundreds or thousands of ppm). When all the issues 

will be managed, then the sensor can possibly work on a similar preciseness as 

other real time VOC sensors such as PID detectors. 
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6.5 Conclusions 

 

Two practical applications of LPG based chemical sensors were presented. 

The sensor based on TSPP was successfully tested over the measurement of 

ammonia in tap water and seawater samples. It has been proved that the 

optical fibre LPG can operate in seawater.  

The sensor responded to the smallest dose of 0.5 µM showing a strong 

potential to have enough sensitivity to be used for real-time ammonia 

monitoring even on the open ocean.  

Further work will target the possible repeatability of the measurement via 

the re-charge of the sensor, stronger embedment of TSPP into the sensitive 

coating (to measure the changes in the TSPP structure instead of remove of the 

film) or via the finding of the different sensitive element. The re-charge of the 

sensor could be done with HCl, where the low pH environment enables the re-

hydrogenation of TSPP. The implementation of TSPP into the sensitive film 

directly instead of infusion into the existing coating can also improve the 

sensor’s performance. Testing of polyacrylic acid (PAA), as the functional 

coating, represents the other possible direction for the further research. 

The optimisation of the sensor’s performance could be done via changes in 

the LPG period and film thickness.  

The long-term target in this field will be real-time measurement of ammonia 

and the other chemicals affecting the seawater quality in-situ, e.g. as part of 

the buoy. 
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The performance of an LPG sensor based on CA[8] or CA[4] to VOCs has been 

assessed. The experiment was performed under conditions similar to that used 

in British Standard and ISO norms that determine the emission of VOCs from 

building products.  

The ability to sense VOCs using functionalized LPGs has been demonstrated, 

but further work is required to improve the sensitivity, by optimization of the 

grating period and coating thickness. Based on the experiments presented 

here, and with improved calibration, it is anticipated that a limit of detection 

lower than of 1000s of ppm could be achieved.  

It can be concluded that the LPG reacts to the high concentrations of 

different types of VOCs in the lab as well as in the real environment however 

the more precise conditions during the lab experiments are needed to be 

possible to obtain the more precise calibration curves. 

Although the sensor cannot discriminate between individual VOCs, a 

different response was observed to two different commercial paint products, 

suggesting that the sensor can distinguish between the different mixtures and 

thus the sensor can be used for the detection of TVOCs. 

Further work should target proper conditions during calibration. The use of 

hermetically sealed chamber with controllable temperature and relative 

humidity and simultaneous measurement of validated technique will be highly 

desired. The performance of the sensor to lower concentrations starting at ppm 

to tens ppm level should be also tested. 

The use of the different functional coating can lead to the development of 

more sensitive sensors. It has been shown in Chapter 4 on the example of ZIF-

8, where it could be possible to detect ethanol and acetone in a range of 10s 

ppm. The deposition of other materials from MOF family can lead to the 
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fabrication of highly selective and sensitive VOCs sensors. 
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Chapter 7: Multi-parameter sensing using an 

LPG array 

 

 

7.1 Introduction 

 

In this chapter, a sensor array consisting of 3 LPGs with different grating 

periods written in a single optical fibre used for simultaneous measurements of 

temperature, relative humidity and concentration of volatile organic 

compounds is presented.  

The design of the RH and VOCs sensors is based on the sensitive coating of 

silica nanoparticles and with further infusion of calixarene respectively, where 

both materials were introduced in Chapter 6.  

Each LPG sensor was designed with optimised response to a particular 

measurand. The sensors were calibrated in the laboratory and the simultaneous 

measurement of the key indoor air quality parameters was undertaken in 

laboratory and office environments. 

 

7.2 Sensor design and operation principle 

 

One of the key advantages of fibre optic sensors is the ability to multiplex an 

array of sensors, sensitive to the same or to different parameters. This can be 

of significant benefit in real environments, where the influence of interfering 
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factors such as temperature or relative humidity should be reduced. 

Simultaneous detection of several parameters at the same location using a 

single optical fibre offers additional information that allows correction for 

changes of the interfering parameters (12). 

The LPGs have periods selected such that they all operate near the phase 

matching turning point and that differ by up to 1 µm to facilitate wavelength 

division multiplexing. A mesoporous coating of silica nanospsheres was 

deposited onto LPG1, such that it was sensitive to RH. The surface of LPG2 was 

left unmodified and was used to measure temperature. A functional material, 

Calixarene, was infused into a mesoporous silica nanospshere coating 

deposited onto LPG3 to sensitise the LPG to VOCs (20)(27).  

The sensor array is illustrated in Figure 7-1. 

