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Abstract 
 
There is an unmet medical need for the effective detection of early-stage kidney 

disease as many current techniques lack the accuracy to detect it early on. Therefore, 

most patients are diagnosed at a later phase when irreversible kidney damage has 

already been done. Blood tests typically detect serum creatinine however this can be 

unreliable and require laboratory and trained personnel. Within this thesis a metal 

oxide gas sensor has been developed to detect the volatile organic compound (VOC) 

trimethylamine (TMA), known to be elevated in early disease stages, via patients 

expired breath. Aerosol assisted chemical vapour deposition (AACVD) was chosen 

for its simplicity and ability to produce thin reproducible films without vacuum. 

Consequently molybdenum oxide (MoO3) thin films were successfully deposited by 

AACVD and used for the sensing of TMA. Films were further modified with cerium 

and gold to increase the sensitivity and performance of the sensors, and a variety of 

characterisation techniques were used such as scanning electron microscopy with 

coupled energy dispersive spectroscopy, X-ray diffraction and Fourier transform 

infrared spectroscopy to explore the crystallinity and properties of the optimised 

sensor films. The sensor was then evaluated successfully using simulated kidney 

disease patient breath in order to test its feasibility in practice. Finally, initial studies 

into the use of silicon carbide-tungsten core fibres were investigated as a potential for 

a next generation self-heating integrated substrate for molybdenum oxide sensors and 

the detection of TMA gas.  
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Impact Statement 
 

Modern medicine has advanced significantly in the past century. Infectious diseases 

which were once seen as fatal are now routinely curable thanks initially to pioneering 

scientists like Alexander Fleming and the discovery of penicillin. Similar can be said 

for cancer, initially in the 18th and early 19th century it was seen as progressive with 

an inevitable prognosis, however scientists overtime began to understand the 

underlying pathways and causes, and the minds of scientists such as Rudolf Virchow 

or Marie and Pierre Curie helped to improve patient outcomes. However, today, 

disease is still a fundamental issue both for western society and developing countries. 

Healthcare systems around the world typically employ a reactive approach to disease 

management, whereby patients are treated based on the emergence of symptoms. 

However with this brings additional complexity and costs, at this point the patient may 

be suffering from a reduced quality of life, and for the healthcare system, resources 

must be used to return the patient to a healthy or stable state. Alternatively, a proactive 

care model could be implemented, able to determine risk factors and detect disease 

before the onset of symptoms, thereby retaining the patient’s quality of live and 

limiting the required resources and spending by healthcare systems. With the digital 

age and the rise of people wanting to understand their current health state, app and 

hardware developers have seized this opportunity, such as through the most recent 

Apple Watch, capable of producing a full echo cardiogram (ECG) and alerting the 

user of abnormal heart activity. Unfortunately however, we are yet to be in the Star 

Trek age where a Tricorder can detect multiple health states with no contact. (figure 

1). However with the current rate of scientific advancements today, this is surely going 

to come. Regardless, a societal and governmental shift towards a proactive care model 

could offer the ability to revolutionise patient care. 
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Figure 1. Officer Spock attending to an incapacitated Captain Kirk using the commonly used 

Tricorder. 

 

Chronic kidney disease (CKD) has the unique property whereby kidney damage can 

occur and progress in an otherwise healthy patient. CKD patients may present with 

symptoms or be accidentally diagnosed through routine blood testing, at which point 

considerable and irreversible damage may have occurred. Advanced CKD is a 

debilitating illness which may subsequently result in end state renal failure and the 

requirement for dialysis – a process of filtering the blood which takes place up to 4 

times a week usually in a hospital setting. At this point the patient will be placed on 

the transplant list, however the process of waiting for a suitable donor organ can be 

extremely long. Therefore it is clear that there is a significant unmet medical need for 

the early detection of CKD. 

 

CKD is typically detected using the estimated glomerular filtration rate (eGFR) – a 

measure of the efficiency of the kidneys, and though minimally invasive urine tests 

are available, false positives are a common issue. Therefore a new minimally invasive 

diagnostic technique has been developed measuring the concentration of a key volatile 

organic compound in expired breath. The minimally invasive design of this test means 

it can easily be used in the community to reach the at-risk population who may have 

underlying early stage kidney disease with no symptoms present. In this instance a 

proactive care approach can be used if CKD is diagnosed, through patient lifestyle 

changes such as reducing blood pressure, dietary changes or starting medication, thus 

retaining patient quality of life, and reducing healthcare costs through the avoidance 

of end stage renal failure with associated dialysis and kidney transplantation.   
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Chapter 1 – Introduction 
 

 

1.1 General Introduction 
 

Chronic kidney disease (CKD) is a leading cause of mortality affecting 10% of the 

population worldwide. In 2000, kidney disease was ranked 27th in the causes of deaths 

worldwide, rising to 18th in 2016. (1) However, currently there is no simple and non-

invasive point-of-care testing (POCT) procedure for accurate kidney function. Often 

kidney damage can progress with unspecific and silent symptoms. In-community 

testing offers a proactive medical approach for disease testing, reducing healthcare 

system utilisation and therefore cost. For effective uptake, POCT diagnostics must be 

rapid, low-cost, and minimally invasive.  

 

Lung and alveolar expired breath contains a wealth of volatile organic compounds 

(VOCs) from continuous gaseous exchange, and it is widely known that different 

disease states will result in a change in exhaled VOCs. Metal oxide gas sensors have 

the ability to fill this space due to their high sensitivity and selectivity, in addition their 

low-cost fabrication and ability for miniaturisation. (2) Within this chapter the 

background of chronic kidney disease is discussed and the ability for metal oxide 

sensors to detect VOCs in expired breath is evaluated, as well as the current 

understanding of metal oxide gas sensor principles. 

 

 

1.2 Chronic Kidney Disease 
 

1.2.1 Overview of kidney disorders 
The kidneys are a paired retroperitoneal organ, which filter and regulate fluid 

homeostasis of the blood. This process involves the removal of toxins in the blood and 

waste products from metabolism. In addition to filtration of the blood, the kidneys also 

produce and secrete hormones such as calcitriol, erythropoietin and renin, which are 

important for calcium uptake and red blood cell production. (3) The functional units 



 

 

23 

of the kidneys are the nephrons. There are approximately one million nephrons in the 

kidneys, which together with the complex network of permeable membranes in the 

renal pyramid, are key to efficient filtration of the blood. As such, nephrons allow the 

kidneys to filter the entire blood volume of the body in approximately 30 minutes. (4)  

 

It has been found that there is a bi-directional link between CKD and cancer, which 

can take place via multiple routes. (5) The increased risk of developing cancer after 

the onset of CKD, end stage renal failure (ESRF), dialysis dependency (DD) or 

transplantation can be a consequence of the increased concentration of toxins in the 

body, resulting in tissue damage that can lead to cancer. (6) On the other hand, the 

development of CKD post cancer diagnosis can be a consequence of the therapies used 

such as anticancer drugs, causing drug induced nephropathy. (7) Currently, 26 million 

American adults have progressive kidney disease. In addition, 1 in 3 adults in America 

are at risk of developing kidney disease due to the increasing changes in diet (8, 9) 

and many are unaware as the initial stages are asymptomatic. (10) In the case of renal 

cancer there were approximately 394,336 people living with the disease in 2013 alone. 

(11) For both kidney disease and kidney cancer the key risk factors that can increase 

the chances of developing the conditions are obesity, diabetes, and high blood 

pressure. (12-15) This correlation is most likely a consequence of the elevated stress 

on the kidneys due to the high blood pressure and the concentration of high glucose in 

blood, and additional toxins that are filtered through the kidneys. Kidney disease can 

also be triggered by further risk factors: being over 60, pre-existing cardiovascular 

disease, kidney stones and a genetic predisposition to kidney failure. (16) Renal cell 

carcinoma is diagnosed using an array of common tests such as urinalysis, blood tests 

and medical imaging. (17) 

 

Acute kidney injury (AKI) is another form of kidney disorder. AKI is defined as the 

abrupt loss of kidney function, developing over a short period of 7 days (18). This 

pathology is most commonly caused by cardiovascular diseases. (19) AKI is often 

diagnosed by laboratory testing, such as high urea or creatinine. Consequently, this 

disease remains highly underdiagnosed. AKI can lead to further complications due to 

the inability of the body to filter the blood, remove toxic metabolites and maintain 

homeostasis. In turn, this hindered filtration increases the risk of cardiovascular 
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events, pulmonary oedema and harmful changes to blood pH.(20) Once treated, 

patients who have had an episode of AKI can recover the level of kidney function that 

they had prior to their episode. However, they are prone to develop CKD in the long 

term. (21). Thus, a device that enables the early detection of this disease is highly 

desirable to save both economical and human costs. However, the development of 

POCs devices in this field have been hindered due to the lack of suitable biomarkers. 

 

A biomarker is a physical or chemical indicator that is measurable in a particular state 

or disease such as CKD. To date, multiple biomarkers have been reported and 

evaluated according to determine their performance in the diagnosis of kidney disease. 

(21-23) However, a limitation for biomarkers observed in these articles is their low 

specificity and sensitivity to kidney injury. When relevant to POC devices, sensitivity 

is defined as the ability of the biosensor to produce a sufficient and measurable 

response towards the target biomarker for example through electrochemical or 

colourimetric techniques. Moreover, selectivity is defined as the ability to distinguish 

a target biomarker in a complex mixture without interferences.  To date, most of the 

research work is directed towards the diagnosis of acute kidney injury (AKI) – renal 

failure developing within 7 days, instead of CKD. However, since CKD can cause the 

onset of AKI and vice versa, the discoveries on biomarkers applied to AKI detection 

can be carried forward to potential research into CKD. (24, 25) 

 

As discussed, CKD is defined as the progressive decrease of a person’s kidney 

function over a long period of time and, therefore, it mostly effects those who are aged 

60 and above. CKD can be divided into five stages based on the decrease of filtration 

rate of the kidney (table 1.1), which is calculated from the estimated glomerular 

filtration rate (eGFR). This parameter can be measured from the blood serum 

creatinine test. The eGFR is a test of the volume of fluid filtered through the kidneys, 

which can be determined by measuring the serum creatinine concentration. Creatinine 

is readily produced in the body by the breakdown of phosphocreatine, used during 

ATP production in muscle metabolism and is readily filtered by the kidneys making it 

a useful chemical to measure renal function. There are many different equations for 

the calculation of eGFR (26), however the National Kidney Foundation recommends 

using the CKD-EPI (equation 1.1). (27)  
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𝑒𝐺𝐹𝑅 = 141 ×min	 -𝑆!"
#
/ × 	max -𝑆!"

#
/ − 1.209 × 0.993 × 𝐴𝑔𝑒 × 1.018[𝑖𝑓	𝑓𝑒𝑚𝑎𝑙𝑒] × 1.159[𝑖𝑓	𝑏𝑙𝑎𝑐𝑘] 

(1.1) 

 

Where Scr represents the standardised serum creatinine, mL/dL, κ is a constant with a 

value of 0.7 (female) or 0.9 (male), and α is a constant with a value of 0.329 (female) 

or -0.411 (male). Although these equations attempt to capture some of the metabolic 

and genetic bias in the population by including the contributions from the genders and 

race, it can only attempt to estimate eGFR for the average person. Therefore, the 

estimated value can result inaccurate for those with extremes of muscle mass such as 

the elderly, cancer patients or critically ill, and those with conditions affecting the 

production or secretion of creatinine. (26) 

 
Table 1.1. Summary of the different stages of CKD correlated with the eGFR values and 

symptoms respectively. 1.73m3 relates to the average surface area of an adult. (28) 

Stage  GFR (mL/min/1.73m3) Description 

1 90+ Normal kidney function / Urinalysis can 

detect proteinuria 

2 60-89 Mild decrease in kidney function 

3 30-59 Moderate decrease in kidney function 

4 15-29 Severe decrease in kidney function 

5 <15 End stage renal failure (ESRF) 

 

People with CKD in the initial stages 1-3 may be unaware that they have the disease 

due to a lack of clear symptoms. (29, 30) It is estimated that in the US population only 

10% of people affected with CKD are aware. Among those on stage 5 CKD, with more 

pronounced symptoms, only 60% are aware that they are dangerously unwell with the 

disease. (10) This can be a consequence of a lack of education and that the belief that 

the general feeling of the patient of being unwell is due to their age or pre-existing 

ailments. Although the efficiency of renal replacement therapy has increased in recent 

years, currently it is insufficient as a comprehensive treatment for CKD. Therefore, 

life expectancy of a patient on dialysis is lower than that of a healthy individual. (31)  
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Even though age is a risk factor for CKD, it is co-morbidity that primarily determines 

mortality rates. Thus, older patients with co-morbid illnesses, poor functional 

capacity, and late presentation of illness with subsequent dialysis, have a <25% chance 

of 1-year survival after commencing dialysis. On the contrary, patients with no other 

significant illnesses and high functional capacity have approximately 100% chance of 

1-year survival and 80% chance of 5-year survival. The leading cause of death for 

patients on dialysis is cardiovascular disease caused by damage prior to the 

commencing of dialysis. (32) 

 

1.2.2 CKD risk factors 
There are many complications of CKD that can increase morbidity and mortality if 

left untreated or if therapeutically unmanageable. CKD associated anaemia can 

increase the risk of cardiovascular disease and the establishment of the cardiorenal 

anaemia syndrome triangle. (33) This triad of symptoms – decreased renal function, 

anaemia, and congestive heart failure – is a dangerous cycle triggered by any one of 

the three symptoms (figure 1.1). Therefore, it is clear why this is the leading cause of 

mortality in CKD patients. A two year US based study of 1 million elderly patients 

showed an almost 50% mortality rate in the sample population displaying all three 

symptoms of cardiorenal anaemia syndrome. (34) It was further found that 

individually, each of these three symptoms increased the risk of mortality or end stage 

renal failure (ESRF) by 50-100%, and together by up to 300%. (33) Treatment for 

cardiorenal anaemia syndrome is performed through the replacement of the deficient 

erythropoietin, a hormone growth factor usually secreted from the kidneys and is 

critical for the production of red blood cells and intravenous iron. (35) 
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Figure 1.1 A diagram displaying the influences of different symptoms on cardiorenal 

syndrome. Taken with permission from Efstratiadis et al. (33) 

 

Bone disorders due to high levels of phosphate accumulation and a reduction in 1-α-

hydroxylation of vitamin D can arise in CKD patients. Chronic kidney disease-mineral 

and bone disorder (CKD-MBD) can lead to further complications, such as bone 

breakages and osteoporosis. (36) It has been demonstrated that CKD-MBD 

significantly increases the risk of mortality in CKD patients and, although the exact 

pathway is unclear, it is most likely due to hyperparathyroidism and vascular 

calcification. (37)  

 

Many of the issues discussed arise due to the accumulation of high concentrations of 

chemicals usually excreted by the kidney and, therefore, pose a greater issue for 

patients closer to ESRF. It has been found that the increased risk of cardiovascular 

disease begins as early as stage 2 CKD (38, 39) due to heightened inflammation, 

hyperphosphatemia, and dyslipidaemia. Characterised as high levels of cholesterol, 

triglycerides and low levels of LDL-cholesterol in the blood plasma, dyslipidaemia 

has been shown to be a key risk factor for cardiovascular events (40) due to the osmotic 

pressure changes and the onset of atherosclerosis. 
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1.2.3 CKD biosensor criteria 
Symptoms for CKD, from the patient’s perspective, are often unambiguous and can 

point to many other ailments often associated with age and winter flu such as a fever, 

fatigue, headaches or loss of appetite and consequently are tolerated without seeking 

medical advice. (41) Currently there is no effective, non-invasive, rapid, and routine 

test at a clinician’s disposal other than the aging creatinine or eGFR blood tests. Not 

only does a new test need to be developed, but changes to the current diagnostic 

procedures performed in a clinical setting for all those in the high-risk groups are also 

required. A set of key criteria is laid out in (table 1.2) for a new test capable of 

increasing the rates of CKD detection in unaware people.  

 
Table. 1.2 Key criteria required for the proposed biosensor. 

 

 

 

 

 

 

 

 

 

 

 

 

As the majority of CKD sufferers are over 60, a test that is portable and thus enables 

diagnoses to be achieved away from the clinicians, at home, or in a community setting, 

will be an effective method to increase the rate of diagnoses otherwise missed. 

Healthcare systems, such as the NHS, have adopted this method and now operate 

mobile units that can be positioned in the community (42), such as in shops or car 

parks, and offer free “health checks”. Typically, they test for key symptoms and 

diseases such as high blood pressure, diabetes, and high cholesterol. It has also been 

found that decreasing the barriers and financial burden associated with travelling to 

clinicians and providing testing in the community or by post increases the rate of 

Criteria for a successful CKD diagnostic test 

• Minimally invasive. 

• Sensitive/selective 

• Rapid. 

• Low cost or multi-use. 

• Easy to use for all ages. 

• Portable. 

• Non-toxic. 

• Uses a biomarker specific for CKD. 

• Can detect CKD stages. 
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patient compliance. (43) There is a wide range of research studies (44) that have 

reported diagnostic treatment in the community in order to decrease the levels of 

missed diagnoses. Ethically, however, the additional burden of an unsuspected 

diagnostic for a geriatric patient may cause further issues psychologically. (45) Thus, 

further research into whether the local healthcare system can support treatment with 

the additional influx of diagnoses will be required in the long term. 