 

 

Figure 7-1: Schematic illustration of the LPG sensor array; the individual LPGs 

were used to measure: LPG1 relative humidity (RH); LPG2 temperature; and 

LPG3 volatile organic compounds (VOCs). 
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7.3 Methodology 

7.3.1 Materials 

 

Poly(allylamine hydrochloride) (PAH) (Mw: 75,000),  NaOH 1 M aqueous 

solution,  benzene, toluene, chloroform and acetone were purchased from 

Sigma-Aldrich. SiO2 nanoparticles (NPs) (SNOWTEX 20L) were purchased from 

Nissan Chemical. P-sulphanatocalix[8]arene (CA[8]) 1mM solution was 

synthetized in the laboratory by Frank Davis, Cranfield University, following the 

procedure described in (20). All of the chemicals were analytical grade reagents 

and used without further purification. Deionized water (18.3 MΩ cm) was 

obtained by reverse osmosis followed by ion exchange and filtration (Millipore, 

Direct-QTM). 

 

7.3.2 Fabrication of the array 

 

LPGs with grating periods of 110.0, 110.9 and 110.8 µm, all of length 40 mm, 

were fabricated with use of point by point method following the procedure 

described in Chapter 3. The sensing array was fabricated by splicing together 

the 3 individual LPGs, with adjacent LPGs separated by a length of 30 cm of 

optical fibre with its buffer coating intact, which avoids the creation of in-fibre 

Mach-Zehnder interferometers (234). The grating period was selected such that 

the LPGs operated at or near the phase matching turning point, which, for 

coupling to a particular cladding mode (in this case LP019), ensured optimized 

sensitivity. 
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The transmission spectrum of the optical fibre was recorded in a same way 

already described in the previous chapters. 

The periods of LPGs were selected in such a way that each of them can be 

associated with distinct and uniquely identifiable resonance band in the 

spectrum, which allowed multi-parameter measurements where each LPG was 

measuring temperature, relative humidity or VOCs (see Section 3 for more 

details). In particular, LPG1, of period 110.9 μm, was modified with 5 layers of 

SiO2 NPs and used for RH measurements. LPG2, of period 110.0 μm was used 

for temperature measurement and was left uncoated. LPG3, of period 110.8 

μm, was coated with 8 layers of the SiO2 NPs thin film that was subsequently 

infused with calixarene molecules and used for VOCs measurements.  

 

7.3.3. Thin film deposition   

 

Mesoporous thin films of SiO2 NPs were deposited onto LPG1 and LPG3 using 

an electrostatic self-assembly technique. To sensitize LPG3 to VOCs, the 

(PAH/SiO2)8 coated LPG was infused with calixarane molecules. The deposition 

has been undertaken following the procedure described in Chapter 6. 

 

7.3.4 Sensor calibration 

 

The temperature responses of the LPGs were characterised over a range 

from 10 oC to 85 oC by placing the LPGs in an environmental chamber equipped 

with fibre-optic feed-through. This characterisation process was undertaken for 



 

Chapter 7: Multi-parameter sensing using an LPG array  

201 

 

each LPG individually, before splicing and coating, and was repeated after the 

LPGs had been spliced to form the array and after LPGs 2 and 3 had been coated 

with the silica nanospheres. The transmission spectra were saved at each 

temperature, 3 min after thermal equilibrium was reached. A temperature data 

logger (iButton® already described in Chapter 4), was placed in close proximity 

to the LPGs. The central wavelengths of the resonance bands were determined 

from the recorded transmission spectrum.  

Similarly to the calibration of the temperature sensitivity of the LPGs, the 

response to RH was characterised for each LPG individually, before splicing and 

coating, and was repeated after the LPGs had been spliced to form the array 

and after LPGs 2 and 3 had been coated with the silica nanospheres.  

The LPGs (individual and array) were fixed inside a small cell (Petri dish, 

volume 100 cm3), into which a water droplet was injected.  The LPGs were 

maintained straight and taut to avoid bend-induced distortion of the spectrum. 

The increase of the RH in the cell was monitored using the RH data logger. The 

transmission spectrum and data logger values were recorded every 10 s. 

The performance of LPG3 as a VOC sensor was assessed by exposing it to 

high concentrations of chloroform, toluene, benzene and acetone vapours. 

LPG3 was coated with (PAH/SiO2)5 and infused with CA[8] and the central 

wavelength of the LPG3-R resonance band (identified in the spectrum shown in 

Figure 7-2) was monitored. 

The LPGs were fixed in the same cell that was used for RH calibration and a 

solution of the particular VOC was injected by syringe using the following 

volumes: 10 μl of toluene, 50 μl of benzene and chloroform and 100 μl of 

acetone. 
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7.3.5 Experiments in the real environment 

 

To investigate the performance of the sensor array in real environments, the 

system was deployed in two offices and in a laboratory:   

1) in an open-plan office area with mechanical ventilation (Vincent 

Building, Cranfield University) over a 24 h period (sampling rate 10min), 

further referred as Vincent Building experiment;  

2) in a research laboratory (Whittle building, Cranfield University) over a 

period of 60 h (sampling rate 5min), further referred as Whittle 

Building lab experiment;  

3) in an office with natural ventilation (Whittle Building, Cranfield 

University)  over a  60 h period  (sampling rate 5min), further referred 

as Whittle Building office experiment.  