 

From a clinical perspective, if CKD is detected in the early stages 1-3, the physician 

can advise the person to change their lifestyle and diet to minimise any further damage 

to the kidneys. Testing over an extended time period to see changes in estimated long-

term creatinine levels are made by the physician to evaluate whether lifestyle changes 

will be sufficient, or to see if treatment is required. Potentially advised changes include 

stopping smoking, restricting salt intake, reducing alcohol intake, weight loss and 

eating a healthy low protein balanced diet. (46) Although there is no specific 

medication for CKD, drug therapy to control some of the issues causing the disease 

can be prescribed, such as ACE inhibitors for high blood pressure and statins for 

cholesterol reduction. (47, 48)  

 

Patient compliance is a major hurdle in all medical treatments. (49) The main 

contributory factors for patient noncompliance is potential pain infliction, previous 

negative experiences and the potential for bad news and hospitalisation. In addition, 

mental health in the geriatric population (the age range with the highest percentage of 

CKD sufferers) is a key reason for noncompliance, due to confusion, depression, and 

anxiety. However, these factors are not only limited to this population. It has been 

found that the co-existence of anxiety and depression with more general disease 

increases the odds of patient non-compliance by 3 times. (50, 51) 

 

1.2.4 State of the art CKD diagnosis 
An effective biosensor for early-stage CKD detection must have a lower limit of 

detection (LOD) and/or the ability to detect a small increase in biomarker 

concentration compared to the concentrations seen in patients with AKI or ESRF. It 

should also account for the variability of patient-to-patient kidney function prior to the 

onset of damage (25) and comorbidities. Due to the nature of the kidneys, most 
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biomarkers will inevitably pass into the urine and therefore most of the studies and 

products use techniques that are non-invasive, and urine-based. However, it is possible 

to obtain false positives within the population due to the presence of drugs and 

metabolites due to test interactions, (52) as well as over hydration, which is a common 

function particularly within a hospital setting. (53)  

 

Several diagnostic articles focus on the Kidney Injury Molecule-1 (KIM-1), a 

transmembrane protein that is cleaved during tubular cell damage. This biomarker is 

highly specific to both acute and chronic kidney injury. (54) An increase in KIM-1 

can be observed even before there is a change in serum creatinine. It has also been 

found that tubulointerstitial change is a major determinant of the progression of kidney 

damage. (55) As a result, the detection of KIM-1 in the urine has been the object of 

research applied to the development of non-invasive tests. (56, 57) 

 

Some studies into the release of tissue inhibitor metalloproteinase 2 (TIMP-2) and 

Insulin-like growth factor binding protein 7 (IGFBP7) during cell cycle arrest have 

also shown promise in detecting AKI in comparison to the conventional eGFR/ serum 

creatinine technique. (58) In a study carried out within a hospital setting on a large 

cohort of critically ill patients, the two-cell cycle-based biosensors were shown to 

outperform KIM-1 in the detection of AKI. (59) However, as in the case of many of 

the biomarkers we described, detection is limited to the enzyme linked immunoassay 

(ELISA) technique that involves an antigen-antibody-enzyme complex immobilised 

to a surface, most commonly a multi-well plate. The enzyme specifically bonds to the 

sample substrate forming a  conjugate, measurable via a colour change. (60) This is a 

multistep complex detection method requiring a colourimetric spectrometer. Although 

ELISA can be used to simultaneously measure multiple samples, this technique 

requires samples to be ready and prepared for analysis, and results may only be 

achieved after a few hours. As a result, ELISA is not a rapid, low-cost technique that 

can be readily used in the community. Finally, ELISA’s are usually purchased as 

single use kits and can be expensive due to the costs of producing the specific 

biomolecules needed. However more recently “Institi” by BioLytical, Canada, (61) 

released a commercial kit that is available for the rapid detection of HIV 1 and 2 based 
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on an ELISA method, giving visual results for a non-medical professional with a cost 

of $29. 

 

There has been further work at the cellular level, investigating the expression of 

circulating miRNA. The miRNA is an uncoding single stranded sections of RNA, used 

in post transcription gene regulation, and it is released from necrotic or injured kidney 

cells. (62) It was found that several of the miRNA measured were deregulated and 

correlated with the eGFR of the patient. (63) In addition, it has been shown that it is 

possible to detect the urinary miRNA released from damaged cells as a potential 

method for the early detection of CKD. (64) The matrix metalloproteinase-2 (MMP-

2) enzyme has shown correlation with serum creatinine levels in CKD children, and 

is suspected to play a role in the atherogenisis occurring during CKD. (65) The study 

compared MMP-2 with a series of other biological molecules also involved in the 

cellular stress of CKD and was found to be the superior at determining children in 

stage 1 and 2 CKD when tested against the control. 

 

For the rapid detection of urine proteins, sugar, blood and other anomalies, many 

dipsticks are currently on the market from a wide range of companies that can 

simultaneously measure multiple chemicals. These sticks use a visual colour chart 

comparison technique, and they are low cost and rapid to use. However, due to the 

non-quantitative visual interpretation against a chart, there is a certain amount of 

subjectivity involved due to the light that the test strip is read in or the wetness of the 

strip. (66, 67) Serum creatinine concentration analysis is achieved using the Jaffee 

reaction, (68) producing an orange colour quantified with a spectrophotometer. More 

recently, a microfluidic lab-on-a-chip has successfully been developed removing the 

need for both a spectrophotometer and a centrifuge to prepare the urine sample. The 

chip uses capillary action and gravitational force to drive the sample through to the 

test point capable of detecting between 10 and 130 mg/dL. (69) In another study, the 

commonly mentioned KIM-1 has been adopted into an “off the shelf” pregnancy test 

style lateral flow test called the ‘RenaStick’. (70) Rats were used as test subjects 

infused with CdCl2 to stimulate cadmium nephrotoxicity. The RenaStick is a porous 

stick containing gold nanoparticles coated with mouse monoclonal KIM-1 antibodies 

at one end and at the other, a test zone functionalised by the antibodies. When dipped 
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into urine, the KIM-1 antibody-gold nanoparticle complex was able to travel along the 

stick via capillary action and form a further complex with epitopically distinct KIM-1 

antibodies at the test point forming a dark red line. This allows there to be a rapid, 

distinct, and unambiguous indication of the presence of KIM-1 and removes any multi 

step procedure or dilution of the test sample. This product allows for the detection of 

early damage rather than after the damage has occurred; this is not the case for the 

current serum creatinine eGFR technique. A sensor similar to the Renastick has been 

developed by Cass et al at Imperial College London, using electrochemical lateral flow 

assay for the detection of protein and creatinine in a urine sample. (71) Only a proof 

of concept has currently been achieved, which could allow a quick, non-invasive, and 

quantitative reading of the albumin: creatinine ratio. However, proteinuria is not an 

injury marker, and can be a symptom of other diseases such as urinary tract infection 

and heavy exercise. Nevertheless, this sensor is proposed to cost £10 and would fill 

the gap in the market for a rapid quantitative kidney function test. 

 

As mentioned, KIM-1 has been shown to be an injury marker and present within stages 

of CKD. Currently, there are no biosensors developed that are sufficiently sensitive to 

detect this molecule in early phase CKD. Therefore, this would be an area of interest 

for further development. However, due to the low concentration of KIM-1 that would 

theoretically be present in stages 1 and 2, it may be extremely difficult to develop a 

biosensor that is both selective at and sensitive enough to detect the diseased state.  

 

An enzymatic creatinine deiminase biosensor has also been developed using an 

admittance based electrochemical detection method. (72) However, unlike the 

products cited previously, this device has been developed using blood serum 

creatinine and the admittance between two graphite electrodes. Through future 

development, this could have the ability for real time constant detection of creatinine 

concentration, using a flow cell in place of a droplet of serum. The design is simple 

and inexpensive, and the results produced are highly linear in the concentration range 

(50 – 250 µM) to be expected within the blood. Similarly, another enzyme 

electrochemical based biosensor has recently been developed detecting both urea and 

creatinine using an amperometric approach producing highly linear results from 

patients with CKD. (73) It uses a creatinine deiminase enzyme immobilised on a 
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copper-aniline matrix as an ion-specific electrode generating a current as a response 

for the specific reaction with creatinine and subsequently the release of ammonium 

species. Furthermore, these sensors could be modified to be 3D printed due to their 

layer-by-layer design, allowing the sensor to be smaller and include more detecting 

areas. (74) However, it is known that ion-selective electrode sensors degrade with time 

and so effect the accuracy of the sensor results. A US patent (US8617366B2) has been 

approved for a disposable urea and creatinine sensor with the ability to detect the urea 

nitrogen/creatinine ratio using immobilised urease on an electrode with a sample 

volume of 1 µL. This introduces the possibility of “at home” testing. In line with the 

electrochemical based biosensors, this would allow fast and low-cost mass production 

of sensors. 

 

Change in composition of volatile organic compounds (VOCs) in expired breath 

represents a promising alternative to urinary and blood analysis, which may be 

indicative of CKD detection. Breath analysis is clearly one of the most non-invasive 

and non-intrusive detection methods available and can be used almost anywhere. A 

study has exploited this using an electrochemical array based gold nanoparticle 

biosensor.(75) Validation of expired acetone, ethanol and 2-pentanone was achieved 

against gas chromatography mass spectrometry (GC-MS), and comparisons were 

made against serum creatinine and neutrophil gelatinase-associated lipocalin (NGAL) 

concentrations at different time points. Although this study focused on the potential 

use for AKI, it could be applicable to CKD given the sustained kidney damage, which 

induces a release of similar biomarkers. (76) A similar study using the same gold 

nanoparticle design has shown the distinct ability to differentiate between multiple 

stages of CKD, whilst also correlating with serum creatinine levels. (76) 

 

Studies have shown a change in VOC concentrations relative to healthy individuals 

for CKD such as acetone and isoprene. (77) However, changes in these gases can also 

be due to other diseases. Increased acetone concentration is linked with diabetes 

mellitus, (78) and decreased concentration is linked to lung cancer. (79) Whilst 

diabetes is a risk factor and comorbidity of CKD, lung cancer is not. Therefore, using 

acetone as a biomarker for a CKD biosensor could produce false positives and/or skew 

the results, decreasing the accuracy of the device. Isoprene breath concentrations have 
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also been shown to be elevated in a number of diseases such as lung cancer(80) and 

chronic liver disease(81), and decreased in heart failure patients.(82) These studies 

show that a breath-based biomarker must be specific to CKD with nominal 

concentrations in healthy individuals. Trimethylamine (TMA) and its hepatic 

metabolite trimethylamine-N-oxide (TMAO) have recently been identified as 

potential biomarkers for CKD (83-86), and also as renal toxins which promote renal 

dysfunction. (87) TMA is a volatile metabolite produced by gut microbiota flora from 

dietary choline, carnitine and phosphatidylcholine among others. (88) Metabolism of 

the serum TMA (figure 1.2) by hepatic flavin-containing monooxygenase 3 (FMO3) 

oxidises it to TMAO, the non-volatile metabolite usually excreted renally. (89) 

However, due to impaired renal function and altered gut microbiota, the 

concentrations of both TMA and TMAO are elevated in people with CKD. (90) TMA 

is highly volatile and therefore can be detected in the expired breath of patients, 

contributing to the odorous breath described in such patients known as uremic breath. 

(91) Although the human nose can detect TMA down to 0.21 ppb (92), due to the low 

concentrations in the parts per billion (ppb) range, analytical detection is troublesome. 

This challenge in the detection of TMA is a consequence of the lack of sensitivity 

displayed by gas chromatography systems towards amines in complex gas mixtures. 

(93) To circumvent this issue, GC-MS with selective ion monitoring, and pre-

concentration methods are commonly used. The soluble oxide form TMAO can be 

measured from sampled blood serum using high performance liquid chromatography 

(HPLC) and by using derivatisation techniques, the dissolved TMA can be measured 

using similar instrumentation. (83) The use of GC-MS and HPLC have advanced the 

ability for fast and precise detection of biomarkers in body fluids, though both 

techniques are large and expensive. In addition, samples must be prepared prior to 

analysis and a professional is required capable of analysing the chromatograms 

produced into usable concentrations. 
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Figure. 1.2 A simplified sample of the metabolic cycle of TMA in the body from ingestion to 

excretion. Taken with permission from Tomlinson et al. (94) 

 

A sensor similar to an alcohol breathalyser capable of detecting the TMA 

concentration in exhaled breath would satisfy the requirements of a rapid, easy-to-use 

biosensor due to its potential capability of rapid and minimally invasive diagnosis in 

early phase CKD. An alcohol breathalyser uses the fuel cell principle whereby the 

ethanol in the breath is oxidised at the anode to acetic acid and oxygen at the cathode 

is reduced to water. (95) The current produced across a proton permeable membrane 

is measured and calibrated to alcohol concentrations in the breath. This principle 

would not work with TMA as ethanol is far more readily available for oxidation 

reactions with water, for TMA hydrogen peroxide would be required to achieve 

similar oxidation. 

 

1.2.5 Functional materials for TMA biosensors 
TMA is an organic tertiary amine with the formula N(CH3)3 (figure 1.3). At low 

concentrations it has a strong fish like odour and an ammonia like odour at higher 

concentrations. The boiling point is 3oC and so is gas at room temperature. The 
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compound is a nitrogenous base and can be protonated to form the 

trimethylammonium cation or act as good nucleophile.  

 

 

 

 

 

 

 
Figure. 1.3 The chemical structure of TMA. 

 

Commercially TMA is produced by the reaction of ammonia and methanol with 

catalyst, though in nature the compound is produced by decomposing plants or 

animals. In humans, it is synthesised by gut microbiome during the metabolism of 

foods such as choline, L-carnitine and subsequently in the liver oxidised by the flavin-

monooxygenase (FMO3) into TMAO, an odourless compound readily removed by the 

kidneys. (96) TMA is also released as a gas from rotting fish, therefore within 

literature there has been of interest to develop a commercial “fish freshness” sensor 

capable of monitoring the freshness of fish for sale. (97) 

 

The most common electrochemical gas sensors used are primarily based on the metal 

oxide resistance-based approach whereby a change in potential is measured, and 

therefore relates to the sensor principles discussed in this chapter. In the case of TMA, 

there is adequately amounts of literature using metal oxide n-type semiconductors. An 

early paper using titanium oxide found that TMA could be detected down to 300 ppm 

with the addition of a ruthenium dopant tested over a temperature range of 300-600oC. 

(97) Similar work to detect the freshness of fish was done using a tin oxide zinc oxide 

composite. Though both tin and zinc oxide have been successfully used to detect TMA 

individually, the composite achieved a higher sensitivity and selectivity in this form, 

down to 1 ppm with significantly higher responses for TMA compared to a range of 

other volatile gases. (98) Aluminium doped ZnO also achieved a 1 ppm detection 

limit, and good selectivity when compared to other gases (99), which may suggest 

composites or dopants of ZnO are what produce highly sensitivity TMA sensors. (100)  
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Sub ppm levels of detection were found for chromium oxide doped or ‘decorated’ ZnO 

nanowires produced by thermal evaporation. (101)  In this study, a sensitivity of 50 

ppb was achieved with sufficient theoretical sensitivity to detect down to 1 ppb. A 

more recent paper has used a graphene quantum dot/iron oxide composite produced 

hydrothermally, to successfully detect TMA down to 10 ppb with a short response 

time of 6 seconds. (102) It has been suggested that the high sensitivity of this 

composite may be due to the small nanoparticle composites equating to a high surface 

area, in addition to the high conductivity of the graphene quantum dots.  

 

The previously discussed oxides are all n-type semiconductors. However, TMA 

sensitivity can also be observed within p-type. A study using a lanthanum iron oxide 

– a p-type semiconductor, prepared with polyethylene glycol 300 and subsequently 

heated to 800oC, successfully detected TMA down to 1 ppb. (103) In addition, this 

was using undried air, unlike many of the previously reported studies which use dried 

air to remove the potential for loss of sensitivity from water vapour surface adsorption. 

Though the sensitivity is high, the selectivity of TMA compared to other tested 

volatiles is low.  

 

Molybdenum oxide, a n-type semiconductor has had recent interest for the detection 

on TMA as it offers high sensitivity and selectivity required in the ppb range based on 

an electrochemical potential change principle. A study based on spray pyrolysis of the 

commonly used precursor ammonium molybdate tetrahydrate achieved multiple 

nanostructures with variations of the precursor solution and heat treatments. (104) The 

molybdenum oxide nanospheres achieved high gas responses for TMA at 300oC, with 

almost negligible responses from other volatiles at equal temperatures and 

concentrations, and the calculated limit of detection for TMA was <45 ppb. However, 

the employed methodology for this study used a complex ultrasonic droplet-tube 

furnace assembly to first create the nanoparticles which were then resuspended and 

drop casted onto an alumina substrate. Another study using the same precursor and 

methodology, also based on the thermal decomposition of ammonium molybdate 

tetrahydrate to MoO3, was able to achieve an TMA LOD of 0.1 ppm at room 

temperature with only a slight decrease in sensitivity when humidity was increased to 
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54%RH. There is concern over the repeatability of this study, since complete thermal 

decomposition to α-MoO3 nanorods (average length 420 nm) with no additional heat 

treatment was achieved onto substrate temperature of 250oC. (105) Additional 

literature supported by in-situ X-ray Diffraction Spectroscopy (XRD), and Differential 

Scanning Calorimetry (DSC), indicating that this occurs above this temperature. (106) 

In addition, elevated temperature is required for metal oxide sensors to achieve the 

oxygen species, such as O-, O2- needed for the surface reaction (107), and a low 

temperature would greatly reduce the response time of the sensor. The reported short 

nanorods reported in this study, in comparison to other MoO3 nanorod sensors may be 

the reason for the high sensitivity due to the increased quantity of neck interactions 

and small particle size relative to the Debye length. 

 

Wet synthesis routes for MoO3 sensors with a LOD in the ppb region have also been 

achieved. A study using ammonium molybdate tetrahydrate precursor, synthesised α-

MoO3 using sonication with the addition of sodium dodecyl sulphate (SDS), which is 

key for nanorod formation and urea in an acidic environment. (108) The molybdenum 

product was heat treated to achieve the correct α-MoO3 and nanorod formation of 1-2 

µm in length. A LOD of 10 ppb was achieved though selectivity to TMA varied in 

comparison to other studies previously discussed with sensitivity shown towards 

acetone and ethanol. Similar sensitivity was achieved by a study based on the 

hydrothermal oxidation of molybdenum powder with hydrogen peroxide in a Teflon-

lined stainless steel autoclave. (109) Though the sensor preparation required the 

sample to be heated for 100 hrs, the methodology was simple and low cost, forming 

ultralong α-MoO3 nanobelts. Detection was successfully recorded down to 25 ppb with 

high selectivity towards TMA at 325oC, interestingly showing no peak in sensitivity 

towards acetone or ethanol during selectivity testing. Ammonia showed a peak in a 

similar temperature region, though at a much lower intensity that was recorded for 

TMA. 

 

Cerium-doping of MoO3 via hydrothermal synthesis has been shown within the study 

to increase TMA sensitivity and decrease response time relative to pure MoO3 alone 

by generating additional oxygen species on the surface. (110) It was shown that the 

doping of Ce within MoO3 could be incorporated without effecting the orthorhombic 
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lattice structure, and only mild lattice deformation due to the differences in ionic radii 

of Ce and Mo. It was also found that the addition of Ce limited growth of the 

crystallite, a factor needed for high sensitivity. Within the study at higher 

concentrations above 50 ppm, the response to TMA for Ce doped MoO3 was 

considerably higher than for pure MoO3, and when plot on a logarithmic scale, the 

sensitivity across all concentrations tested was higher for the doped sensor. With both 

pure and doped MoO3, 5 ppm was detected with the ability to detect lower, though at 

the lowest detected concentration the response was small, which unlike the previously 

discussed wet synthesis route using SDS achieved a LOD of 10ppb using pure MoO3 

nanorods. (108) A further study by the same group showed tungsten-doped MoO3 has 

the ability to be sensitive towards TMA. W-doped MoO3 was also prepared by the 

hydrothermal route, where the sensor was tested at 280oC down to 5ppm with the 

ability to have a lower LOD. Compared to Ce-doped MoO3, the sensitivity and 

selectivity was marginally lower. In addition, the working temperature of the W-doped 

MoO3 sensor was higher at 280oC compared to 240oC for the Ce-doped MoO3 sensor, 

suggesting overall that Ce as a dopant works best in the detection of TMA as a low 

cost, rapid sensor. 