Since there is no reliable and sensitive portable sensor for VOCs 

measurements that can be used for the benchmarking and the VOCs levels in 

the ambient environment are relatively low and lower that the limit of 

detection of the LPG VOC sensor, the studies of performance in real 

environments focussed on measurements of RH and temperature in different 

building areas, using the temperature and humidity data logger for 

benchmarking.  
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7.4 Results and discussion 

7.4.1 Sensor fabrication 

 

The transmission spectra of the individual LPGs measured before splicing 

into the array are shown in Figure 7-2b. The periods of the LPGs were chosen 

such that, when the 3 LPGs were combined, the resonance bands 

corresponding to the individual LPGs could be resolved. Consequently, the 

period of LPG1 is such that it couples light from the core to the (LP019) mode 

near the phase matching turning point, just before band splits (Figure 7-2b, red 

line). The deposition of the coating leads to the splitting of the resonance band 

(these bands were labelled LPG1-L and LPG1-R, indicating short and long 

wavelength), as shown in Figure 7-2 and in (96). The transmission spectrum of 

the LPG array after splicing, but before LPG1 and LPG3 were coated, is shown 

in Figure 7-2a, where distinct resonance bands corresponding to each of the 

LPGs are observed clearly.  
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Figure 7-2: a) Transmission spectrum of the optical fibre LPG sensor array 

containing 3 LPGs, of period 110.9 (LPG1), 110.0 (LPG2) and 110.8µm  (LPG3) (L 

and R labels indicate short and long wavelength, respectively, positions of the 

resonance bands corresponding to the coupling of the same cladding mode, 1st 

indicates the positions of first resonance bands) and b) Transmission spectra of 

the individual LPG grating with the period of: green line, 110 µm, black line, 

110.8 µm; and red line, 110.9 µm. 
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 7.4.2 Functional coating deposition 

 

Deposition of the (PAH/SiO2)5 film leads to the changes in the transmission 

spectrum of LPG1, Figure 7-3, which agrees with previous observation (220).  
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(b) 

Figure 7-3: Transmission spectra of the sensor array at the deposition of 

(PAH/SiO2)5 on LPG1 measured in (a) air and (b) LPG1 in solution, LPG2 and 

LPG3 in air taken with bare LPG1 (black) and after the deposition of 1st 

(red), 2nd (green), 3rd (blue), 4th (cyan) and 5th (pink) layer. 
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In particular, the deposition of the first layer was observed to cause the 

attenuation band of LPG1 to split into two (labelled LPG1-L and LPG1-R), 

showing a dual resonance. Further increase of the film thickness resulted in 

changes of the central wavelengths of the attenuation bands until they merged 

with the attenuation bands of LPG2 and LPG3. 

The evolution of the transmission spectrum during the deposition of the 

(PAH/SiO2)8 film onto LPG3 is shown in Figure 7-4 and Figure 7-5. A continuous 

linear shift of attenuation bands’ central wavelengths was observed when LPG3 

was immersed into the SiO2 solution – decrease for LPG3-L, increase for LPG3-

R, Figure 7-5b. The resonance bands corresponding to LPGs 2 and 3 merged 

after deposition of the 2nd layer (labelled as LPG2+3-R). Due to the overlap of 

the resonance bands of LPG1 and LPG3, it was difficult to observe their 

wavelength shift when LPG transmission spectra were measured in air, Figure 

7-5a. It should be noted that overlap of the resonance bands could limit sensor 

performance, introducing cross-talk between sensors and ambiguity if the 

peaks merge or cross-over.  The modification of the senor surface was 

conducted in such a way that this cross-talk was avoided and bands were clearly 

distinguishable.   

700 800 900 1000

LPG3-B

 

Wavelength / nm

2nd layer

LPG1+3-B

LPG2-R

LPG1+3-R

LPG2-B

 

unmodified

LPG3-R

LPG1-R

LPG1-B

LPG2+3-RLPG2-B
LPG1-B

LPG1-B

LPG2-R

T
ra

n
s
m

is
s
io

n
 /
 %

 

1st layer

LPG3-B

LPG2-B

 
 

Figure 7-4: Transmission spectra of the sensor array at the deposition of 

(PAH/SiO2)8 on LPG3 measured in (a) air (black), 1st (red) and 2nd (green) layer. 
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Figure 7-5: Transmission spectra of the sensor array at the deposition of 

(PAH/SiO2)8 on LPG3 measured a) in air and b) in solution after the deposition 

of 3rd (black), 4th (red), 5th (green), 6th (blue), 7th (cyan) and 8th layer (pink). 
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The central wavelengths of the dual resonance bands of LPG3 were observed 

to change as the CA[8] infused into the coating and changed the coating’s 

refractive index. The evolution of the resonance bands is shown in Figure 7-6. 

This shift of the resonance bands in response the change in the coating’s RI 

enables the discrimination of the LPG2-R and LPG3-R when the LPGs were in 

air. 
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Figure 7-6: Transmission spectrum of the LPG sensor array measured in 

solution during the infusion of CA[8] into the (PAH/SiO2)8 film deposited on 

LPG3; the inset shows evolution of the 1st resonance band. 

 

The corresponding changes of the transmission spectrum are shown in 

Figure 7-7a. The process was terminated after no further shift in the 

attenuation bands was observed, which took approximately two hours. It 

should be also noted that the resonance bands associated with LPG1 and LPG2 

remained unchanged. Figure 7-7b compares the transmission spectrum of the 

sensor array before and after deposition of the (PAH/SiO2)8 film and after 

infusion of CA[8] into the (PAH/SiO2)8 film. The transmission spectrum of the 

modified sensor array shows distinct resonance bands, allowing the 
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multiplexing of the sensors in the wavelength domain.   
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Figure 7-7: a) Evolution of the attenuation bands for LPG array during the 

infusion of CA[8] into the (PAH/SiO2)8 film deposited onto LPG3; and b) 

transmission spectra of the LPG array measured in air:  black line, all LPGs are 

unmodified; red line,  LPG1 modified with (PAH/SiO2)5 film, LPG3 (PAH/SiO2)8 

film before CA[8] infusion and unmodified LPG2; and green line, same as red 

line but infused with CA[8]. 
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 7.4.3 Temperature calibration 

 

Figure 7-8 shows the shift of the central wavelength of the single unmodified 

LPG3 (before splicing) induced by the temperature change. A linear response of 

the change in the central wavelengths was observed over the tested range of 

25-85 oC. 
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Figure 7-8: a) Evolution of the transmission spectra of the unmodified LPG3 

prior the splicing of the array and b) attenuation band of LPG-R in detail at the 

temperature increase from 25 to 85 oC. 
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Figure 7-9a shows transmission spectra of all 3 spliced LPGs recorded at 

different temperatures. The resonance bands of all of the LPGs can be resolved 

throughout the measurement range. Figure 7-9b shows the calibration plot of 

the central wavelength vs temperature for the longer wavelength (labelled R) 

of attenuation bands of LPG1, LPG2 and LPG3. 
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Figure 7-9: Transmission spectra of the sensor array at different temperatures 

and b) central wavelengths of LPG1-R (black), LPG2-R (red) and LPG-3 (blue) at 

selected temperature levels (data taken from Fig 4a, the error bars of each point 

are 0.065 (half of the resolution of the spectrometer) and are not visible as they 

are smaller than the data points. 
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The temperature response of LPG2-R, recorded during three calibration 

tests, is shown in Figure 7-10a. The small offsets in the central wavelength 

recorded at the same temperature during the three experiments may be 

associated with a difference in the strain applied to the fibre when it was 

mounted, which was to ensure that the fibre was not bent. It is known that an 

LPG sensor operating at the phase matching turning point is extremely sensitive 

to temperature, strain, surrounding refractive index and bending (20)(91). To 

take this into account, the temperature response was measured several times 

and the weighted average value of the calibration curve was used when 

determining the temperature during the subsequent experiments undertaken 

in real environments. 

The temperature response was also measured after deposition of the 

PAH/SiO2 film onto LPG3. The presence of the coating reduced the temperature 

sensitivity of the LPG3-R resonance band from 0.45±0.02 to 0.25±0.01 nm.oC-1, 

Figure 7-10b. There are two factors that can change the sensor’s response to 

temperature after modification with PAH/SiO2 film: a change in the RH with 

temperature (since the mesoporous film is sensitive to RH) and the thermo-

optical properties of the PAH/SiO2 film (a change of the RI of the film with 

temperature). Relative humidity decreases with increasing temperature is 

suggested to be the main cause of the reduced gradient. 
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Figure 7-10: Temperature calibration curves: (a) no1 (blue spots): only LPG2 

was exhibited to T change, no2 (red) and no3 (green): all LPGs were exhibited 

to temperature change and (b) comparison of the calibration curves of LPG3 

measured: before (black) and after modification (8l SiO2 NP’s + CA[8]) (blue). 
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In order to obtain the real temperature sensitivity of the LPG modified with 

PAH/SiO2 film and to take into account the effect of the RH, the gradient of the 

temperature response was recalculated using the following Equation 9: 

Δλtotal = ΔλT + ΔλRH 

Equation 9 

where Δλtotal is the measured total temperature induced wavelength shift of 

the resonance band of the LPG modified with the PAH/SiO2 film, ΔλT is the 

wavelength shift caused by temperature only (this was plotted as a calibration 

curve); and ΔλRH is the wavelength shift caused by RH only (determined from 

the RH calibration curve of the LPG modified with the PAH/SiO2 film). 

This process revealed that the temperature sensitivities of the coated LPG 

were similar to that measured before the coating deposition. This recalculation 

was also used when processing the data from the measurements undertaken 

in laboratory and office environments.  

The temperature sensitivities of resonance bands LPG1-R, LPG2-R and LPG3-

R (after all modifications) were determined to be 0.45±0.02 nm.oC-1, 0.45±0.02 

nm.oC-1 and 0.25±0.01 nm.oC-1 respectively and are summarized in Table 7-1. 