 

1.2.6 TMA concentrations in CKD disease state 
As previously discussed, there are many papers that suggest TMA could be used for 

the detection of CKD as concentrations both in the blood and the breath increase as 

the disease progresses. However, currently there is little to no research on TMA 

sensors. (90, 111, 112) Literature that actively measures breath VOCs, in particular 

TMA for CKD patients, use variants of GC-MS to achieve the sensitivity required for 

detection (93). Samples from patients are collected using Tedlar gas sampling bags – 

a standardised method for gas sampling in an inert container with subsequent solid 

phase micro extraction (SPME) fibres, or thermal desorption tubes. Dimethyl 

polysiloxane GC columns of 60 m are used with a thick film commonly 3-5 µm in 

order to achieve sufficient separation for detection of highly volatile compounds such 

as TMA. (93, 113) Sample sizes for these studies tend to be small in the range of 10-

20 subjects/controls, and do not focus on comorbidities that may produce additional 

VOCs. (77, 91, 113-115) Literature is often focused more towards to the use of 
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biomarkers such as TMA to detect ESRF and pre-and post-dialysis concentrations 

where concentrations are considerably higher. (91) 

 

For a healthy individual, the composition of the inhaled and exhaled breath can change 

due to the gas exchange within the alveolar (table 1.3). This can further change due to 

various factors such as diet, whether or not the individual is a smoker or diseases 

present. (116) The rest of the expired breath contains upwards of 250 chemicals, that 

can be detected by various analytical techniques. 

 
Table 1.3 A table demonstrating the change in gas composition for the inhaled and exhaled 

breath of a health individual. (117) 

Gas Inhaled air (%) Expired breath (%) 

Nitrogen 78.62 70.84 

Oxygen 20.84 13.6 – 16 

Carbon dioxide 0.04 4 – 5.3 

Water vapour Low Saturated 

Argon 0.96 1 

 

In one study, breath samples were taken from a sample size of 14 CKD patients with 

an eGFR of 70 mL min-1 or less for three months. (114) The range of TMA 

concentrations was 1.76-38.02 ppb for diseased patients of differing CKD stages, with 

a concentration below the LOD of the GCMS used for healthy volunteers. When 

plotting the TMA concentrations with the eGFR of the subjects, it was found that there 

was a correlation between increasing TMA concentrations and decreasing eGFR 

levels. Another study investigating the TMA concentrations of patients with ESRF 

found mean concentrations of 340 ppb, a concentration significantly higher than the 

previous study by Grabowska-Polanowska et al, though the sample group only 

consisted of five subjects. (112) More recently a chromatographic breath analysis 

study investigated the concentration of a series of VOCs including TMA in two 

cohorts of 10 sets of patients; with CKD related diabetes mellitus type II (T2DM) and 

with CKD solely. (77) The median eGFR was 43 and 48 for the CKD + T2DM and 

CKD groups respectively, though the eGFR range meant both groups contained 

patients from CKD stages 2-4. A control group of healthy volunteers was also used. 
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The median concentrations for TMA were 16.08 and 9.52 ppb for the CKD+T2DM 

and CKD groups respectively. The maximum concentrations observed were 88.37 and 

60.77 ppb for the CKD + T2DM and CKD groups respectively. 

 

There currently is limited documented TMA concentrations at specific stages in 

patients with CKD, and so it is difficult to compare literature concentrations directly. 

From physician accounts, this may be due to the common late detection of the disease, 

since the patient must first have a comorbidity that would cause the accidental 

detection of CKD via blood or urine tests and also be involved in a study of this kind. 

The data that has been collected is not in agreement with the concentrations of TMA 

in diseased patients, which may be due to the small sample size and grouping of 

patients in different CKD stages. Furthermore, there is a significant amount of 

literature on TMAO concentrations in early-stage CKD patients as this is easily 

detected in urine or blood with HPLC-MS. These concentrations can be linked to the 

theoretical TMA breath concentration as TMAO is the product of serum dissolved 

TMA during hepatic metabolism. Evidently literature shows a general correlation, 

showing an increase in TMAO concentration as CKD stages progress. (83, 85, 118) 

 

Breathomics, defined as metabolic study of expired breath, (119, 120) required, in 

particular the studies previously discussed, a large amount of preparation of the breath 

samples. Currently there is no standardised method for the collection of expired breath. 

Vital capacity (VC) is defined as the maximum volume that can be expelled from the 

lungs after maximum inhalation, which is between 3-5L for an adult, though this can 

vary due to various physiological factors such as height, weight, and gender. The 

concentration of VOCs in the breath originally from the blood would typically be 

highest in the last portion of the breath originating from the alveolar. Therefore, in 

order to achieve this, a large portion of the initial VC volume must be expired first. 

This can be seen with alcohol breathalysers which require a large volume of air to pass 

through before a measurement is taken. A reason for the inconsistent findings of TMA 

concentrations in CKD patients in these studies may be due to the different sampling 

points used during exhalation, such as the mixed expiratory, late expiratory or end 

tidal. The concentration of CO2 can be correlated with the different phase of the 

expiration and therefore can be used to detect what phase of the expiration is occurring 
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(figure 1.4). Using “mixed expiratory air” will include the dead space volume made 

up of the mouthpiece and tubes, and the oral cavity air which can skew results based 

on contaminants from food or oral hygiene.  

 
Figure. 1.4 A schematic representation of a single breath cycle and the accompanying change 

in concentration of CO2. The average time taken for full expired breath is approximately 1.5 

to 2 seconds. Taken with permission from Lawal et al. (121) 

 

Breath containers used for the sampling of breath are commonly placed into a Tedlar 

bag or similar polymer gas sampling bag, which are inert and non-permeable to the 

ingress of environmental VOCs or egress of sample VOCs. Other less common 

apparatus can be used such as a stainless-steel gas sampling cylinder, or glass sampling 

bulb. Bio-VOC (Markes International, UK) is a commercial gas sampler specific to 

the sampling of breath that contains a small breath sample reservoir that is constantly 

displaced as the exhalation continues, resulting in just the final stage of breath 

collected. Once collected, analysis of the breath sample must be completed as soon as 

possible or else be stabilised using thermal desorption tubes. Even with the best gas 

sampling bags, at trace level (<ppm), VOCs are known to permeate out of the bag or 

be emitted from the polymer material. (122) The high concentration of water vapour 

within the sample and the requirement to keep the samples warm to avoid 

condensation within the bag will cause degradation of the sample over time. This adds 
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to the case for developing a gas sensor device capable of a single step analytical 

approach. 

 

1.3 Chemical Vapour Deposition 
 

1.3.1 Overview of CVD  
Chemical vapour deposition (CVD) has been a popular method for the fabrication of 

thin film electrochemical sensors, but also for a variety of other applications such as 

the production of semiconductors for use in computing and solar cells for renewable 

energy source. CVD can therefore be distinguished from physical vapour deposition 

(PVD) processing which involves the direct adsorption of atomic or molecular species 

onto a substrate surface. 

 

A typical CVD set up (figure 1.5) involves first the generation of a gaseous precursor 

species that are then transported into the reaction chamber by a controlled gas flow 

such as nitrogen or argon. Once inside the heated reaction chamber, the gaseous 

precursor species undergo decomposition and/or chemical reaction. If the reaction 

occurs within the gas phase (homogenous), often the product will be a powder or a 

porous or weakly adhered film. When the reaction chamber is below the complete 

decomposition temperature of precursor, gaseous species will move towards the 

heated substrate via diffusion or via the gas flow and be adsorbed to the surface. A 

reaction (heterogenous) will occur at the gas-solid interface in the form of a solid film 

product and crystallisation centre. Continued reactions at the surface will grow the 

film at a steady rate with reaction by-products being removed by the continuous gas 

flow. 
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Figure. 1.5 A Schematic diagram of a typical CVD set up and steps, taken with permission 

from Choy et al. (123) 

 

The initial step of the CVD process is to generate a vapour precursor that can be 

delivered to the reactor effectively. For solid precursors, these can be dissolved in a 

suitable solvent and then treated as a liquid precursor or sublimed using a heat source. 

Liquid precursors may use a bubbler or an ultrasonic atomiser to generate a vapour. 

Alternatively, via flash evaporation – defined as the almost instantaneous evaporation 

of a liquid stream upon a drop in pressure, liquid precursors can be delivered via flash 

evaporator using a metered peristaltic or syringe pump for instantaneous continuous 

vapour production. This method is particularly useful for precursors that do not have 

sufficient thermal stability to withstand periods of long-term heating. Delivery of such 

precursors requires a carrier gas to transport the precursor into the reactor. As a result, 

the flow rate of the carrier gas must be well controlled to establish a continuous 

concentration of precursor delivery. Usually, a metering system such as a mass flow 

controller is used to regulate this process. For deposition of multicomponent films, i.e. 

using more than one precursor vapour, multiple mass flow controllers are used with a 

mixing chamber prior to delivery, to ensure correct stoichiometry and film uniformity. 
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Common choices of precursors used in the CVD process, regardless of the variant 

used, are often similar. A summary of the characteristics are (124): 

 

1. Sufficient volatility to achieve acceptable growth rates at low evaporation 

temperatures. 

2. Sufficient stability so that decomposition occurs near the substrate and not 

during the vapour generation. Therefore, a large temperature difference 

between evaporation and decomposition. 

3. High chemical purity. 

4. Clean decomposition, whereby by-products do not leave residues and 

remain/return to the gas phase. 

5. Good compatibility with additional precursors for deposition of 

multicomponent films. 

6. Easily manufactured as a high yield, low-cost chemical. 

7. Non-hazardous with by-products that are also non-hazardous. 

 

Adequate volatility of the precursor is understandably an essential aspect of the 

selection. For gaseous precursors this is not an issue and dilution can be easily 

achieved. However, for liquid and solid precursors, volatility may have to be increased 

by using an additional chemical that negatively effects the intermolecular forces that 

would otherwise for example cause polymerisation. Thermogravimetric Analysis 

(TGA) is a good analytical technique to evaluate the weight loss of a precursor as a 

function of increasing temperature. This allows a suitable evaporation and substrate 

temperatures to be selected by providing data regarding volatility temperature and 

stability.  

 

Vapour pressure is an additional major factor in the selection of a suitable precursor. 

For some growth processes that require the full CVD stages to occur, a low vapour 

pressure is required to achieve the high evaporation temperatures needed for 

heterogeneous gas phase reactions. However, for film growth that is generated via 

deposition of the precursor on impact, often the precursor vapour pressure is higher. 

(123)  
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The advantages of CVD style deposition of films are: (123) 

 

1. The ability to produce well-controlled, highly dense, and pure materials in a 

reproducible and reliable manner. 

2. CVD has the ability to produce uniform films on irregular shapes and can 

therefore be said to be a ‘non-line of sight’ deposition method. 

3. Deposition rate can be controlled easily to allow for different nanostructured 

films. Low deposition rate can produce epitaxial growth of thin films and high 

deposition rates allow for dense thick films. 

4. Relatively low processing costs. 

5. A large array of usable precursors enables the deposition of a variety of 

materials that otherwise would be hard to deposit such as those with a high 

melting point. 

6. Relatively low deposition temperatures, due to the precursor decomposition 

allowing for desired phases to be achieved in situ. 

 

Disadvantages of CVD are: (123) 

 

1. Precursors required for some materials can be toxic and corrosive with 

subsequent by-products needing specialist treatment before it is safe. 

2. Multicomponent precursors can be hard to deposit in well controlled 

stoichiometry due to the difference in vaporisation rates. 

3. High deposition temperatures may be unsuitable for existing materials already 

deposited on the substrate. 

4. The reactor and/or vacuum system for some CVD variants can be complex and 

therefore expensive as some require ultrahigh vacuums and high voltage 

supplies, leading to further safety issues. 

 

 

1.3.2 Variants of CVD 
There are many variants of CVD which can be summarised below (table 1.4), with the 

main parameters; gas-phase precursor introduction, transportation of precursor to the 

substrate and the energy source for reaction. 
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Table 1.4 A collection of CVD variants and their strengths and weaknesses. (123) 

CVD Variant Gas phase 

introduction 

Strengths Weaknesses 

Atmospheric 

Pressure CVD 

(APCVD) 

Heating Low cost Film uniformity 

may be 

compromised 

Low Pressure CVD 

(LPCVD) 

Heating Reduces unwanted 

gas-phase reactions 

and improves film 

uniformity. 

Requires vacuum 

grade apparatus, 

increasing cost. 

Plasma Enhanced 

CVD (PECVD) 

Heating and plasma 

target bombardment 

Lower temperatures 

required, suitable for 

temperature sensitive 

substrates. 

Apparatus used 

can be complex 

with high voltages 

needed increasing 

cost and safety 

concerns. 

Atomic Layer 

Deposition (ALD) 

Heating Allows for 

monolayer film 

growth. 

Processing is slow 

and expensive. 

Limitations of 

precursor 

availability. 

Aerosol Assisted 

Chemical Vapour 

Deposition 

(AACVD) 

Aerosol Low cost, high 

speed. 

Difficult to 

produce super thin 

films/ film quality 

may be 

compromised. 

 

 

1.3.3 Aerosol Assisted Chemical Vapour Deposition (AACVD) 
AACVD is a popular variant of CVD that makes an aerosol from a liquid precursor. 

The aerosol is usually generated by the atomisation of a liquid precursor into micron 

sized droplets by spraying or via an ultrasonic generator. This involves the dissolution 

of a solid or liquid precursor that must be well dispersed in a solvent or mixture of 

solvents. The aerosol is then delivered to the heated zone via a controlled gas flow 
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where the solvent is rapidly vaporised or combusted and the precursor undergoes 

subsequently a series of decomposition steps in the vicinity of the heated substrate, 

depositing the required film.  As solvents undergo combustion in the vicinity of the 

substrate, additional thermal energy is provided for the precursor decomposition due 

to the exothermic nature of combustion. 

 

Solvent selection as well as the type of aerosol generation will have a great effect on 

the droplet size of the aerosol precursor. The solvent must have a high solubility of 

the precursor to allow for uniform distribution of precursor concentration, and 

therefore uniformity of the produced film. Viscosity and vapour pressure of the solvent 

must also be low to successfully allow the precursor to reach the vicinity of the heated 

substrate.  

 

The benefits of AACVD include: (125) 

• Simplification of the delivery system (delivery of precursor and vapor 

generation) compared to other CVD techniques that require a bubbler and high 

vacuum 

• Lower deposition temperatures via the use of a solvent in the precursor 

• Multi chemical precursor mixture allowing for the rapid deposition of 

multicomponent materials   

• The ability to include ultrafine non-homogenous materials for the deposition 

of composite materials  

 

 

1.3.4 Variants of AACVD 
Aerosol generation can be divided into three major methods; ultrasonic, electrostatic, 

and pneumatic aerosol generation, each capable of different droplet size and delivery 

rate that ultimately produce films of differencing characteristics.  

 

Ultrasonic aerosol generation is a popular method whereby a piezoelectric transducer 

is placed underneath the precursor solution. Droplet size diameter can therefore be 

controlled by changing the transducer frequency as well as other parameters described 
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in Lang’s equation (equation 1.2) (126). Where d is the droplet size, γ and ρ are the 

surface tension and density respectfully and f is the piezoelectric transducer frequency. 

 

 

𝑑 = 0.34 *
2πγ
ρf ! -

"/$

 

(1.2) 

Electrostatic aerosol generation can be separated into two methods. The first uses a set 

up similar to the ultrasonic aerosol generation as previously described. However, an 

electrostatic charge is subsequently applied to the produced droplets. The second 

involves applying an electrostatic field between a cylindrical spray nozzle and 

substrate, resulting in sub-micron atomisation of the precursor solution directed 

towards a heated substrate. (127) Droplet size radius and liquid cone current for the 

latter electrostatic aerosol generation can be estimated using the following equations 

from Fernández de la Mora and Loscertales (equation 1.3) (128, 129) : 

 

𝑞" = 𝑞%(𝑅) = 8𝜋(𝜀&𝛾𝑅$)"/! 

(1.3) 

Where q1 is the fixed charge, and R=radius of the droplet generated. Pneumatic aerosol 

generation involves the use of a compressed air carrier gas passed over the liquid 

precursor to generate an aerosol. Droplet size is larger than the previously discussed 

methods ultrasonic and electrostatic with a larger size distribution, however this 

method is significantly lower in cost. In order to successfully undergo AACVD and 

not spray pyrolysis, i.e. the direct decomposition of precursor and solvent on impact 

to the substrate, the droplet size must be small to allow for a heterogeneous gas phase 

reaction. 

 

1.3.5 AACVD deposition mechanism 
Depending on the substrate temperature the aerosol can undergo multiple possible 

deposition mechanisms (figure 1.6). Droplet size, deposition rate and the substrate in 

question all can affect the quality and density of the fabricated film: 
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• Process I: The aerosol precursor droplet is sprayed directly onto the heated 

substrate surface on which the solvent is removed through evaporation and the 

final film is produced. In some instances, an additional heat treatment step will 

be required to achieve the required crystalline film. With multiple repetitions 

this process is capable of producing thick >1 µm films with a crystalline 

structure, though as the film thickness builds deformities and porosity can 

occur due to the rapid change in temperature during each deposition. 

• Process II: As the aerosol droplet approaches the heated substrate the solvent 

from the precursor droplet is evaporated and the subsequent droplet is 

deposited onto the film followed by decomposition or chemical reaction. 

• Process III: Similarly, to process II, the solvent from the droplet is evaporated 

as it approaches the heated substrate and the droplet is vaporised. Diffusion of 

the vapour towards the heated substrate undergoes a heterogenous reaction and 

subsequent deposition of film. 