The detection limit of the LPG array was calculated to be 0.29±0.01 oC, 

determined from the LPG2-R calibration curve (Figure 7-10a), taking into 

account the spectral resolution of the spectrometer used (0.13 nm). It should 

be noted that the differences between the slopes for individual LPGs arises 

from the different LPG period and the thickness and type of the coating 

(discussed earlier). 
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Table 7-1: Individual LPG sensitivity to temperature: comparison based on 

the shift of the central wavelength of the attenuation band operating at 

PMTP. 

LPG Sensitivity [nm.oC-1] 

LPG1-L modified with (PAH/SiO2)5 0.40±0.02a 

LPG1-R modified with (PAH/SiO2)5 0.45±0.02a 

LPG2-L unmodified -0.50±0.02a 

LPG2-R-unmodified 0.45±0.02a 

LPG3-R modified with (PAH/SiO2)8 

+ infused with CA[8]  
0.25±0.01a 

aThe error indicates the standard deviation of 3 separate experiments. 

 

7.4.4 RH calibration 

 

No change in the transmission spectrum of LPG2-R (without coating) was 

observed when the array was exposed to RH changes in the range from 40 to 

70 %. Single, unmodified LPG1 and LPG3 were examined in the same way and 

it has been shown that, within the measurement resolution, uncoated LPGs are 

not sensitive to RH. The sensitivity of the modified LPG sensors arises from the 

changes in the RI of the mesoporous coating when water molecules infuse into 

the coating. Interestingly, when LPG3, modified with (PAH/SiO2)8 and infused 

with CA[8], was exposed to humidity, the sensitivity was much smaller than that 

of LPG1 with the (PAH/SiO2)5 coating but without CA[8]. Most plausibly this is a 

result of the hydrophobicity of the CA[8] and hence, when infused into the 

PAH/SiO2 film, it suppress water adsorption.  

RH calibration curves of 3 separate measurements conducted for LPG1-R 

modified with the (PAH/SiO2) film are shown in Figure 7-11. Similar to the 
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temperature measurements, the central wavelength of the resonance band at 

the start of the individual calibration experiments (initial) was different 

(explained earlier). Differences in the ambient temperature will also influence 

the initial position of the central wavelength as well. The average slope was 

used to determine the values of RH during experiments undertaken in the 

laboratories and offices. The detection limit of the LPG array was 1.39 RH %, 

determined from weighted average of the slopes (0.09 ± 0.01 nm per 1% RH 

change) obtained from the calibration curves (Figure 7-11) and spectral 

resolution of the spectrometer (0.13 nm). The shift of the central wavelengths 

in response to a change in RH for LPG1-R is shown in Figure 7-12a. By 

monitoring the transmission at a fixed wavelength, selected to midway up the 

slope of the resonance band of LPG1-R, the response to the RH change can also 

be observed, Figure 7-12b. 

 

 

Figure 7-11: RH calibration curve for LPG1-R modified with the (PAH/SIO2)5 

film; for three separate set of calibrations (no1, no2 and no3); the values near 

the calibration curves indicate the slope of the curve (nm RH %-1), the error bars 

of each point are 0.065 (half of the resolution of the spectrometer) and are not 

visible as they are smaller than the data points. 
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(b) 

Figure 7-12: RH calibration experiment: a) Black line, wavelength shift of the 

resonance band of LPG1-R modified with the (PAH/SiO2)5 film; blue line, RH 

values measured using the humidity data logger and c) Intensity value taken at 

the ~882 nm (associated with the LPG1-R attenuation band) (black) and RH 

values measured using the data logger (blue).  
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7.4.5 VOCs calibration  

 

No changes in the central wavelengths of the resonance bands 

corresponding to LPG1, modified with the (PAH/SiO2)5 film, and unmodified 

LPG2 were observed when the sensor array was exposed to chloroform, as can 

been seen in Figure 7-13a (on the next page). A small, but measurable shift of 

the resonance band corresponding to LPG3, modified with the (PAH/SiO2)8 

infused with CA[8], was observed at high VOCs concentrations, as can be seen 

on example of acetone in Figure 7-13b.  

The results for all VOCs experiments are summarized in Table 7-.   

 

 Table 7-2: LPG3 performance during VOCs experiments 

VOC Amount 

of solution 

Estimated 

concentration 

Central 

wavelength shift 

Acetone 100 µl 298,000 ppm 0.35±0.065* 

nm 

Benzene 50 µl 125,000 ppm 0.23±0.065*  

nm 

Chloroform 50 µl 210,000 ppm 0.58±0.065*  

nm 

Toluene 10 µl 28,000 ppm 0.24±0.065*  

nm 

 *Error bars represent the half of the resolution of the spectrometer 
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(a) 

 

(b) 

Figure 7-13: Changes in the transmission spectra of the LPG array, (a) LPG1-R, 

LPG2 and (b) LPG3, in response to exposure to a high concentration of acetone. 

 

The low sensitivity to VOCs was, most plausibly, a result of non-optimal 

grating period and film thickness. In this case, we have demonstrated the 

potential for the use of the LPG for VOCs detection at high concentration as 

part of the sensing array. Future work will focus on studying this issue in more 
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detail. The factors of interest include the increase of the transmission loss after 

the deposition of the functional film that can be achieved by change of the 

grating period and/or thickness of the film, as well as use of different types of 

calixarene molecules as different geometries with different cavities may lead to 

more definite geometries that will cause improved interaction of VOCs with the 

coating.  

 

7.4.6 Experiments undertaken in real environments 

 

During the experiment in the Vincent Building, the temperature and RH 

values ranged from 23.1 to 24.6 oC and 32.1 to 53.7 %, respectively. The 

unmodified LPG2 and LPG1 modified with the (PAH/SiO2)5 film were used to 

measure temperature and RH. Using the calibration curves described in 

sections 7.4.3 (Figure 7-10a) and 7.4.4 Figure 7-12a, the RH and temperature 

measured using the sensor array and data logger were compared, as shown in 

Figure 7-14a and Figure 7-14b, respectively. 
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Figure 7-14: Vincent Building office area: Dynamic change of a) RH measured 

using LPG sensor array; RH values were calculated from wavelength shift using 

calibration curves (use LPG1-R, Figure 7-12a): black line, RH measured using 

humidity and temperature data logger; blue line, with and red line, without use 

of time slip correction; and (b) temperature measured using LPG sensor array 

(blue); temperature values were calculated from wavelength shift using 

calibration curves (use LPG2, Figure 7-10a); black line, temperature measured 

using humidity and temperature data logger. 
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Although extra care had been taken to anchor the LPGs firmly to keep them 

taut and straight during the measurements, it was found that they relaxed over 

the extended measurement period (>24 h). This relaxation caused a slight shift 

of the central wavelength with elapsed time. To take this into account a 

correction coefficient (time slip) was introduced. It takes into account the 

wavelength shift caused by bending as the result of the LPG relaxation and its 

total value, where the total difference caused by bending was divided with 

duration of the experiment, resulting in the time slip coefficient value of 0.0067 

nm.h-1, that was applied to the evaluation of temperature during the Whittle 

Building office experiment and RH during experiment in Vincent Building, 

Figure 7-18a and Figure 7-14a respectively. The effect of time slip coefficient 

was negligible in all other cases due to the small range of the measured values. 

This effect was not observed during the calibration experiments, as their 

duration was typically 4h. 

The Figure 7-14a shows the effect of the time slip coefficient onto RH 

evaluation. The comparison of the RH calculated values before and after adding 

the correction coefficient is presented for LPG1-R. The slight relaxation of the 

LPG causes the shift of the central wavelength to the higher wavelengths, 

resulting in lower RH values, with the increasing difference over time, red line 

in Figure 7-14a. 

In further work, the LPG should be fixed using the resin or glue, when the 

long-time (over 24 hours) experiments are conducted or otherwise the LPG 

region should be prevented from the airflow to minimalize the occurrence of 

the bending over time. 

To investigate the correlation between the measurements performed by the 

data logger and the LPG sensor array, the temperature and RH values measured 

using the data logger were plotted against the LPG sensor array. The slope of 
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the linear fit within these values was higher than 0.99 which indicates strong 

correlation between the sensing array and the data logger for all experiments. 

As an example the correlation is shown in Figure 7-15 for experiments 

undertaken in Vincent Building. 

The LPG based sensor shows the higher sensitivity than the commercial 

OneWire sensor with the resolution of 0.5 oC and thus different type of the 

commercial device should be used in the future for more precise calibration of 

the LPG and comparison, e.g. use the thermo-couplers.  
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(b) 

Figure 7-15: Vincent building office area: a) Temperature and b) RH values 

measured by data logger and LPG2 and LPG3, respectively. 
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The data recorded by the system during the Whittle building lab experiment 

are shown in Figure 7-16 and Figure 7-17, respectively.  
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(b) 

Figure 7-16: Whittle building lab area: Dynamic change of temperature 

measured using LPG sensor array (blue); temperature values were calculated 

from wavelength shift using calibration curves; temperature measured using 

humidity and temperature data logger (black); a) during the whole experiment 

and b) over the 8 hours in detail.  
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In the Whittle building lab experiment, the temperature and RH values 

ranged from 21.6 to 24.1 oC and 42.5 to 61.4 % respectively and the data 

measured by the LPG sensor array and the data logger were in a good 

agreement. 
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(b) 

Figure 7-17: Whittle building lab area: Dynamic change of RH measured 

using LPG sensor array (blue); RH values were calculated from wavelength shift 

using calibration curves; RH measured using humidity and temperature data 

logger (black); a) during the whole experiment and b) over the 8 hours in detail.  



 

Chapter 7: Multi-parameter sensing using an LPG array  

226 

 

The response time of the LPG based sensor was faster than for the 

commercial device, Figure 7-16b. Similar trend was observed of RH values, 

where the LPG based sensor responded even to the small and short-term 

fluctuations probably caused by the air flow periodically coming from the air 

ventilation system, Figure 7-17b. 