• Process IV: At the highest temperature, process IV undergoes the same steps 

as process III. However, after vaporisation, the droplet undergoes a 

homogenous reaction and nucleation in the gas phase prior to deposition on 

the substrate surface. This process also allows for the collection of particles 

prior to deposition using a tube furnace for the production of ultrafine particles 

that can be subsequently deposited via sol-gel techniques. 
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Figure 1.6 A schematic representation of the multiple steps of deposition possible depending 

on the substrate temperature, adapted with permission from Choy et al. (123) 

 

From these processes, only III and IV can be deemed as true AACVD, due to the CVD 

homogeneous gas phase reactions and/or the heterogeneous reaction that occurs on the 

substrate surface. Processes I and II are more likely to be classed as spray pyrolysis as 

any reaction that may occur will be on impact of the droplet to the heated substrate. 
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1.4 Molybdenum Oxide 
 

1.4.1 Properties of molybdenum oxide 
Molybdenum (VI) oxide also known as molybdenum trioxide (MoO3) has recently 

gained interest in many areas such as electrochemical sensors (104, 105, 109, 130) 

photovoltaics (131, 132) and photocatalysis (133-135). MoO3 acts as an n-type 

semiconductor with oxygen deficiency and has a bandgap of 3.2eV. It also has an 

electrical resistivity in the order of 1010 W cm at room temperature. (136) This 

resistance reduces at an operating temperature of 325oC to approximately 107 W. MoO3 

is a white odourless solid however can exhibit as light blue in nanoparticle form. (137) 

 

MoO3 exhibits polymorphism in three crystal phases; orthorhombic α-MoO3 – the 

thermodynamically stable form, metastable phase hexagonal h-MoO3, and monoclinic 

β-MoO3. However, h-MoO3 has only readily be achieved by the hydrothermal 

synthesis route. (138, 139) The α-MoO3 phase consists of bilayers of MoO6 units in 

the [010] direction with lattice parameters shown in figure 1.7. Within the 

orthorhombic structure, oxygen takes one of three positions around the molybdenum 

atom. Lamellar crystal growth occurs in the [010] direction as bilayer units stack and 

are held in position with van der Waals forces. Bonds within the bilayer unit are of 

stronger covalent and ionic bonds. β-MoO3, unlike α-MoO3, though also formed as 

MoO6 octahedra, is held together with the upper and lower oxygen molecules (140, 

141), and forms a monoclinic structure. h-MoO3 is also formed of MoO6 octahedra, 

though linked via corner sharing of the octahedra forming larger hexagonal stacking 

1-dimensional channels. 
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Figure. 1.7 A represents α-MoO3, B β-MoO3 and C h-MoO3 phase lattice structure. Lattice 

parameters are detailed with their specific structural arrangement. Taken with permission from 

Koike et al. (141) D shows a Mo15O56H22 cluster with further detail of the bilayer staking of 

α-MoO3 in addition the differently coordinated oxygen sites. Figure E shows a geometric view 

of the same cluster. Taken with permission from Shi et al.(142) 
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Multiple nanostructure formations of all phases of MoO3 have been prepared such as 

nanorods (105, 143), nanoplates (104, 133) and nanowires (144). Though other 

descriptions of the nanostructures have been used such as whiskers (145) and fibres 

(146), crystal formation is usually in a columnar structure due to the stacking of MoO3 

units. In addition, hexagonal MoO3 can be prepared as nanorods with a hexagonal 

cross section, commonly by hydrothermal synthesis. (147)  

 

Though all transition metal n-type semiconductors will behave in a similar way to 

MoO3, each will have different bond energies for the oxygen chemisorption and for 

the overall redox reaction of different target gases due to their various specific electro-

physical properties. (2, 148) For example, in transition metal oxides, the energy 

difference between a dn cation configuration and either a dn+1 or dn−1 configurations 

can be rather small. This allows them to have various stable oxides with different 

compositions, and the ability to have different defects with different electron 

configurations, making the surface chemistry of this process complicated. 

Furthermore due to the small energy differences, this makes it easier for electrons to 

be added and removed by surface oxygen species. (148) Finally, specificity for sensing 

different target gases may ultimately depend on operating temperature and metal oxide 

used, and commercially this is exploited through the use of multi sensor gas detectors 

working in tandem. 

 

1.4.2 Applications of molybdenum oxide 
Molybdenum oxide has attracted a lot of attention in recent years due to its diverse 

applications and relatively easy synthesis routes. The n-type variable stoichiometry 

(MoOx, 2 ≤ x ≤ 3) semiconducting qualities gives rise to different photochemical 

properties; MoO2 appears as a dark blue or black powder, however stoichiometry and 

MoO3 appears as a white or chalky green colour due to the changing photochemical 

properties.  

 

MoO3 is widely used as a photodetector due to the wide band gap specifically in the 

UV range as the band gap corresponds to wavelengths of 388nm. 2D MoO3 nanosheets 

are popular as flexible UV photodetectors, and offer higher carrier mobility than 

quantum dots and do not require an optical filter. (149) MoO3 has also demonstrated 
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potential in displays due to its electrochromic properties, however this is mostly based 

on the β-MoO3 phase. (150) 

 

Within nanomedicine, more specifically photothermal therapy (PTT), MoO3 has 

shown increasing attention recently as a potential non-invasive treatment for tumour-

based cancers. (151, 152) As a transition metal oxide, MoO3 demonstrates light 

absorbing properties in the window region of biological tissue. PTT produces localised 

heat generated by bond vibrations stimulated by laser light, inducing cell apoptosis in 

tumour cells whilst keeping healthy cells undamaged. PTT and other nanomaterial 

based cancer treatments offer an exciting avenue moving away from the traditional 

cytotoxic chemotherapy agents and surgery that are often expensive and debilitating 

for patients. (152) 

 

 

1.5 Semiconductor Gas Sensors 
 

1.5.1 Introduction 
Metal oxide semiconductors can be divided into n-type and p-type. The electrical 

conductivity of n-type is due to the excess of quasi-free electrons in the lattice 

containing defects and oxygen vacancies. P-type semiconductor conductivity arises 

from electron deficient holes in the lattice that carry the charge. 

 

Metal oxide conductivity sensors have been known about since the 1950s, where a 

reduction in conductivity was observed when exposed to atmospheric oxygen. (153) 

The principle of the MoO3 sensor can be extended to similar metal oxide 

semiconductors such as ZnO, SnO2 or WO3 with each having a unique sensitivity to a 

particular target gas. The sensor operates on the principle of measuring the electrical 

resistance or conductivity of the thin film during exposure to the target gas. 

Nonstoichiometric MoO3 (MoO3-x, x<1) behaves in an n-type semiconductor fashion 

due to oxygen vacancies in  MoO3 lattice causing unintentional doping. (154) This 

causes a redox surface reaction whereby the TMA is oxidised, and the adsorbed 

oxygen is reduced, therefore decreasing the electrical resistance as a consequence.  
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1.5.2 Molybdenum oxide gas sensor mechanism of action 
Initially, when the substrate temperature is elevated in ambient conditions, at the 

surface and on the MoO3 grain boundaries atmospheric diatomic oxygen interacts with 

the lattice, dissociates and fills the lattice vacancies and increases the resistance. (155) 

In the presence of TMA, a surface reaction occurs between the TMA and adsorbed 

oxygen species, returning the electron to the conductive band, oxidising the TMA, and 

reducing the resistance. This process is repeated and the reoxygenation of the now 

empty oxygen vacancy is achieved using further atmospheric oxygen. This process is 

known as the Mars-Van Krevelen mechanism and is observed across many other metal 

oxide semiconductors for the catalytic oxidation of gaseous organic molecules. (156) 

As there is no data on the specific reaction kinetics of MoO3 and TMA, one can assume 

that this is the most likely reaction occurring as MoO3 has been shown to conform to 

the Marks-Van Krevelen mechanism during gas sensing of other aminated chemicals 

such as ammonia. (157) Using Diffuse Reflectance Infrared Fourier Transform 

(DRIFT) spectra, it has been possible to observe the surface bonds present during 

sensing. (109) It was found that there were peaks suggestive of methyl groups and 

CO2 molecules. Consequently, the reaction proposed is below in equation 1.2. 

Unfortunately, this does not help with understanding the reaction pathways. Density 

Functional Theory (DFT) data analysis suggested that the [010] crystal face would 

most likely form vacant oxygen active sites, in particular the single bonded terminal 

Mo-O bond, due to the low formation energy. (158) Therefore, an initial reaction step 

is most likely via a bond formation between the nitrogen atom in the TMA molecule 

and the surface oxygen (Mo-O), forming an amine oxide intermediate followed by the 

cleaving of one of the methyl groups. Followed by hydroxyl group formation between 

additional surface oxygen atom and the scission of a -CH bond. Further decomposition 

is expected using further bond cleaving or inter molecule bond formation. Since data 

has not yet been collected on the reaction pathway of TMA oxidation on a MoO3 

surface, only reactions of similar small VOCs can be used speculate the reaction 

pathway of TMA. 
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The reduction in the resistance can therefore be calibrated to the TMA concentration 

in the gas sample. The reaction mechanism can be seen in equation 1.4 and the 

optimum temperature for the sensor is between 300-400oC: (159) 

 

O! + e'
(')*+!	
7888889O!

'(adsorption) 

 

2(CH3)3N+21O2
-

α-Mo+! 
788889N2+6CO2+9H2O+21e- 

(1.4) 

Due to the catalytic activity of MoO3, the sensor cannot truly be fully selective towards 

TMA, as many of the same groups that must be oxidised appear in other small 

molecule VOCs. When comparing the reducing ability of TMA to other VOCs it has 

the ability to return 21 electrons into the MoO3 lattice. In addition, the bond energies 

for -CH, C-C and C-N bonds are 411, 345, 307 kJ mol -1 respectively. Therefore, the 

-CN is rather low (159). Furthermore the HOMO and LUMO of TMA are -4.0 eV and 

-2.6 eV and for MoO3 -5.3 eV and -2.3 eV respectively. (159) As such, similarities 

between these energies favour the likelihood of an interaction occurring between the 

molecules. In addition, steric positioning of the molecule compared to larger VOCs 

will allow TMA to get closer to the surface oxygen in order to react. 

 

In order for MoO3 to conduct, the charge must pass through the crystallite and across 

the crystallite barrier of each nanorod (figure 1.8). Initially, the chemisorption of 

oxygen on the surface increases the space charge region, an area around the crystallite 

where the mobile charge carriers have been repelled away due to the chemisorption of 

oxygen which increases band bending therefore increasing resistance.  
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Figure. 1.8 A schematic representation of the structural and band models for the conduction 

mechanism on exposure to test gases, taken with permission from Wang et al. (155) 

 

The equation for the space charge region thickness (W) is expressed in equation 1.5, 

where ε- relates to the relative permittivity of the MoO3, ε. is the dielectric constant, 

V/ is the band bending, q is the electron charge and n0 is the charge carrier density. 

 

W = ?
ε-ε.V/
qn0

 

(1.5) 

The exposure to TMA and the subsequent oxidation reaction allows for the return of 

the electrons to the conductive band, decreasing the space charge region and Schottky 

barrier between the two crystallites and resistance of the MoO3. (155) The barrier 

height (qV/) created at the boundary for one-dimensional geometry, can be expressed 

in equation 1.6 and depends on the electron charge (q), the surface states (Ns), the 

relative permittivity of MoO3 (ε-), the dielectric constant (ε.) and the charge carrier 

density (n0) regulated by the oxidation-reduction TMA reaction. 

 

qV/ =
q!N/!

2ε-ε.n0
 

(1.6) 
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1.5.3 Metal oxide sensor specifications for ultra-high gas detection 
A key aim for the project is to achieve high sensitivity. As outlined previously, the 

change in conductivity is determined by the thickness (L) of the space charge region, 

also known as the charge depletion layer, and the height of the Schottky barriers at the 

crystallite boundaries. (2) Crystallite size (D) plays a major factor on test gas 

sensitivity. For large crystallites (D≫2L), the conductivity can be considered as 

independent of the space charge layer and limited only by the barrier height at the 

boundaries hindering sensitivity. However, as crystallite size decreases (D=2L), the 

layer begins to take up more of the volume of the crystallite (figure 1.9). Therefore, 

conductivity is influenced not only by the boundary but also by the space charge layer 

at the neck of the crystallite and so sensitivity to the test gas is enhanced. As the 

crystallite size decreases further (D<2L), the space charge layer fully involves the 

volume and so the crystallite may be fully depleted of charge carriers. (160) At this 

point the crystallite would be at its most sensitive to the test gas surface reactions. 

From this model, it is shown that a small crystallite size is required for a high 

sensitivity sensor. Manipulating the nanoparticle shape such as nanorods and 

nanowires with 2r < 2L have a conductivity dependant on the boundary but also the 

entire length of the space charge layer which has fully involved the column length 

increasing the gas sensitivity further.  
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Figure 1.9. A schematic representation showing how reducing the crystallite size (D) will 

involve whole volume, increasing sensitivity to the test gas. Taken with permission from Sun 

et al. (161) 

 

Increasing the porosity of the sensor surface is another method for increasing the 

surface area, and therefore the crystallites involved in the current path between 

electrodes. Multiple methods to generate porosity can be used, such as initiating pores 

within the substrate surface using chemical or physical etching. However, in the case 

of MoO3, the randomised nanorod structure creates a highly porous network. (160) 

 

Interfering gases are known to have an effect on the efficacy of metal oxide, in 

particular humidity, which can greatly decrease the response of a sensor. On the 

surface of the metal oxide, water undergoes dissociative adsorption onto the grain 

surface, resulting in further surface reactions. Heiland and Kohl (162) have proposed 

two mechanisms for the explanation of sensitivity loss due to humidity levels, which 

resulted in the metal oxide forming either one or two hydroxyl groups depending on 

the initial humidity concentration. However, this was based on tin oxide and not 
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molybdenum oxide. Additionally, Morrison, Henrich and Cox have proposed a co-

adsorption mechanism forming a water vapour layer on the grain surface at high 

humidity concentrations. 

 

For the final project application and also more generally, a low response time is 

required. Research into the kinetics of metal oxide sensors show that the electron 

transfer to and from the conductive band >100oC is rapid and is therefore not the 

limiting factor of the sensor response. (163, 164) It was proposed therefore that it is 

the oxygen species adsorption/desorption process that is the limiting factor and so the 

working temperature of the sensor must be increased to overcome these activation 

energies. An optimal temperature must be found to minimise sensor response time 

though not too high to reduce the reliability and durability of the sensor. For MoO3 

this temperature has been found to be 300-400oC, at which the material is stable in the 

orthorhombic alpha phase. 

 

1.5.4 Effects of doping on sensors 
Introducing additives known as dopants have been known to change the properties on 

metal oxide semiconductor films, and therefore has been seen in many applications. 

(165-168) Typically noble metals and other transition metals are used in small 

quantities < 10% atomic w/w to enhance the electronic and chemical properties of the 

film and thus the gas sensing performance of metal oxide gas sensors. 

 

The addition of a dopant incorporates it within the mother lattice of the metal oxide 

either on the surface or within the bulk of the grain. Characterisation is possible using 

a variety of spectroscopic techniques capable of analysing the grain at the atomistic 

level, such as XRD for measuring the stretch and strain of incorporating the different 

atomic diameter dopant into the mother lattice. More fundamentally X-ray 

Photoelectron Spectroscopy (XPS) and Electron Diffraction Spectroscopy (EDS) are 

typically used for quantifying the concentration of dopant present within the grain. 

Recent advances in microscopy allow for the imaging of the lattice and dopant 

distribution using high resolution transmission electron microscopy (HRTEM). 
 

 



 

 

62 

1.6 Summary of Project Aims and Objectives 
 

1.6.1 Chronic Kidney Disease detection 
Central to this project is an unmet need for a new diagnostic technique for early state 

chronic kidney disease, to allow for earlier diagnosis limiting the extend of renal 

damage. In order to meet this need, a diagnostic technique will need to be designed 

which can be used in the community, able to detect the presence of a key biomarker 

elevated in otherwise asymptomatic individuals. This will be able to give an initial 

indication to the individual that stress and damage is occurring within their kidneys, 

that will require subsequent exploration and management through their physician or 

nephrologist. 

 

In order to be most effective viable of healthcare services, the test will need to be 

compact and able to deliver rapid results at point of care. Consequently, the most likely 

potential use of the test is within a community setting or during generic health checks, 

where an individual’s blood pressure, blood glucose and other simple health tests are 

performed in order to ascertain the individual’s general wellness and risk chronic 

illness such as heart disease or stroke.  

 

Sampling expired breath was recommended in early discussions with a key 

nephrologist due to the ability to detect biomarkers using non-invasive techniques. 

Expired breath unlike blood or urine, does not require a needle or toilet, and therefore 

can be deemed truly minimally invasive, ideal for the CKD detection in the 

community. Therefore, key factors within this project will be miniaturisation, 

simplicity, rapid response times and ultra-high sensitivity, in order to deliver results 

to individuals, without the need for complex analytical systems and timely 

interpretation of results by technicians.  

 

Sensitivity is an important aspect of this project, in order to effectively detect early-

stage CKD. Low sensitivity may result in false negatives, leading to undetected 

ongoing damage in the kidneys of individuals who believe they are healthy, only 

detected finally when irreversible damage has been done. 
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1.6.2 AACVD of x-molybdenum oxide gas sensors 
Current fabrication methodology for MoO3 thin films often employs multi-step 

approaches, such as through the use of hydrothermal synthesis which may require 

>24hrs for each synthesis or by using high vacuum CVD. This project initially aims 

to further the understanding of AACVD fabrication methodology for MoO3 thin film 

deposition by controlling the crystal growth and the overall surface morphology. With 

this added understanding, this project will then develop MoO3 thin films into a gas 

sensor device, capable of detecting TMA in the parts per million/ parts per billion 

region, with the potential for CKD detection. 

 

1.6.3 Key project objectives 
To summarise, key project objectives that have been highlighted as critical milestones 

are: 

• Understand the current limitations of CKD detection techniques and where a 

new detection technique fits in the paradigm 

• Explore AACVD methodology for MoO3 thin film deposition 

• Optimise MoO3 thin film sensors through deposition methodology, crystal 

growth control and dopants for ultrahigh gas sensing performance 

• Build and test MoO3 gas sensors in a laboratory environment 

• Test MoO3 gas sensors in a clinical scenario on patient breath samples  
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Chapter 2 – Experimental 
 

 

2.1 Introduction 
 

Within this chapter the AACVD technique used for the deposition of molybdenum 

oxide onto the gas sensor surface is described, as well as the additional techniques 

used to characterise and fabricate the completed sensor. The completed gas sensors 

were tested using a home build test rig capable of accurately controlling the 

temperature of the sensor as well the ability to purge and supply different 

concentrations of test gas. 

 

2.2 Aerosol Assisted Chemical Vapour Deposition (AACVD) 
 

Chemical vapour deposition (CVD) is a widely used method for the fabrication of thin 

films as it has it the ability to produce high quality, uniform films. (123) However, 

many of the sub types of CVD require the sample to be under vacuum and at high 

temperatures, and the film precursor in a gas state. AACVD is a variant of CVD which 

involves the atomisation of a precursor, dissolved into a suitable solvent, into droplets 

propelled by a suitable carrier gas. The fine droplet aerosol mixture is then delivered 

onto a heated substrate (figure 2.1), where subsequent reactions and deposition of the 

precursor take place, forming a solid thin film material. (125)  
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Figure 2.1. A schematic drawing of the AACVD set up with moving aerosol assembly above 

a heated substrate, including the precursor solution, and the deposited film placed onto a 

heated substrate. The optimal distance from the nozzle to sample was found to be 15 cm. 

Adapted from Choy et al. (123) 

 

Compared to conventional CVD, AACVD offers higher deposition rates, with a much 

simpler set up, and most importantly, low temperatures in non-vacuum atmospheric 

conditions. (123) Consequently, AACVD has been used in many applications to 

fabricate thin film metal oxides for low cost, high performance sensors. (104, 105, 

130, 169-171) 

 

There are many suitable methods for the incorporation of AACVD of thin film MoO3, 

previously discussed in Chapter 1. However, within the present work, the method set 

out by R. Pandeeswari et al. (105) have been used. This method entails using an 

aqueous solvent where the MoO3 precursor is dissolved, and AACVD is performed 

onto a preheated substrate. The reaction is a three-stage thermal decomposition with 

an overall reaction mechanism shown in (equation 2.1): 

 

(NH1)2 ∙ Mo3O!1 ∙ 4H!O(56) ⇒ 7MoO$(/) + 6NH$(8) + 7H!O(8) 

(2.1) 

Heated substrate 
Deposited film 

Aerosol 

Precursor 

solution 
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2.3 Characterisation Methods 
 

Within materials science, advanced characterisation underpins the ability to generate 

novel and exciting results. In the present work, the fabrication of crystalline MoO3 

thin films was crucial for the ultrasensitive detection of TMA. Therefore 

characterisation methods will be needed to understand suitable surface morphology 

and nanostructure growth. 

 

2.3.1 Scanning Electron Microscopy and Electron Dispersive X-ray 

spectroscopy 
Scanning electron microscopy (SEM) is a type of electron microscope that produces 

an image by scanning the surface of the image with an electron beam in a raster pattern 

under high vacuum (figure 2.2). The electron beam can be produced by different 

methods, mainly using a hot tungsten filament. The filament is positioned within a 

cathode assembly and the electrons produced from the tungsten filament are 

accelerated and focused using an anode with a large potential difference. A hole in 

this anode allows the electron beam to continue forwards and down the SEM column. 

A series of electromagnetic lenses focus the electron beam into a specific spot in the 

sample in a raster scanning motion to generate an image. The main detector used in 

SEM is a secondary electron detector formed of a scintillator and a photomultiplier 

capable of detecting low energy electrons ejected from the outer shell of the sample 

atoms during a beam electron collision. 
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Figure. 2.2 A schematic representation of the internal sections of an SEM. (172) 

 

Within the present work, SEM (EVO LS15, Zeiss, UK) was applied to the study of 

the morphology of nanomaterials we developed at the nano- and micrometre range. 

 

Energy dispersive X-ray spectroscopy (EDS) was used during the SEM imaging to 

calculate the atomic composition of the sample. During the imaging the electron beam 

may interact with an inner shell electron ejecting it and leaving a vacancy, which is 

then filled with an electron from a higher energy outer shell. The difference in energy 

is then released as an X-ray. The energy and quantity of these X-rays is quantified 

spectrometer as the energy differences between the electrons in each shell are 

characteristic for each element. A silicon drift detector can be used since the rate of 

ionisation of the silicon material can be correlated with the energy generated by each 

electronic transition. 

 

2.3.2 X-ray diffraction (XRD) 
X-ray diffraction (XRD) is a common instrumental technique for the determination of 

crystal structure, and within this project it was used to determine the crystalline phase 

of MoO3. In a crystalline sample, atoms are arranged in a regular array. When an 

incident X-ray beam strikes one of these atoms, the X-ray will interact with the 
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electron cloud and scatter the X-rays. Constructive interferences of the scattered X-

ray waves from the regular spaced atoms causes intensification of the waves at 

particular angles which can be detected, and a diffraction pattern produced. X-rays are 

used for the incident beam as the wavelength size is similar to the distance between 

atoms. Interplanar distance and by extension, crystal structure, can be calculated using 

Bragg’s Law (equation 2.2) where λ is the radiation used, d is the inter-planar spacing, 

θ is the incident or diffracted X-ray and n is an integer.  

 

n	λ	 = 	2	d	sin	θ 

(2.2) 

The instrument is composed of multiple parts; an X-ray source formed of a tungsten 

filament, an electron gun and a target (figure 2.3). Electrons are generated from the 

heated tungsten filament and accelerated towards the anode target, typically copper, 

which has an X-ray wavelength of 1.5406 Å, due to a voltage difference. The X-ray 

detector typically is composed of a scintillator and photomultiplier which converts the 

incoming X-ray photon into a voltage pulse. It is the X-ray source and the detector 

that rotate around the sample as q and 2q respectively and detect scattered X-ray 

photons from the planes of the sample crystal.  

 
Figure. 2.3 Schematic representation of the XRD principle and Bragg’s Law diffraction. 

Taken with permission from Skoog et al. (173) 

 

2.3.3 Fourier-transform infrared spectroscopy 
Fourier-transform infrared spectroscopy (FTIR) was used to analyse the bonds present 

in the MoO3 samples. FTIR is a commonly used analytical technique for characterising 

materials by means of the absorbance and transmittance of a sample. An infrared light 

source along with a Michelson Interferometer produces varying IR wavelengths that 
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are passed through the sample with a series of stationary and movable mirrors. IR light 

is absorbed by the sample and causes molecular bond stretching and vibrations at a 

particular IR frequency that equal to the resonant frequency of the bond. (174) 

 

2.3.4 Thermal analysis 
Thermal gravimetric analysis (TGA) and differential scanning calorimetry (DSC) 

were used to accurately measure and evaluate the temperature required for complete 

thermal decomposition of the precursors to MoO3 during the AACVD method. As 

such, it could be used to optimise the substrate temperature needed for this method. It 

was also used to investigate the crystallisation temperature of the MoO3 in the furnace 

during the heat treatment. TGA is a method of analysing the change in mass of a 

sample over time as the temperature changes. The instrument consists of a sample pan 

on a micro balance positioned within a temperature and atmospheric controlled 

furnace. Inflection points on the plotted data (temperature change vs. percentage 

weight loss) can then be determined to study thermal stability of the sample due to 

evolved gases and thermal decomposition. 

 

DSC similarly is a method for analysing physical transitions and chemical reactions 

of a sample as the temperature changes. The instrument is composed of two heated 

sample positions controlled and monitored by separate thermocouples, one of which 

is used as a reference. The sample is sealed within a pan, placed into position and the 

temperature is then increased at a constant rate. The principle works by monitoring 

the heat required to increase the temperature in the sample pan relative to the 

reference. During physical transitions such as crystallisation - an exothermic process, 

heat flow to the sample may increase relative to the reference; this is unlike for a 

sample melt, which is an endothermic process. 
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2.3.5 Water contact angle 
Contact angle is used to quantify the wettability of a surface, which is related to the 

surface energy, using the Young-Laplace equation seen below (equation 2.3). Within 

this project, precursor solution was measured on the surface of the glass substrate to 

investigate how the spray droplets interact with the surface during deposition. 

 

∆P = γ*
1
R"
+
1
R!
- 

(2.3) 

Where ∆P is the pressure difference across the droplet surface, γ is the surface tension 

coefficient of the liquid used and R" and R! are the radii of the curvature of the liquid 

droplet. The contact angle can change due to the surface roughness or surface energy 

of the solid material. A contact angle below 90o is said to be hydrophilic and larger is 

said to be hydrophobic. 

 

 

2.4 Gas Sensing Performance 
 

The sensitivity of the MoO3 thin film was evaluated by fabricating a gas sensor device. 

Briefly, the device was fabricated by depositing a set of 100 nm Au electrodes by 

sputtering (Q150RS, Quorum, UK) on a glass substrate prior to the AACVD of MoO3. 

A detailed description of this process is provided in Chapter 6. The film thickness was 

controlled with an oscillating quartz film thickness monitor. Sputter shadow masks 

(figure 2.4) were fabricated using a laser cutter (VLS 4.60, 60W CO2 10 μm spot size, 

Universal Laser Systems, US) and 1mm thickness clear acrylic plastic. Upon 

successfully heat treating the deposited films, each end of the electrode was etched 

with a diamond pen before copper wires were attached with silver conductive paint 

and dried overnight before testing.  
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Figure 2.4. A series of laser cut templates used throughout the project a. Parallel electrodes 

Mk.I, b. Interdigitated electrodes, c. Parallel electrodes Mk.II.  

 

The performance of the gas sensors was tested using a home-built gas sensing rig 

(figure 2.5), designed intentionally to be low-cost, and easy to use. In order to 

minimise eddy currents and variations in temperature and gas concentration, a small 

10 mL round bottle flask was used as the gas and sensor chamber. Prior to use, the 

glassware was deactivated with 5% dichlorodimethylsilane to minimise amine 

adsorption to the glass surface. Stainless steel “Gas In” and “Gas Out” 16G needles 

were used in order to flush the set up or to fill with test gas. Heating of the sensor was 

delivered by a microheater plate measuring 11.5 mm x 17.5 mm (equal to the size of 

the sensor), and the heater was a NiCr coil embedded in an alumina ceramic, capable 

of heat delivery across the sensor surface. A heat resistant K-type thermocouple was 

placed onto of the sensor surface away from the electrodes as part of a PID temperature 

control set up. The set up was sealed with a Thermogreen LB-2 gas chromatography 

septum (Supelco Sigma Aldrich), specifically used for their low bleed and high 

temperature resistance characteristics. 
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Figure 2.5. A visual representation of the 10 mL sensor rig set up a. Horizontally (usually 

clamped in a retort stand at the neck of the bulb) and from b. Birds Eye View. c. An in practice 

set up of the sensor rig (sensor removed). 
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Due to the sensitivity of the sensor to temperature variations, it was necessary to 

accurately and continuously measure and maintain a constant sensor temperature 

(figure 5). The voltage of the microheater plate was set to 3V with changing current 

utilised to cause temperature variations. Although a lower voltage would have been 

acceptable, increasing the voltage increased the reheat rate which reduced the signal 

variability observed potentiostat response. In order to maintain a consistent 

temperature, a proportional integral derivative (PID) unit (Omron E5GC 12V, JPN) 

and solid-state relay (SSR) (RS Components, UK) was employed (figure 2.6).  

 

 

 
 

 

 
 

 

 

 

 

 

Figure 2.6. a. A schematic representation of the circuitry used for the microheater. The power 

supply for the PID (not displayed here for simplicity) was 12VDC, and the microheater used 

a 3 VDC supply with variable current. b. An image of the PID unit, the value in white 

represents the current temperature measured by the thermocouple and the value in green 

represents the required temperature. 
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Principally the PID is able to open and close the SSR, and therefore the power to the 

microheater, at a variable rate based on the required and actual temperature measured 

by a thermocouple (figure 2.7). This set up allowed the sensor temperature to be 

measured and adjusted in 0.1 sec intervals using a K-type thermocouple on the surface 

of the sensor therefore offering superior temperature control than just a set voltage and 

current. The PID can be tuned to adapt the heating rate and heat decay of the sensor to 

more accurately control the temperature and avoid overshooting the set temperature. 

By using the same microheater set up and PID tuning profile for each sensor, this helps 

to reduce the effects of temperature variability on different sensor performance. 

 

 
Figure 2.7. A graphical representation of how the PID and SSR work to maintain the sensor 

temperature by switching on and off the microheater by sampling the surface temperature at 

a rate of 0.1 sec. 

 

In order to validate the test gas and breath concentrations, gas chromatography mass 

spectrometry was used. Gas chromatography (GC) is a common chromatographic 

analytical technique used to separate and analyse compounds that can be vapourised 

without decomposition (figure 2.8). Separation is achieved by the different degrees of 

chemical interactions of sample and inner column surface. Therefore, using a column 

of variable length and specification are required for different applications and sample 

make up. Typically, a fused silica capillary column is used ranging from 10-60 m in 

length with an internal diameter of around 0.10 mm. A variety of coatings can be used 

on the inside of the column with varying thicknesses depending on the application and 
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this is known as the “stationary phase”. Within this project, a general purpose non-

polar cross bond dimethyl polysiloxane column was used. The carrier gas used to flow 

the sample through the column is known as the “mobile phase” and is usually an inert 

or unreactive carrier gas such as helium or nitrogen. The column is usually housed 

within a temperature-controlled oven capable of ramping up to over 300 °C at a rate 

of several degrees a minute. Multiple temperature oven programmes are used during 

the GC run to optimise the degree of separation and analysis time.  The sample is 

introduced into the column via syringe, inserted through a septum into a heated 

injector either manually or by autosampler. In modern GC systems a “split/splitless” 

injector is typically employed able to allow all of the vapourised sample to move into 

the column (splitless) or a portion (split). Splitless injection is favoured for trace 

analysis, whereas splitless is favoured for high concentration analytes where there is 

a risk of overloading the column or detector. Various other injection systems are used 

such as thermal desorption and solid phase microextraction (SPME) for trace analysis 

and purge and trap or headspace sampling for measuring dissolved VOCs. 

 

 
Figure 2.8. A schematic representation of a gas chromatography instrument. 
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Solid phase microextraction (SPME) is a technique used in this project to introduce a 

gas sample via the typical split/splitless injector. Fashioned into a typical syringe 

design, the needle or fibre tip can be made of a variety of volatile adsorbent materials 

suitable for different applications. The fibre is inserted into the gas sample and left for 

a set period of time to equilibrate in order for the analyte gas to adsorb to the surface. 

After this period, the fibre is introduced into the GC injector where the analyte gas 

desorbs from the fibre surface in the heated chamber and flows into the column. 

Typically, due to the low concentrations used in trace gas analysis, a splitless injector 

set up is used as to not dilute any of the sample. Fibre materials commonly used 

individually or as combinations are polydimethylsiloxane, divinylbenzene, 

polyacrylate, Carboxen (carbon molecular sieve). SPME is a recent adoption in GC, 

however, the high affinity for target gas and the potential for ultra-low detection limits 

means it is a very useful sample collection method. (113) 

 

Detectors used in GC can vary greatly based on the application and it is not uncommon 

for systems to use multiple detectors. Commonly used detectors include flame ionising 

detector (FID) and thermal conductivity detector (TCD). (175) Detectors produce 

chromatograms (figure 2.9) consisting of various peaks that can be assigned to each 

eluted compound. These peaks can be integrated and quantified against values of 

known compound concentrations in separate chromatograms. FID employs adjacent 

electrodes set near an air/hydrogen flame at the exit of the column. When carbon 

containing compounds are eluted from the column, cations are formed upon pyrolysis 

generating a current between the electrodes resulting in a detector signal. These 

detectors have a low detection limit though are limited by their application.  

 

 
Figure 2.9. An illustrative GC chromatogram plot of time vs. detector count intensity. 
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Thermal conductivity detectors measure the difference between the thermal 

conductivity of the column effluent and a reference flow of carrier gas. Typically, the 

thermal conductivity of an analyte will be lower than the carrier gas used. The detector 

is arranged in a parallel set of cells each with a heated filament. Under normal 

conditions the heat from the filament will flow to the detector body in a stable fashion, 

however when an analyte elutes from the column, the filament will heat up due to the 

reduced thermal conductivity. This produces a change in the filament resistance 

relative to the reference cell thus producing a signal. Since many compounds suitable 

for GC analysis will have a thermal conductivity different to the carrier gas used 

(helium, nitrogen etc.) many compounds can be detected, making TCDs a popular GC 

detector choice.  

 

Both FID and TCD produce an analogue signal and do not generate any qualitative 

information about the structure of the compound. A mass spectrometer (MS) can be 

coupled to a GC system - combinedly known as a GC-MS and is highly suited for 

trace gas analysis as well as forensic substance identification due to the ultra-low limit 

of detection.(176) A MS coupled at the end of the GC column analyses each 

compound of a sample mixture as they elute at different times. Within an MS system 

the compound is first ionised, typically in a GC system via electron ionisation (EI), 

also known as “hard ionisation” due to the high degree of fragmentation. The 

compound eluting for the GC is bombarded by electrons emitted by an electron source, 

typically a tungsten filament which causes the molecule to fragment and ionise in a 

reproducible way. To induce lesser fragmentation, the eluting compound can be 

ionised using a reagent gas such as methane or ammonia, known as chemical 

ionisation (CI) or “soft fragmentation”. In this project ionisation was achieved by EI. 

 

After ionisation, the fragmented ions are accelerated into a mass analyser consisting 

of four parallel quadrupole rods. The mass analyser and detector section of the MS 

system are held at high vacuum and sustained using a turbomolecular pump coupled 

with a rotary vacuum pump. Quadrupole MS systems use oscillating electrical fields 

to selectively stabilise and destabilise ions as they pass through the analyser. The 

quadrupoles act as a mass selective filter by allowing only a certain ion range with a 

certain mass/charge ratio into the detector. By rapidly changing the electrical fields 
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between the quadrupoles, the system is able to scan rapidly through a range of m/z 

values (Scan) or maintain a set m/z value (Selective Ion Monitoring, SIM) (figure 

2.10). Recent advancements allow quadrupole MS systems to operate simultaneously 

in Scan and SIM mode at a rate of 10,000 u/sec. There are various different quadrupole 

arrangements available in MS systems such as a triple quadruple or ion trap system, 

all capable of further increasing the sensitivity or analysing more complex samples. 

The commonly used detector in MS systems is an electron multiplier capable of 

amplifying a weak ion signal by striking a series of Be-Cu plates arranged in series of 

reflected orientation across a potential gradient. (177)  

 

 
 
Figure 2.10. An illustrative scan chromatogram (green) with the corresponding mass spectrum 

fragmentation pattern (red) of a pure sample of trimethylamine. 
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Chapter 3 – AACVD of Molybdenum Oxide Thin Films  
 

 

3.1 Introduction 
 

Molybdenum oxide, an n-type semiconductor, has received increasing interest 

recently for the detection of volatile organic compounds (VOCs) as it offers high 

sensitivity and selectivity towards specific volatile compounds such as small volatile 

amines. (104, 105, 108, 109, 159, 178)  

 

Molybdenum oxide can exhibit multiple crystal phases; metastable hexagonal h-

MoO3, monoclinic β-MoO3 and orthorhombic α-MoO3. However, h-MoO3 can only 

readily be achieved by using hydrothermal synthesis routes (138, 139). Since the 

operational temperatures of MoO3 sensors are above that of the metastable h-MoO3, 

typically α-MoO3 are used for electrochemical sensors. Within the orthorhombic 

structure (figure 3.1), oxygen takes one of three positions around a central 

molybdenum atom. Lamellar crystal growth occurs in the [001] direction forming 

through additional covalent bonding, with the bilayer unit cell stabilised with Van der 

Waals forces. Non-stoichiometric MoO3 (MoO3-x, x<1) behaves in an n-type 

semiconductor fashion due to oxygen vacancies in the MoO3 lattice resulting in 

intrinsic doping behaviour. (154)  

Figure 3.1. A representation of a orthorhombic α-MoO3 crystal structural arrangement of an 

Mo36O108 cluster with the red atoms representing oxygen atoms and purple atoms representing 

molybdenum. (179) 
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A semiconductor is a material that has an electrical conductivity below that of a 

conductor material such as metal and above an insulator (figure 3.2). However, when 

the temperature is increased, the electrical resistivity of the material decreases – 

opposite to pure metals. This is due to the fact that thermal energy can bridge the band 

gap exciting some electrons to the conductive band from the valence bands via 

absorption of phonons. Semiconductors are typically crystalline solids and are used in 

a variety of applications such as photovoltaics, transistors and integrated circuits. 