The values for temperature and RH ranged from 22.1 to 28.6 oC and 34.8 to 

57.3 % respectively in Whittle building office area, Figure 7-18 and Figure 7-19 

respectively. The time slip correction was used for temperature values 

calculation in this case, Figure 7-18. 
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Figure 7-18: Whittle building office area: Dynamic change of temperature 

measured using LPG sensor array before (red) and after (blue) time slip 

correction; temperature values were calculated from wavelength shift using 

calibration curves; temperature measured using humidity and temperature 

data logger (black). 
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Figure 7-19: Whittle building office area: Dynamic change of RH measured 

using LPG sensor array (blue); RH values were calculated from wavelength shift 

using calibration curves; RH measured using humidity and temperature data 

logger (black). 

 

The average difference between the values measured by data logger and the 

values calculated based on performance of the array was below 0.5 oC and 5 % 

of RH. The achieved accuracy fulfils the guidelines and recommendations for 

temperature and RH indoor given in the units of oC (235) or tens of RH percent 

respectively (32).  

As expected, the concentration of VOCs in real environment was lower that 

the detection limit of the LPG, such that the resonance bands of LPG3 showed 

no response. The concentration of VOCs in real environment can increase 

significantly when new carpets are installed or after painting the walls. As was 

shown in Chapter 6 the LPG sensor modified with a (PAH/SiO2)8 coating infused 

with CA[8] can be used successfully to measure  VOCs emitted from the paint.  
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7.5 Conclusions 

 

An array of three long period gratings fabricated in a single optical fibre and 

multiplexed in the wavelength domain was used to measure simultaneously 

temperature, relative humidity and volatile organic compounds, which are key 

indoor air quality indicators. It was demonstrated successfully that the data 

produced by the LPG sensor array under real conditions was in a good 

agreement with that produced by commercially available sensors. The average 

differences between values obtained by the optical fibre sensor and standard 

temperature and RH sensors were better than 0.5oC and 5% respectively. 

Further, the potential application of fibre optic sensors for VOC detection at 

high levels has been demonstrated. 

Although there is a range of sensors developed for IAQ monitoring, the fibre 

optic sensor offers the ability to perform multi-parameter measurements that 

allows the increase the efficiency of the IAQ monitoring and the building energy 

performance.  

The feasibility of measuring three different parameters have been 

demonstrated.  Measurement of other IAQ factors such as carbon monoxide or 

dioxide together with temperature and RH are possible using the same 

principle. Other advantages of the fibre optic sensors include multipoint 

sensing with only one evaluation point. 
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Chapter 8: Conclusions 

 

 

The complete cycle of the development of LPG based fibre optic chemical 

sensors have been explained and demonstrated.  

The process of LPG fabrication has been shown using two different 

techniques based on UV irradiation inducing the periodical change of the 

refractive index of the fibre core: i) LPG fabrication via point-by-point fashion 

and ii) via amplitude masks.  

The LPG fabrication via amplitude masks represents fast, effective and 

reproducible approach, with the reduction of fabrication time to 20 min in 

comparison to 150 min when using point-by-point technique. 

The design and fabrication of LPG arrays enabled the development of multi-

parameter sensing platforms and provided a step from the lab based to real-

world applications, where the series of LPGs written in a single optical fibre can 

deal with the confounding factors such as temperature or relative humidity. 

The development of novel chemical sensors has been demonstrated via the 

use of MOFs as the sensitive coating, where the possibility for detection of 

organic vapours and carbon dioxide was demonstrated using ZIF-8 and HKUST-

1, respectively.  

ZIF-8 based sensors show huge potential for ethanol and acetone sensing, 

where the limit of detection in range of single units of ppm in vapour phase was 

obtained. Promising results were presented also towards detection of 
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methanol vapours. 

The proof of concept was demonstrated using HKUST-1 based carbon dioxide 

sensor. Two different deposition techniques were compared: i) in-situ 

crystallization and ii) layer by layer.  The latter approach enables the detection 

of carbon dioxide in the wide concentration range of up to 40,000 ppm with the 

minimum resolution of 400 ppm.  

Two examples of the practical applications have been demonstrated, where 

the LPG based sensors were employed to detect VOCs emitted from the paints 

and ammonia in seawater. These examples proved the applicability of the LPG 

based chemical sensor not only in the labs based settings, but also in the 

challenging real world environment.  

Alternative approach based on the functional coating has been used 

consisting of deposition of mesoporous film of silica nanoparticles via layer by 

layer technique onto the surface of the optical fibre with the subsequent 

infusion of the functional material – calixarene or porphyrin based dye into the 

pores of the SiO2 coating to provide the sensitivity and selectivity to volatile 

organic compounds and ammonia, respectively. 

The simultaneous measurement of temperature and relative humidity 

conducted in the real environment for indoor air quality monitoring was 

successfully demonstrated. The LPG based sensors were proved to measure the 

temperature and relative humidity with the similar precision as the commercial 

devices. The feasibility of multi-parameter measurement in real environment 

with the use of an LPG array has been shown.  