(180) In photovoltaics, fundamentally photons with energy wider than the band gap 

are used to excite silicon valence band electrons into a higher energy state, thus able 

to jump across the bandgap into the conductive band producing a charge. (181) Metal-

oxide—semiconductor field-effect-transistors (MOSFET) are a fundamental part of 

integrated circuitry and modern computing. MOSFETs use an electric field (gate) to 

control a current through a semiconductor (from source to drain) and can be arranged 

in complementary pairs with a p-type and n-type as the semiconductor used. (182) 

 
 
Figure 3.2. A schematic representation of the varying band gap observed between an insulator, 

semiconductor, and conductor. 

 

When the semiconductor material is pure and undoped, and conductivity is based 

purely on charge carriers generated from bonds within the lattice this is known as an 

intrinsic semiconductor. However, intentional impurities or “dopants” can be added to 

enhance conductivity of the semiconductor material. In doped n-type semiconductors, 
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conductivity is generated through “holes” within the lattice caused by crystal 

impurities, and this is known as an extrinsic semiconductor. If an intrinsic 

semiconductor conductivity is primarily generated from free electrons as the charge 

carrier, this is known as an n-type semiconductor. MoO3 is an example of such an 

intrinsic n-type semiconductor. If the crystal lattice holes are the majority charge 

carriers, then this is known as a p-type semiconductor. Adding dopants from group III 

and IV are typical methods to generate extrinsic semiconductors. (182) 

 

Within the MoO3 metal oxide sensor, for an electrical charge to pass through the film, 

the charge must past through the grain and across the grain barrier of each nanorod. 

(figure 3.3) Initially the chemisorption of oxygen on the grain surface increases the 

space charge region (w) – an area around the particle where the electrons have been 

forced away due to the chemisorption of oxygen which increases band bending and 

the Schottky barrier height (eVs) therefore increasing resistance. However, when the 

oxygen is lost during the reaction with the atmospheric TMA, trapped electrons are 

returned to the conductive band, thus decreasing the resistance. (9) 

 

 

Figure 3.3. A structural and band representation of the expansion of the space charge region 

(w) in air, a) and its subsequent reduction b) in the presence of TMA a reducing gas. It can be 

seen that the at grain boundaries when the space charge region is reduced, the band bending 

at the Schottky barrier (eVs) is reduced, thus decreasing the resistance of the MoO3 thin film. 

Adapted with permission from Wang et al. (2) 

 

a. b. 
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This effect causes a redox surface reaction, resulting in oxidation of the TMA gas; 

oxygen is reduced decreasing the electrical resistance. Density Functional Theory 

(DFT) analysis has previously shown that the [010] crystal face is likely to be exposed 

at the surface along the nanorod length. This would most likely form vacant oxygen 

active sites, in particular the single bonded terminal Mo-O bond, due to the low 

formation energy. (158) Therefore, an initial reaction step is most likely taking place 

via a bond formation between the nitrogen atom in the TMA molecule and the surface 

oxygen (Mo-O) forming an amine oxide intermediate followed by the cleaving of one 

of the methyl groups. This process is followed by a formation of a hydroxyl group 

between additional surface oxygen atom and the scission of a -CH bond. Further 

decomposition is expected using further bond cleaving or inter molecule bond 

formation. However, as data has not yet been collected on the reaction pathway of 

TMA oxidation on a MoO3 surface, only reactions of similar small VOCs can be used 

speculate the reaction pathway of TMA. 

 

Wet synthesis routes for MoO3 sensors with a LOD in the ppb region have been 

achieved in literature. Chu et al. (108) used ammonium molybdate tetrahydrate as 

precursor for the synthesis of α-MoO3 through sonication with the addition of sodium 

dodecyl sulphate (SDS), which is key for nanorod formation, and urea in an acidic 

environment. The molybdenum product was heat treated to achieve the correct α-

MoO3 and nanorods with 1-2 µm in length were grown. An LOD of 10 ppb was 

achieved towards TMA, with selectivity including acetone and ethanol similar to other 

studies previously discussed. Similar sensitivity was achieved by a study from Li et al 

(109) based on the hydrothermal oxidation of molybdenum powder with hydrogen 

peroxide in a Teflon-lined stainless steel autoclave. Although the sensor preparation 

required the sample to be heated for 100 hrs, the methodology was simple and low-

cost, forming ultra-long α-MoO3 nanobelts. Detection was successfully recorded down 

to 25 ppb with high selectivity towards TMA at 325oC. Interestingly, this method did 

not show any peak in sensitivity towards acetone or ethanol during selectivity testing. 

However, there was a measurable response for NH3, though much lower than the 

response recorded for TMA, which showed a peak in sensitivity in a similar 

temperature region. Although this method showed promise as a simple and selective 
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sensor for the detection of TMA, the methodology still requires a multi-step approach 

to first produce an aqueous suspension and then to produce a film-based sensor. 

 

Chemical vapour deposition (CVD) has long been a popular method for the fabrication 

of thin films, as it has it the ability to produce high quality, uniform films. However, 

most of the CVD variants require deposition under vacuum and at high temperatures. 

As previously discussed, aerosol assisted chemical vapour deposition (AACVD), is a 

variant of CVD that involves the atomisation of a precursor dissolved into a suitable 

solvent into fine aerosol droplets. These droplets are propelled by a suitable carrier 

gas, and they are delivered onto a heated substrate (figure 1.5). On this substrate, the 

chemical precursor undergoes decomposition and/or chemical reaction and 

subsequently deposit a solid thin film material. (123, 125) 

 

Compared to conventional CVD, AACVD offers higher deposition rates, with a much 

simpler set up, and most importantly, low temperatures in non-vacuum atmospheric 

conditions. (123) AACVD has been used in many applications to fabricate thin film 

metal oxides for low-cost, high-performance sensors. (104, 105, 130, 169-171) 

 

A study based on spray pyrolysis of the commonly used precursor ammonium 

molybdate tetrahydrate for the synthesis of a-MoO3 nanoparticle based films achieved 

multiple nanostructures with variations of the precursor solution and heat treatments. 

(104) The molybdenum oxide nanospheres achieved high gas responses for TMA at 

300oC with almost negligible responses from other volatiles at equal temperatures and 

concentrations, and the calculated limit of detection for TMA was < 45 ppb. However, 

the employed methodology for this study used a complex multistep ultrasonic droplet-

tube furnace assembly to create the nanoparticles which were subsequently 

resuspended and drop casted onto an alumina substrate. Another study using the same 

precursor and methodology also based on the thermal decomposition of ammonium 

molybdate tetrahydrate to MoO3, was able to achieve an TMA limit of detection 

(LOD) of 0.1 ppm at room temperature with only a slight decrease in sensitivity when 

humidity was increased to 54 %RH. (105) There is concern over the reproducibility 

of this study, as complete thermal decomposition to α-MoO3 nanorods (average length 

420 nm) with no additional post deposition heat treatment was achieved with a 
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substrate temperature of 250oC. Additional literature supported by in situ XRD and 

DSC indicates that this transformation process typically occurs above the deposition 

temperature in the referenced study (106). Elevated temperatures are usually required 

for metal oxide sensors to generate the oxygen species, such as O- and O2-, needed for 

the surface oxidation reactions (107). In addition, a low operational temperature would 

greatly reduce the response time of the sensor due to the reduced formation rate of 

oxygen species. However, the relatively short nanorods reported in this study may be 

the reason for the high sensitivity due to the increased quantity of neck interactions 

and small MoO3 particle size relative to the Debye length. 

 

 

3.2 Precursors 
 

The precursor for AACVD of MoO3 films consisted of ammonium molybdate 

tetrahydrate (98% purity, Sigma Aldrich) (figure 3.4) dissolved in DI water (Millipore 

Direct-Q3, Merck, UK), diluted to 0.01 M. 

 
Figure 3.4. Ammonium molybdate tetrahydrate appears as a white granular powder and 

dissolves well in water and other polar solvents, with molecular weight: of 1235.86 g/mol, 

and CAS number 12054-85-2 
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3.3 Deposition of MoO3 Films 
 

To deposit the MoO3 thin films, a home built AACVD set up was developed as shown 

on section 2.2. Glass substrates were prepared by sonicating pre-cut substrates in 10-

minute cycles of detergent, methanol and finally acetone with DI water. A K-type 

thermocouple was used to ensure that the correct substrate temperature was achieved 

throughout the deposition period. AACVD deposition time was typically 30 minutes, 

made up of 40 repetitions of 5 second spray bursts. Initial depositions were done at a 

lower spray rate in order to “seed” the substrate and aid film adhesion and crystal 

growth. A range of samples were produced, and heat-treated following deposition 

from 280-550oC in an atmospheric furnace for 30 minutes, heating at 5oC min-1. To 

avoid film cracking, samples were left in the furnace to cool. 

 

To evaluate the thermal decomposition of the samples, thermal gravimetric analysis/ 

differential scanning calorimetry (TGA/DSC) (TGA 4000, DSC 4000 Perkin Elmer, 

UK) was used. Precursor solution samples were heated from 25 oC to 445 oC at a rate 

of 10 oC min-1, with a carrier gas of air. Since the film deposition is a temperature 

driven process it can be assumed that TGA/DSC programme is representative of the 

reaction occurring during the instantaneous vaporisation and deposition. The 

decomposition of the ammonium molybdenum hydrate is a three-stage reaction as 

discussed in Chapter 2 equation 2.1. 

 

The TGA shows an initial step and weight loss down to 95% at 100oC due to the 

evaporation of water in the sample (figure 3.5). This is reflected at a similar 

temperature as an endothermic peak in the DSC. At 130oC the first of the 

decomposition intermediates is formed, (NH1)1Mo9O"3, shown as a weight loss down 

to 93% of the initial sample weight. This is reflected as an endothermic peak in the 

DSC thermogram. The second decomposition intermediate (NH1)1Mo:O!2, is formed 

at 205 oC with a weight loss down to 88.6%. Finally, at 315 oC is the formation of         

α-MoO3 with a weight loss down to 81.5% of the initial sample weight, reflected with 

endothermic peak of crystallisation. (183, 184) It is known from literature using in-

situ XRD, that MoO3 may decompose first into the metastable hexagonal orientation, 

however upon further heating, the more thermodynamically stable orthorhombic α-
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MoO3 will form. (185) A TGA and DSC was repeated with a sample scraped from a 

film produced with AACVD at 250 oC prior to heat treatment and the thermograms 

were equivalent.  

Figure 3.5. Thermogram of ammonium molybdate tetrahydrate precursor powder containing 

data from TGA (blue) and DSC (black). The clear steps indicate thermal decomposition of 

intermediates and are indicated with their relevant chemical formula. The step at 100oC on the 

TGA was built into the programme as a pause in heating rate in order to drive off any 

additional free water. 

 

Thermograms and decomposition step results collected were calculated for each 

weight loss and compared and confirmed with literature. (Scheme 1) (106, 183, 184, 

186) Initial experiments showed that increasing the substrate temperature beyond 

250oC, decreases the uniformity of the thin films, which may be a consequence of 

insufficient time for the aerosol droplet to be evaporated and decompose prior to 

deposition onto the surface. An additional method for determining products at each 

reaction step, would be to couple an FTIR to the TGA to measure the presence of 

different functional group as the sample is heated. 
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Step 1: 100% → 93% 
 4[3(NH!)"O ∙ (MoO#)$ ∙ 4H"O] ⟶ 11(NH!)"O ∙ 4(MoO#)$ 	+ 16H"O ↑ +2NH# ↑ +H"O ↑ 
 

Experimental weight loss:  7.0% 

Calculated weight loss:  6.88% 

Intermediate formed:  11(NH!)"O ∙ 4(MoO#)$ 
 

Step 2: 93% → 88.6% 
11(NH!)"O ∙ 4(MoO#)$ 	⟶ 7(NH!)"O ∙ 4(MoO#)$ + 8NH# ↑ +4H"O ↑ 
 

Experimental weight loss:  4.4% 

Calculated weight loss:  4.21% 

Intermediate formed:  7(NH!)"O ∙ 4(MoO#)$ 

 

Step 3: 88.6% → 81.6% 
7(NH!)"O ∙ 4(MoO#)$ ⟶ 28MoO# + 14NH# ↑ +7H"O ↑ 
 

Experimental weight loss:  7.0% 

Calculated weight loss:  7.37% 

Final product formed:  28MoO# 

 

Scheme 1: Calculated weight loss for ammonium molybdate tetrahydrate precursor powder at 

each reaction intermediate. Liberated products at each step are highlighted in red. 

 

FTIR (Spectrum Two, Perkin Elmer, UK) was used to understand the precursor 

reaction completeness and to analyse the presence of key peaks, indicative of MoO3. 

Due to the small amount of material present in a film, and the limitations of the 

instrument, the MoO3 film could not be studied directly. Instead, the precursors, in a 

hydrate form, were first heated and dehydrated at 100oC. The powder samples were 

then either analysed immediately (precursor), heated to 250oC to represent a film 

sample immediately after deposition (preheat), or heat treated at 525oC for 30 mins 

(post-heat) to represent a film sample after heat treatment. Analysis (figure 3.6) was 

consistent with the stretching of the N-H bonds present in the ammonium molybdate 

tetrahydrate precursor at 2990 cm-1 and 1400 cm-1. Peaks present were also consistent 



 

 

88 

with bonds in the sample heated to 250oC, concluding that thermal decomposition of 

the precursor had not been completed. H-O-H bond bending was observed at 3150 cm-

1 in both the precursor sample and the sample heated to 250oC due to the water 

remaining in the samples. The sample heated to 525oC did not show N-H bonding or 

O-H bonding in either of the previously stated regions. However, the peak at 980 cm-

1, indicative of the terminal Mo=O bond is evidence of an orthorhombic MoO3 

structure. In addition, the peak at 862 cm-1 is indicative of stretching of the O-Mo-O 

bridging bond and bending at 565 cm-1. (187, 188) 

Figure 3.6. An FTIR spectrum of the ammonium molybdate tetrahydrate precursor bulk 

powder (orange) and pre-heated (blue) and post-heated (green). 

 

SEM (Evo LS15, Zeiss, UK) was used to characterise AACVD film samples coupled 

with EDS (Xmax20, Oxford Instruments, UK) to confirm the stoichiometry of the 

MoO3 film. Samples were measured before and after heat treatment at 525 oC. EDS 

could also be used to detect any unreacted precursor or impurities on the final films. 

To accompany the structural detail obtained by SEM, Nitrogen porosimetry BET 

analysis (Novatouch, Quantachrome, US) was performed on the MoO3 thin film to 

determine the surface area and pore size distribution.  
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The structural evolution of the thin films deposited at different temperatures was 

observed when viewing the samples using SEM (figure 3.8.a)). The surface of the 

unheated sample imaged after AACVD showed a porous structure, created from the 

droplet vaporisation and layering effect after multiple depositions. In this case, the 

pore size ranged from approximately 2-10 µm.  Samples up to 450 oC showed a similar 

topography with no clear nanostructure formation and similar sized porosity compared 

to the unheated sample.  The SEM images of the samples show nanorod formation at 

525 oC, with an average rod diameter of 0.6 µm and length of 2.7 µm. In further 

experiments, increasing the heat treatment temperature to 550 oC demonstrated growth 

only of existing nanorods. However, no further nanorods were generated, and so the 

optimal heat treatment temperature was concluded to be 525 oC. Nitrogen BET 

analysis has shown that there was a mean pore width of 2.9 nm, and a surface area of 

40.14 m2/g, suggestive of a highly porous and structured network (figure 3.7.b). The 

presence of such a porous network is essential for ultrasensitive detection of TMA. 

 

Further investigations were undertaken to understand the correct heat treatment time 

needed for nanorod formation. It was found that samples heated for less than 30 

minutes did not have sufficient time to form independent nanorods, and samples above 

30 minutes formed nanorods that were much greater in size in the range of 10-50 µm 

with crystallisation visible by eye.  
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Figure 3.7. a) A typical SEM image of MoO3 thin films from “as deposited” to 550oC heat 

treatment temperatures respectively (magnification x5,000). Figure b) shows the DFT pore 

size distribution surface area analysis.  

 

EDS was used to confirm the stoichiometry of the MoO3 film post heat treatment and 

also to confirm the ammonium-based precursor had fully reacted (figure 3.8). The 

atomic composition of the post heat treatment sample was 74.85% oxygen and 24.15% 

molybdenum, which is consistent with MoO3 stoichiometry. 
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Figure 3.8. An EDS plot of the MoO3 film after heat treatment at 525oC showing the 74.85% 

oxygen and 24.15% molybdenum atomic percentages. A peak from carbon is due to the 20 

nm carbon sputter coating of the sample needed for EDS analysis. 

 

X-ray diffraction (XRD) (D8 Advance, Bruker, US) with a Cu target (Kα1 radiation, 

λ = 1.54184 Å) operating at 40 kV and 40 mA, q=0.8o/2q=10-60o, was used to 

determine and compare MoO3 phases in the as-deposited films as well as after post 

treatment at various heat temperatures. From literature and as discussed previously, 

MoO3 has multiple crystal phases, however the orthorhombic α-MoO3 phase will be 

needed for this project due to its high catalytic activity and selectivity towards 

trimethylamine gas. Three further samples were produced from the initial ammonium 

molybdate tetrahydrate precursor bulk powder. The initial powered precursor, the 

heat-treated precursor powder to 250oC, to simulate the film after AACVD, and heat-

treated precursor power to 525cC, to simulate the final MoO3 film.  

 

XRD patterns of all MoO3 sample films were collected and compared against 

reference JCPDS 05-0508 α-MoO3 (figure 3.9). It was found that samples from 280oC 

and above produced the desired α-MoO3 phase. The “as deposited” film (prior to heat 

treatment) had clear crystallinity and peaks consistent with α-MoO3. However, h-

MoO3, a metastable polymorph of MoO3, peaks at 16.7o, 19.45o and 29.3o for (110), 

(200) and (300) planes, respectively were also present. These results suggest that the 

unheated as deposited sample retains both h-MoO3 and α-MoO3, and that further 

heating would fully transform the crystallinity to the thermodynamically stable 

orthorhombic α-MoO3 phase. This observation is consistent with the thermal analysis 

data, where a full decomposition and phase transition did not occur at 250oC.  As the 
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samples are heated, the increase in intensity of the (020), (040) and (060) peaks respect 

to the rest of peaks from other phases of α-MoO3 indicated a higher purity of the crystal 

structure. The sample treated at 525oC with optimal nanostructure formation was found 

to have a crystallite size of 90.99 nm. This crystallite size was estimated using the 

Scherrer equation (equation 3.1) (189): 
 

𝜏 =
𝛫𝜆

𝛽 cos 𝜃 

(3.1) 

Where 𝜏 is the mean size of the crystallite, 𝛫 is a dimensionless shape factor, typically 

0.93, 𝜆 is the X-ray wavelength, 𝛽 is the full width half maximum and 𝜃 is the Bragg 

angle. This indicated that the nanorods are polycrystalline in nature due to the much 

larger grain size observed through SEM. 