Operation principle of all proposed LPG based sensors relies on the 

evaluation of the changes in the transmission spectrum. These changes are 

induced by the changes in the functional coating, such as refractive index, when 
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the sensitive film is exposed to the analyte of interest. The most common and 

most widely used approaches for the sensor calibration are: i) monitoring of the 

change in the central wavelength or ii) transmission change at specific 

wavelength (region). In this work these approaches were broadened to include 

the measurement of the changes in the width of the attenuation band at 

selected transmission level. This new approach of data analysis can improve the 

sensitivity of the sensor, as it has been demonstrated on ethanol and acetone 

vapour sensing with the use of ZIF-8. 

The performance of the sensors developed and described in this thesis is 

summarized in Table 8-1 for LPGs coated with MOFs and in Table 8-2 for LPGs 

coated with silica nanoparticles. 

 

Table 8-1: Comparison of the developed sensors based on metal organic 

frameworks 

Sensitive 

coating 

MOFs 

ZIF-8 HKUST-1 

Measurand VOCs (g) CO2 

Readiness Proof of concept Proof of concept 

Sensitivity 1.8 nm / 100 ppm of EtOH; 

should be tested in real 

environment; resolution in 

range of 10s ppm 

~0.72 nm/1000 ppm; need to 

be optimized; currently 

resolution of 400 ppm 

Selectivity Tested against water vapour Tested against N2 

Response 

time 

~ 1 min – affected by the 

evaporation rate 

~ 1 min  
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Table 8-2: Comparison of the developed sensors based on silica 

nanoparticles 

Sensitive 

coating 

SiO2 NPs 

NPs only + calixarene + TSPP 

Measurand RH VOCs (g) NH3 (l) 

Readiness Real environment 

experiments 

Real environment 

experiments 

Real environment 

experiments 

Sensitivity 0.09 nm/RH %; 

Resolution of 1.4 % 

In agreement with 

commercial 

techniques 

2.5-7.5 E-05 

nm/ppm 

resolution in a 

range of 1000s 

ppm 

~ 0.7 nm/µM 

Optimization 

needed for use in 

unpolluted aquatic 

environment  

Selectivity Tested against 

VOCs 

Tested against 

hexane & decane 

Tested against  

Met-OH & Et-OH 

Response 

time 

< 10 s ~ 1 min – affected 

by the 

evaporation rate 

~ 10 min 

 

The further work in the field of fibre optic chemical sensors and their use for 

multi-parameter measurement, preferably in-situ, could target the following 

areas: i) primary research: investigating application of the new suitable 

materials such as MOFs for selective chemical detection and the methods of 

their deposition onto the surface of LPG; ii) identifying the field of practical 

implementation of the sensors already tested in the lab, such as use of silica 

nanoparticles for RH or TSPP for ammonia and pH sensing; do the experiments 

in real environment; combining of the currently working sensors into arrays; iii) 

work on sensor prototype that could be used in industry: work on sensor design 

and reducing the costs for  the used equipment and iv) work on data analysis, 

the use of different approaches for the evaluation of the sensor performance, 

associated software and hardware development. 
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The MOFs family offers a wide range of materials that could be further used 

as the sensitive coating for LPG based sensors. MOFs application however is 

currently limited by the challenges in fabrication of these materials in the form 

of a thin film (154). There are several approaches that might help to overcome 

this challenge.  For example, the use of microwave radiation can provide an 

interesting option in this field to broad the range of suitable MOFs as sensitive 

coatings (190). Alternative approach could be entrapment of the prepared 

MOFs crystals as powders into the host matrix, for instance sol-gel (154). For 

instance, seeding out the MOF crystals into polystyrene coating could be 

advantageous in this case (163). 

Various fibre optic and LPG based sensors have been proposed already 

however a small number of them was tested in the real environment. ZIF-8 

based sensor could be potentially used in biomedical applications. For example, 

it can be tested for the detection of alcohol or acetone in breath, where limit 

values for drivers in European countries range between 0.1 and 0.5 mg.L-1 in 

blood, adequate to 30-130 ppm of ethanol in breath (224). Similarly HKUST-1 

based sensor could be tested for indoor air quality applications (3), however in 

this case the negative effect of relative humidity onto the structure of the film 

should be solved. 

The current application of the LPG based sensors is rather limited to 

predominant application in laboratory settings. The further research can target 

the development of “blue box” with the sensor (9).  The high resolution 

spectrometer and halogen light source can be replaced by LED and 

photodetector, this setting will benefit of smaller size and cost. The LPG could 

also work in the reflection mode, where the light will go through the fibre with 

LPG region and then will be reflected by the mirror layer (gold or silver) on the 

tip of the fibre. The reflected light then goes through the grating again and then 

is transmitted to the detector (19). The whole sensor could be designed and 
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fabricated in a size of a pen, with a possible reading of the results on a screen 

of mobile phone. 

Improvement in the data analysis represents the last area of the proposed 

further research. Currently some steps of the signal processing are still 

performed manually by a specialized personnel. Development of the software 

for the analyte recalculation, automatization of the signal processing and 

evaluation of the sensor performance will enable the use of LPG based sensors 

directly in industrial applications.  
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