 

 
Figure 3.9. A collection of XRD patterns showing the phase transition of MoO3 film samples 

from as deposited by AACVD and heated to 525oC. The JCPDS 05-0508 α-MoO3 

characteristic peaks are in red and show a good agreement with the post heat treatment 

samples. 
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3.4 Conclusions 
 

Within this chapter MoO3 was successfully deposited onto a glass substrate in a 

controlled fashion forming the basis of further optimisation work. The crystallinity of 

MoO3 was successfully modified through temperature and furnace programming. 

 

Our results indicated that a low temperature of 250oC during AACVD, followed by a 

heat treatment of 525oC was sufficient to produce crystalline MoO3 thin films. Initial 

work focused on spray rate and substrate temperature to successfully deposit films 

without cracking or peeling. It was found that 250 oC was the most optimal 

temperature, above this caused too rapid vaporisation of the droplet and therefore 

chalky and uninform films. It was likely at the higher temperature the droplet did not 

go through the four phases of AACVD in described in figure 1.4. 

 

Post deposition, the films did not show the desired nanorod formation required for 

TMA gas sensing, this was likely due to insufficient ion mobility for the Mo and O 

ions to rearrange. Thermal analysis via TGA and DSC demonstrated that complete 

thermal decomposition occurred at 315 oC. 

 

Immediately after deposition at 250 oC, XRD analysis showed the MoO3 film 

contained both a-MoO3 and h-MoO3 crystallinity, however, a further heat treatment 

to 280oC formed a single phase a-MoO3 film. Furthermore upon additional heating 

the intensities of key a-MoO3 XRD peaks such as (020), (040) and (060) increased, 

indicating a more ordered crystalline structure.  

 

Within the film post deposition at 250oC, residual precursor remained, confirmed with 

FTIR data, which suggested the ammonium group were still present. This was also 

supported by thermal analysis data of the precursor solution demonstrating that 

complete thermal decomposition to MoO3 completed at around 315oC. Further work 

using a range of temperatures showed that heat treatment of the sample was needed at 

525oC for 30 mins in order to fully remove the precursor and to produce a satisfactory 

a-MoO3 nanorod based thin film for the evaluation of sensing performance.  
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SEM analysis was used to investigate the surface morphology and to understand the 

surface evolution upon different furnace temperatures. It was unsurprising to find, 

based on the previously discussed characterisation techniques, that upon further 

heating after the 250 oC deposition, nanorod formation was observed. Furthermore, it 

was found that the optimum temperature for generating a nanorod film with the 

maximum number of grain boundaries was 525 oC, beyond this temperature lead to 

only further growth of existing fibres rather than increasing the nanorod and grain 

boundary quantity. 

 

This chapter helps to provide the building blocks for potential further film optimisation 

via doping (discussed in further chapters). The films produced are reproducible and 

robust, with no cracking and the ability to generate consistent film thicknesses. Future 

work could involve the investigation of different substrates such as Al2O2 or SiO2 and 

the potential changes in MoO3 growth structure and gas sensor performance this may 

bring.  
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Chapter 4 - AACVD of Cerium Doped Molybdenum 

Oxide Thin Films  

 

 

4.1 Introduction 
 

MoO3 has demonstrated within this project as well as literature to have sensitivity and 

selectivity towards TMA. Howvever this level of selectivity is only moderate and is a 

consequence of the lower surface activity of the MoO3 nanorods. Although increasing 

the surface area of the material through the fabrication of nanorods using the the 

methods reported in the previous paragraph could enhance this sensitivity, ultrahigh 

TMA sensitivity into the ppb region is required for CKD detection applications. 

Therefore it was thought that through additional steps beyond modifying the 

morphology and surface area of the sensor, additional sensitivity could be gained. 

 

Cerium, similarly to other rare earth metals, has shown to be beneficial as a dopant for 

metal oxide gas sensors due to the increased rate of surface activity and oxygen 

mobility resulting in increased catalytic properties. Gawaldi et al. (190) demonstrated 

through the doping of Ce onto NiO2 nanoparticles, fabricated via a sol-gel method, a 

high degree of sensitivity and selectivity towards NO2 was achieved, compared to 

LPG, NH3, CH3COCH3 and NO2 gases also tested. More relevant to this project, a sol-

gel fabricated Ce-MoO3 sensor was developed by Zhuoqi et al. (110). This approach 

showed a LOD towards trimethylamine gas of 5ppm. However, this methodology 

required multiple steps since the MoO3 had to be synthesised, and then subsequently 

doped with cerium nitrate hydrothermally over 48hrs.  

 

Within literature, the introduction of cerium into the molybdenum oxide lattice has 

been shown to increase its catalytic effects chemically and photochemically (191, 192) 

through the promotion of additional chemisorbed surface oxygen species. Cerium 

oxide can readily move between Ce3+ and Ce4+ oxidative states and therefore can 

reversibly bind with surface adsorbed oxygen. (191).  As described in Chapter 3, these 

surface oxygens are crucial for the sensing of TMA, since the decomposition of this 
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molecule is achieved by the reaction with surface adsorbed oxygen ions. This is known 

readily as the Mars-Van Krevelen redox mechanism of oxidative reactions on catalytic 

surfaces, and is observed in many transition metal oxide catalysts where surface 

adsorbed species are present. (193) It is thought that the through the Mars-Van 

Krevelen redox mechanism, enhanced oxygen mobility is achieved, increasing the 

performance of the gas sensor. 

 

 

4.2 Precursors 
 

The precursor for AACVD of Ce doped MoO3 films consisted of ammonium 

molybdate tetrahydrate (NH4)6 Mo7O24 · 4H2O (99.8% purity, Sigma Aldrich) and 

cerium (III) nitrate hexahydrate Ce(NO3)3 · 6H2O (99.9% purity, Sigma Aldrich) 

(figure 4.1).  Cerium nitrate hexahydrate appears as a white-yellow crystalline power 

and dissolves in water to produce a clear orange solution. It has a molecular weight of 

434.22 g/mol (CAS 10294-41-4). 

 
Figure 4.1. Molecular structure of Cerium nitrate hexahydrate precursor. 

 

The ammonium molybdate tetrahydrate powder was dissolved in DI water (Millipore 

Direct-Q3, Merck, UK) and diluted to 0.01 M, which was shown to be optimal 

concentration for the film deposition using AACVD. The cerium precursor was 

subsequently added, of which a range of solutions were made with varying 

concentrations from 1-10 % w/w. The observed solution was clear with a slight orange 
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colour due to formation of ceric ammonium nitrate in solution. At higher w/w% of Ce, 

the addition of cerium ions can lead to the formation of solid precipitates and non-

homogeneous films. As such, a small concentration of citric acid was required to aid 

dissolution as a chelation agent.  

 

 

4.3 Deposition of Ce-MoO3 Thin Films 
 

The dissolved co-precursor solution was deposited using pneumatic AACVD using a 

fine spray at a distance of 15 cm onto a glass substrate, previously cleaned using 

sonication cycles in detergent, DI water, methanol and acetone. The glass substrate 

was heated to 250°C, a temperature previously shown to generate optimal film 

coverage. A K-type thermocouple was used to ensure that the correct substrate 

temperature was achieved throughout the deposition period. Deposition time was 

typically 30 minutes.  Based on the previous chapter and the optimisation of MoO3 

thin films, a furnace temperature of 525 °C for 30 minutes and a ramp rate of                         

6 °C min-1 was chosen for heat treatment. Preliminary samples not shown here were 

tested at varying furnace temperatures and ramp/dwell times, but it was found that the 

already optimised furnace programme for MoO3 thin films was sufficient for Ce-

MoO3 nanorod formation. This effect was a consequence of the small amount of 

cerium, which did not have an effect on the bulk MoO3 film growth.  

 

TGA and DSC were performed on the precursor solutions to investigate the thermal 

decomposition profile (TGA/DSC) (TGA 4000, DSC 4000 Perkin Elmer, UK) (figure 

4.2). Due to the high level of dilution required for AACVD, a sample of the precursor 

solution used in the deposition process was first dried at 100°C to remove the water, 

leaving the sensing materials to be analysed. The TGA used a single 10oC min-1 ramp 

programme from 25oC to 445oC in atmospheric conditions, with a carrier gas of air at 

20 mL min-1 to represent the compressed air carrier gas and condition used during the 

AACVD reported in this thesis. From the TGA it is clear that there is a three-step 

decomposition similar to pure AHM to MoO3 described on section 3.3. Associated in 

the first instance is a 1.9% weight loss from 81-205 oC, corresponding to the removal 

of ammonia and most of the bound and free water. These results were confirmed with 
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an exothermic DSC peak. From 208- 240 oC, a sharp weight loss of 3.4% was found. 

This weight loss was attributed to the removal of more water and ammonia. Finally, 

the last notable weight loss was from 294-334 oC at 5.8%, with a corresponding 

exothermic peak associated with the intermediate decomposition. A final weight loss 

of 13.4% was determined at 445 oC, which led to the successful formation of 

orthorhombic Ce-MoO3. 

 

Figure 4.2. Differential scanning calorimetry (black) and thermal gravimetric analysis (blue) 

plot of a 2% cerium molybdenum dehydrated solution 

 

It could be noted that, as the dopant level was increased, the film presented an orange 

hue due to the residual precursor remaining in the form of ceric ammonium nitrate 

(figure 4.3). Upon heat treatment, the colour of the film returned to a chalky green. In 

addition, at higher concentrations of the dopant, the final film appeared to be more 

homogeneous and dense. However, the study of their crystallinity by XRD did not 

show observable microstructure. 
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Figure 4.3. Photographs of the completed films pre- and post-heat treatment at a. 475oC and 

b. 525oC for 30 minutes and a ramp rate of 6 °C min-1. The yellow colouration of the films 

was more intense, and the roughness was higher prior to heat treatment. Moreover, 5% dopant 

produced a denser film post heat treatment than the 2% film. During deposition, the substrate 

was held in position with heatproof kapton tape. This tape was peeled off before furnace heat 

treatment, therefore giving rise to a crisp line in the sample which can be used to determine 

the film thickness and for handling the sample. 

 

SEM analysis showed no obvious change in microstructural evolution in comparison 

to pure MoO3 thin film growth at the optimised temperature of 525°C (figure 4.4). An 

alternative heat treatment temperature of 475°C was also tested as well as further lower 

temperatures, to make sure a successful growth of the film. At microscopic scales, the 

unheated sample after deposition and before heat treatment shows the typical “coffee 

ring effect” as the droplet vaporises on impact with the substrate.  

 

On further inspection with SEM, an increased temperature of 525°C relative to 475°C 

allowed for more scattering of the Ce-MoO3 during homogeneous crystallisation 

within the furnace due to the higher mobility of the atoms during nucleation and 

growth (194). The film deposited at 525°C produced a smoother film with a less 

pronounced heterogeneity due to “coffee ring effects”, originally seen on unheated 
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samples. However, the film heat treated at 475°C showed a less developed nanorod 

formation, remaining in circular islands due to the decreased atomic mobility.  

 

At 525°C heat treatment temperature, the size of the particles (length, diameter) was 

inversely proportional to the increase in cerium dopant concentration, a key 

constituent to high sensitivity in metal oxide gas sensors. (155) These results suggest 

that the inclusion of cerium within the molybdenum oxide film initiated an increased 

rate of heterogeneous nucleation from cerium oxide nanoparticles. Therefore, since 

cerium oxide nanoparticles form at a lower temperature, an increase in the quantity of 

nanorods within the film is demonstrated. 
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Figure 4.4. A collection of SEM images of Ce-MoO3 samples at varying concentrations from 

1-5% w/w (10% w/w was not included here as there was no visible change from 5% w/w). 

Collection a) and b) are annealing temperatures 475°C and 525°C respectively (Magnification 

is x1000). 
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The EDS data conducted on the sample showed a small atomic percentage of cerium 

present in the nanorod film, with an increase consistent with the doping concentration 

(table 4.1). The theoretical atomic percentage was calculated based on the 

molybdenum and cerium concentrations present within the precursor. The theoretical 

concentration of cerium present on the films was slightly higher than the one that had 

been calculated analytically using EDS. Limitations of the instrumentation and 

measuring on a thin film were attributed to this effect. For a more accurate quantitative 

analysis, a powder sample could be scrapped off the film and analysed with wave 

dispersive spectroscopy (WDS), a technique similar to EDS that can generate more 

accurate results based on a diffracted X-ray spectrum. 

 
Table 4.1. A summary of the EDS data collected for different dopant concentrations of Ce-

MoO3 thin films along with the calculated theoretical values. 

 

X-Ray diffraction data is a useful tool to analyse the effects of Ce doping on the MoO3 

crystal lattice in terms of stress and strain.(173) It has already been established that a 

heat treatment of 525°C for 30 minutes is the optimum temperature for nanorod 

growth. Grazing incidence XRD with a θ - 2 θ Bragg-Brentano geometry was 

employed with an incidence theta angle of 1o and varying 2 θ detector angles between 

10 - 60o with parallel beam optics. This set up is required when working with thin film 

samples in order to avoid detector interference from the amorphous glass substrate 

beneath. 

 

Collectively, the XRD patterns broadly reflect a pure MoO3 sample (figure 4.5), with 

some additional peaks attributed to Kβ interference peaks from the Cu X-ray source. 

Typically, these peaks can be removed with a nickel filter. However due to the thinness 

Sample  

(Ce Molar %) 

Theoretical EDS dopant  

(atomic %)  

EDS Cerium dopant  

(atomic %)  

0.5% 0.02 0.03 

1% 0.04 0.06 

2% 0.07 0.09 

5% 0.20 0.21 
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of the film, and the use of grazing incidence geometry, this meant peak intensity was 

too low. Therefore, though not shown here, additional XRD analysis was performed 

to confirm that these were Kβ and not peaks attributed to the samples. More 

specifically, when analysing the XRD patterns, a peak shift is observed for the (021) 

indices at 28.28o from the reference peak of 27.31o as the percentage of cerium dopant 

increases. (195) This signals lattice strain suggests that cerium atoms had successfully 

been incorporated into the MoO3 lattice. In addition, the peak has not broadened 

relative to the reference pure sample. Therefore, strain can be said to be uniform in 

nature across the lattice. Strain on the lattice is likely due to the increased atomic size 

of cerium (Figure 4.6) relative to molybdenum. 

Figure 4.5. A collection of post heat treatment XRD patterns of Ce-MoO3 thin film samples 

with varying cerium concentrations from 0-10%w/w, demonstrating the progressive peak shift 

caused by cerium on the MoO3 crystal lattice. 
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Figure 4.6. A ball and stick cluster of Mo36O108 with the corresponding unit cell. The plane 

associated with the lattice strain (021) is shown in green. Atomic radii of the lattice constituent 

elements (molybdenum, cerium, oxygen) are displayed in the table below.  

 

Typically, cerium nitrate hexahydrate thermally decomposes in atmospheric 

conditions to cerium oxide (CeO2). (196) Therefore, to further confirm the successful 

incorporation of cerium into the MoO3 lattice by XRD, JCPDS reference plots were 

compared to the collected data (figure 4.7). An absence of CeO2 peaks in the XRD 

samples of all doped samples was found, suggesting the Ce present in the samples is 

bonded within the MoO3 lattice and does not form part of an oxide mixture. 

 

 

Element Atomic radius (pm, Van der Waals) 

Mo 209 

Ce 249 

O 152 
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Figure 4.7. A comparison of a pure MoO3 thin film sample (black) with a 2% cerium doped 

thin film sample (red), with the corresponding JCPDS references below. Peaks labelled with 

a triangle are attributed to a Ka/b peak from the Cu X-Ray source and do not form part of the 

sample. 

 

FTIR (Spectrum Two, Perkin Elmer, UK) was employed to assess the presence of key 

bonds in the film such as Ce-O and Mo-O. However, a limitation of this technique is 

that it cannot easily help will assessing whether the cerium is doped into the MoO3 

lattice via Ce-O-Mo or whether it forms CeO2 via Ce-O-Ce in a MoO3 CeO2 

polycrystalline mixture.  

 

Precursor sample solutions were first dehydrated at 100oC to yield adequate product 

for powder FTIR analysis with subsequent samples heat treated using the same furnace 

programme (6oC min-1 525oC/30 mins). Analysing the dehydrated sample, it was clear 

that there was a high degree of transmittance from both dehydrated and heat-treated 

samples in the higher wavelengths. (figure 4.8) The broad peak observed in all 

dehydrated samples from 2500 – 3600 cm-1 could be split into multiple peaks 

encompassing the N-H amine bond stretching between 3400-3100 cm-1, present in 
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ammonium molybdate tetrahydrate as well as O-H bond stretching. These bonds were 

present in both the precursor solvent, and bound water in molybdenum and cerium 

precursors. These results suggest that at 100oC, and at the deposition temperature of 

250oC, the precursor still remains present. Peaks at 1662 cm-1 and 1636 cm-1 further 

demonstrated evidence of precursor with N-H amine bond bending and N-O nitro bond 

asymmetric stretching respectively. The sharp peak at 1402 cm-1 is indicative of O-H 

bond bending present in precursor solutions. All previously discussed peaks are absent 

from the post heat treated samples therefore confirming a successful complete 

reaction. 

 

The characteristic peaks for MoO3 peaks are observed within the low energy 

fingerprint region (<1000 cm-1). For post heat treated samples, a strong and sharp peak 

at 988 cm-1 indicates the presence of terminal Mo=O bond stretching (187). It has been 

reported via DFT that the Mo-O-Mo bridging bond is asymmetric and therefore gives 

rise to two different bond lengths which can be characterised as resonance peaks (188). 

This can be observed in the post heat treated samples at 814 cm-1 and 857 cm-1, 

confirming successful transformation into the orthorhombic orientation of MoO3.  A 

slight shift was observed of the peak at 857 cm-1 as the cerium dopant concentration 

increases, from 852 cm-1 to 861 cm-1, suggesting that cerium has replaced one of the 

Mo-O-Mo molybdenum ions changing the bond length and resonance. This is in 

correlation with the XRD results, confirming there is lattice strain on the (021) plane 

containing the Mo-O-Mo bridge. Absorption due to bending of the Mo-O-Mo bridge 

was observed at 576 cm-1, and similarly to the already discussed resonance peaks, 

there is a slight shift from 563 cm-1 to 589 cm-1, suggesting the presence of cerium 

may have changed the bond length of the Mo-O-Mo by replacing Mo to form Ce-O-

Mo in some sites. 

 

When comparing the post heated and dehydrated samples, it is clear that in the low 

energy region the spectrum broadly follows a similar trend demonstrating the presence 

of a Mo-O-Mo bridging bond. However, there is a clear absence of a Mo=O terminal 

bond found on the (010) plane as the unit’s stack. This suggests that, upon dehydration, 

there is insufficient ion mobility to form the characteristic layered structure of 
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orthorhombic a-MoO3. Thus, it has been confirmed in this project and literature (108, 

185, 197) that heat treatment above 350oC is required.  
 

Figure 4.8. An FTIR combined plot of dehydrated samples pre and post heat treatment for 0, 

2 and 5% cerium doped MoO3 samples at full analysis width (a) and fingerprint region (b). 

For simplicity and for ease of comparison 1 and 10% Ce doped samples have been removed, 

where no further change was observed. The included arrows demonstrate the direction of peak 

shift observed for 1 and 2 Mo-O-Mo resonance peaks.  

 

Continuing FTIR analysis, a powder sample scraped from a 2% cerium doped MoO3 

film preheat treatment, deposited with a substrate temperature of 250oC, and another 

powder sample scrapped from the same film post heat treatment at 525oC solidified 
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our previous assumptions (figure 4.9). Characteristic precursor peaks for N-H and O-

H bond stretching are present in the broad peak at 2500 – 3600 cm-1, as well as for N-

O / N-H and O-H bond bending at 1656 cm-1 and 1406 cm-1 respectively, 

demonstrating the requirement of heat treatment both for microstructure evolution as 

well as for successful precursor reaction completion.  

Figure 4.9. A FTIR spectrum of a sample scraped from a 2% CeMoO3 thin film pre and post 

heat treatment at 525oC 
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4.4 Conclusions 
 

Building on previous work, cerium doped molybdenum oxide thin films have 

successfully been fabricated via AACVD. At the deposition temperature of 250 oC, 

XRD data shows there is sufficient ion mobility for crystallisation. However, based 

on previous finding from pure MoO3 film fabrication, this is not sufficient to produce 

single phase a-MoO3 films. 

 

Films “as deposited” appear more orange in colour as the percentage of cerium dopant 

increases, this is most likely due to the residual precursor forming ceric (IV) 

ammonium nitrate. A temperature of 250 oC was insufficient for the precursor to 

completely react, which can be substantiated with FTIR evidence showing the 

presence of N-H and N-O bonds at 250oC arising from the ammonium and nitrate 

groups in ammonium molybdate tetrahydrate and cerium nitrate hexahydrate 

precursors.  

 

Thermal analysis demonstrated that thermal decomposition occurs in multiple steps 

concluding at 407 oC. This involves the rearrangement of oxygen and the progressive 

removal of ammonium precursor and water groups as the temperature rises. There was 

no difference observed for the doped samples and for pure MoO3. However, this may 

have been due to the low concentration of cerium present, or that the small percentage 

present did not heed the direction of decomposition. 

 

XRD data suggests that similarly to pure MoO3 films, there is a degree of crystallinity 

after deposition and prior to heat treatment. However, additional heat is required to 

form thin films of single phase, supported by the TGA/DSC data. The effects of cerium 

dopant are small but significant. As the cerium concentration increases it is clear from 

the progressively shifted peak at 27.31o, that there is some degree of lattice strain on 

the (021) plane. Supporting FTIR data shows a small but pronounced shift of two 

absorbance peaks accounting for the asymmetric Mo-O-Mo bridge within the lattice 

and on the (021) plane. This therefore suggests that due to the difference in atomic 

radii of Mo and Ce, in some sites Ce may have replaced the Mo site on the Mo-O-Mo 

bridge increasing its asymmetry and therefore bond resonance, detected through XRD 
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and FTIR respectively. To further validate this hypothesis, X-ray photoelectron 

spectroscopy (XPS) could be used in further work to better understand the bonds 

present within the doped samples. 

 

SEM was used to evaluate microstructure and the effects of increasing cerium dopant 

concentration on nanorod formation. The previously optimised furnace programme 

used during the development of un-doped MoO3 was found to work well for cerium 

doped samples, most probably due to the small amount of cerium not having a 

significant effect on the crystallisation process of MoO3. It was found that, as the Ce 

dopant concentration increased from 0.5 to 5%, the nanorod size decreased. This 

change was coupled with in an increase in overall number of nanorods, and it was 

hypothesised that cerium nanoparticles may act as a heterogenous nucleation point as 

these form at a lower temperature than MoO3 nanorods. Nevertheless, gas sensor 

sensitivity can be inversely proportional to the number of grain boundaries (2, 198), 

implying therefore that a high number of small nanorods is promising for ultrasensitive 

gas sensors.  
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Chapter 5 - AACVD of Gold Modified Molybdenum 

Oxide Thin Films 
 

 

5.1 Introduction 
 

The use of gold in the semiconductor and electronics industry is not a new 

phenomenon. Gold has a favourable quality of high conductivity whilst remaining 

corrosion and tarnish free. Gold is a rare earth metal occurring naturally or as a metal 

solid solution as a gold silver alloy. The most common industrial use of gold is for 

corrosion free electrical connectors. In fact 10% of the worlds consumption of new 

gold goes straight to industry, with around 267.3MT being consumed annually in the 

manufacturing of mobile phones. (199) Though both silver and copper have higher 

electrical conductivity, gold can remain tarnish free, and alloyed with nickel or cobalt 

can have high wear resistance, suitable for moving contacts. (200) 

 

In practice, common methods of gold deposition onto circuitry are via screen printing 

and lithographic techniques, electroplating, sputter coating and inject printing. Screen 

printing is a format of lithography whereby a gold nanoparticle paste is drawn over a 

mesh mask and deposited onto a substrate below, however typically the substrate will 

have to be heat treated to remove any binder or solvent to increase conductivity. (201) 

Similarly, photolithography uses a mask and a photosensitive coated substrate beneath 

to create a circuit design. Electroplating of gold film is commonly achieved by using 

a bath of potassium gold cyanide KAu(CN)2 generated initially from a gold anode. 

(202) Gold deposition via sputtering is known as a physical vapour deposition (PVD) 

technique, and uses a high vacuum chamber and plasma source to bombard a substrate 

with gold atoms ejected from a high purity gold target. (123) Finally, and most 

recently, inject printing is a method for accurately depositing materials consisting of 

a solute or dispersed solution through a nozzle via piezoelectric action. This can be 

especially useful for electronics and electrodes which otherwise would require the 

more expensive technique of lithography. (203) 
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Adding dopants or functionalising metal oxides is a widely accepted method for 

improving performance specifically in oxygen mediated catalysis. Dopants have the 

ability to change the metal oxide band structure, morphology or more simply 

increasing the surface reaction sites. (204-207)  

 

The benefits associated to the addition of Au can be achieved by nanostructure 

decoration without replacing lattice sites. A study by Farajollahi et al. (196) 

demonstrated that by sputtering a film of gold onto AlZO thin films with subsequent 

heat treatment, resulted in Au nano islands and greatly increased the ethanol sensing 

sensitivity, selectivity and recovery time when compared to AlZO sensor alone. (204) 

It was concluded that the addition of Au decoration enhanced the dehydrogenation of 

ethanol as well as reducing the catalytic temperature. The enhancement of Au 

functionalisation is well spread, and similar benefits are demonstrated on a variety of 

oxygen mediated catalytic metal oxide sensors such as In2O3 (207), SnO2 (208), ZnO 

(209) and many more (207). 

 

Beyond oxygen mediated catalysis, Au nanoparticles can be used to reduce the 

electron-hole pair recombination rate observed in some metal oxides such as TiO2. In 

a study by Machut et al. (167), Au doped TiO2 nanoparticles were fabricated by 

microwave synthesis and shown to increase the photocatalytic performance of dye 

degradation vs. TiO2 alone. This study evidenced that electrons from the photon 

excited TiO2 can transfer to the Au surface nanoparticles increasing the fermi level 

and acting as an electron sink, thus increasing the photocatalytic rate. 

 

Au functionalisation has also demonstrated to be beneficial beyond metal oxide 

sensors due to their unique surface plasmonic effects. Surface enhanced raman 

spectroscopy (SERS) represents an example of these plasmonic effects. This method 

employs Au nanoparticles to effectively amplify the signal due through resonant 

oscillations in certain wavelength light. A study by Chen et al. (210), demonstrated 

the ability to successfully detect gastric cancer patients from healthy persons using a 

SERS sensor incorporating reduced graphene oxide functionalised with Au 

nanoparticles . Beyond this, Au can be used in electrochemically in enzymatic sensors. 

A study  by Choi et al. (211), successfully fabricated a trimethylamine dehydrogenase 
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immobilised Au nanoparticle sensor, able to catalyse trimethylamine in solution as a 

test for fish freshness . The enzyme material was immobilised with a hydrogel polymer 

poly(vinylimidazole-[Os(4,4'-dimethyl-2,2'-bipyridine)2Cl]+/2+) with ethylamine 

(PVI-Os-EA), then immobilised to Au nanoparticles electrodeposited to screen printed 

carbon electrodes. The benefit of incorporating Au in this sensor is that the use of Au 

nanoparticles resulted in approximately a 3 times higher electrochemical response 

than using a sputtered Au electrode alone, critical for trace analysis. 

 

Deposition and incorporation of Au in sensor technology is typically via sputtering or 

chemical reduction of chloroauric acid. Sputtering, as previously discussed, requires 

high vacuum and a magnetron with a gold target attached. This technique along with 

a suitable shadow mask is a common method for producing electrodes such as 

interdigitated fingers for sensors and has been adopted for this project. Chloroauric 

acid can readily be used to produce Au nanoparticles of controlled sizes by varying 

the reducing agent such a sodium borohydride or sodium citrate. (212) The addition 

of a surfactant can help to reduce the aggregation which is a common issue in Au 

nanoparticle synthesis. 

 

 

5.2 Precursors 
 

Based on already developed methodology, ammonium molybdate tetrahydrate (NH4)6 

Mo7O24 · 4H2O (99.8% purity, Sigma Aldrich) was used as the precursor for the MoO3 

thin film. In order to incorporate Au into the MoO3 thin films, chloroauric acid HAuCl4 

· xH2O (99.995% purity, Sigma Aldrich) (figure 5.1). 

 

Figure 5.1. Chloroauric acid appears as an orange odourless powder that sublimes at elevated 

temperatures. It has a molecular weight of 339.79 g/mol (anhydrous) (CAS27988-77-8) 
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Ammonium molybdate tetrahydrate was first dissolved in DI water (Millipore Direct-

Q3, Merck, UK) and diluted to 0.01 M – in accordance with the methodology for pure 

undoped MoO3 films that have been discussed in previous chapters. Upon dissolution, 

the chloroauric acid was added with varying concentrations prepared from 0.5-10% 

w/w. At this point, since no reducing agent was present, there was no need to add 

additional stabilisation surfactants to avoid Au nanoparticle aggregation. This effect 

has been discussed at length by Machut et al (212), who observed a more uniform Au 

nanoparticle distribution across the TiO2 support and favourable Au-TiO2 interface 

with the addition of cyclodextrin in aqueous solutions. Therefore, it was hypothesised 

that Au nanoparticles would begin formation during the deposition phase of AACVD 

and subsequent heat treatment, and the use of a reducing agent to commence Au 

nanoparticle formation prior to deposition would not be required. 

 

 

5.3 Deposition of Au-MoO3 Thin Films 
 

The dissolved co-precursor solution was deposited via pneumatic AACVD at a 

distance of 15 cm onto a prepared glass substrate. The methodology follows that of 

chapter 4 where it is discussed in more detail. It was found that films from solutions 

prepared immediately prior yielded films with the most optimal microstructure, this 

may have been due to degradation of the precursor solutions.  

 

Similarly, to Ce-MoO3 thin films, the heat treatment furnace programme (525 °C for 

30 minutes and a ramp rate of 6 °C min-1) optimised in chapter 3, was found to be best 

suited for nanostructure growth of Au modified MoO3. Furthermore, similar to Ce-

MoO3, this was to be expected due to the small amount of Au present not hindering 

the robust crystallisation process of MoO3. 

 

Thermal analysis was used to evaluate the thermal decomposition of chloroauric acid 

and ammonium molybdate tetrahydrate in an environment that closely simulates the 

environment during AACVD. Thermal Gravimetric Analysis/ Differential Scanning 

Calorimetry (TGA/DSC) (TGA 4000, DSC 4000 Perkin Elmer, UK) were both used. 

Precursor samples were first dried at 100oC to remove the water solvent and 
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concentrate the sample then heated in each instrument from 25oC to 445oC. In the 

DSC, samples were sealed in atmospheric conditions in an aluminium crucible, and in 

the case of TGA, samples were analysed in an alumina crucible with a carrier gas of 

air at 20 mL min-1 to represent the compressed air carrier gas conditions used during 

AACVD. 

 

Similar to both pure MoO3 samples and Ce doped MoO3 samples, the thermal 

decomposition observed from the TGA shows a notable three step decomposition, 

detailed further in previous chapters. The loss of H2O and NH3 was observed at 80.1-

179oC, 188-234oC and 260-323oC with an overall weight loss of 12.86%, 

corresponding exothermic and crystallisation peaks from the DSC plot were also noted 

(figure 5.2a). A series of different concentration of Au-MoO3 precursor were analysed 

on TGA/DSC, though not shown here for simplicity due to having no notable 

differences. The results obtained here align with literature sources for the thermal 

decomposition of ammonium molybdate tetrahydrate (183, 185). Therefore, when 

comparing Au modified MoO3 to Ce doped MoO3 and pure MoO3, the characteristic 

weight loss pattern remains the same for all three (figure 5.2b). This is most likely due 

to the small amount present, or that the change in weight loss attributed to chloroauric 

acid is beyond the capabilities or sensitivity of this instrument  
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Figure 5.2. a. A DSC (black) and TGA (blue) plot of a 2% Au modified MoO3 dehydrated 

precursor sample with respective decomposition products. b. A comparative TGA plot of pure 

MoO3, Ce-MoO3 and Au-MoO3 demonstrating the similarities in the weight loss profiles 

showing the three major temperatures at which H2O and NH3 is lost as a gaseous product 

(detailed further in a). Note the pure MoO3 sample has a greater overall weight loss, this is 

due to the initial furnace ramp pause observed at 100oC to drive off any free water. This could 

not be performed on Ce-MoO3 and Au-MoO3 samples due to unforeseen instrument issues.  
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Scanning Electron Microscopy (SEM) (Evo LS15, Zeiss, UK) analysis was employed 

to investigate the effects of chloroauric acid on doping. Though not shown here, 

preliminary samples were fabricated to check the effects of furnace temperature on 

morphology, however unsurprisingly and similar to Ce doped MoO3 thin films, the 

same furnace programme proved to be most optimal (525 °C for 30 minutes and a ramp 

rate of 6 °C min-1).  

 

Samples prior to heat treatment displayed an amorphous look with undeveloped 

microstructure under SEM, similar to pure MoO3, with the distinctive coffee ring 

effect and no obvious microstructure. Therefore, unlike Ce doped MoO3 films, 

chloroauric acid as a dopant did not aid in producing a more homogenous and dense 

film immediately after AACVD.  

 

Upon inspection, Au modified MoO3 thin films following heat treatment at 525 °C for 

30 minutes successfully crystallised and formed a dense film of randomly orientated 

nanorods (figure 5.3a). Understandably, due to the presence of Au in the film, films 

had to be coated in carbon avoid charging by the electron beam, damaging the sample, 

and resulting in poor imagery. Therefore, it is worth noting that SEM images within 

this chapter are “grainy” due to carbon being an inferior coating technique relative to 

a typical 15-30nm Au sputtered film. 

 

By increasing the amount of chloroauric acid used in synthesis, there is no immediate 

change in morphology of the Au modified MoO3. Nanorods are approximately 2-3µm 

in length and 500 nm in diameter. Further characterisation by Electron BackScatter 

Diffraction (EBSD) would give additional information regarding the orientation of the 

nanorods in-situ, however this is beyond the capabilities of this instrument. Based on 

previous crystallographic literature, it is known that MoO3 nanorods grow covalently 

perpendicular to the laminar face in the (001) direction (213-215), and additional work 

not shown here shows longer furnace periods result in longer nanorods, denoting the 

crystal orientation of the nanorods. 

 

An interesting observation from the SEM is that samples appear to be “decorated” 

with nanoparticles at 2% chloroauric acid dopant level but not for samples with higher 
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dopant concentration. Further analysis by TEM would allow us to confirm this finding. 

Evaluating this with Energy Dispersive Spectroscopy (EDS), shows that these 

nanoparticles appear to be Au and approximately 20 nm in diameter, with repeat 

samples demonstrate similar findings. Furthermore, when looking at samples of 5 and 

10% dopant, nanorods are more typical of smooth nanorods seen in pure MoO3 films. 

However, there are more evident nanoparticle islands or agglomerates, rather than the 

uniform distribution of decorated nanoparticles seen in 2% Au samples.  

a. 

b. 

Figure 5.3. a. A collection of SEM images of 2-10% w/w Au modified MoO3 thin films heat 

treated at 525oC for 30 mins. b. An Au agglomerate island observed on the substrate of a 10% 

Au modified MoO3 sample surrounded by nanorods, each particle is approximately 90 nm in 

diameter (Magnification is x1000) 

2.5x 5x 10x 25x
2%

5%

10%

10 µm 2 µm 1 µm 1 µm

1 µm 



 

 

119 

 

A theory for this may be that Au has “decorated” the nanorods rather than being doped 

or incorporated into the MoO3 crystal lattice at 2%, which may be below the 

concentration required for significant nucleation needed for agglomeration. However, 

at 5 and 10%, sufficient nucleation and seeding has occurred and growth with 

neighbouring Au elements is preferred. This could be explained with the Volmer-

Weber Model of film growth, (216) where deposited atoms have a stronger bond to 

themselves than the substrate or MoO3 nanorod surface. This is most likely due to the 

energy of formation for Au-Au is lower than that of Au-O or Au-Mo. Film growth 

form is determined by the energy of atom-surface interactions (equation 5.1): 

 

∆𝛾 = 	𝛾; − 	𝛾< − 	𝛾= 

(5.1) 

Where 	𝛾; is the substrate surface energy, 	𝛾< is the energy of the adsorbed layer and 

	𝛾= is the surface tension of the interface. (217) 

 

In the case of samples with 5 and 10% dopage, ∆𝛾 is likely to be < 0, increasing the 

surface tension of the interface and favouring the growth of Au islands rather than in 

on the surface or within the MoO3 crystal lattice. 

 

X-Ray Diffraction (X’Pert Pro, PanAnalytical) with a Cu target (Kα1 radiation, λ = 

1.54184 Å) operating at 40 kV and 40 mA, q=1.0o/2q=10-60o was employed to 

understand further if Au had been incorporated into the MoO3 crystal lattice and the 

impact it has on lattice strain, or if the prescence of Au nanoparticles could be observed 

as a separate entity. (figure 5.4) Samples immediately after deposition showed a 

degree of crystalinity for MoO3. However were polycrystalline in nature with peaks 

from the metastable h-MoO3 present. Upon heat treatment at 525oC, samples showed 

characteristic peaks consistent with single phase α-MoO3 film (JCPDS05-0508). 
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For the Au modified samples, there is evidence for two key peaks indicative of 

metallic gold (JCPDS 04-0784). It is difficult to resolve the (111) Au plane for lower 

concentrations due to the closeness of the (131) and (060) reflections corresponding 

to α-MoO3. However, as the concentration increases, specifically 10% Au, there is a 

clear peak at 38.15o, absent in the pure MoO3 sample indicative of the (111) Au plane. 

The (200) Au reflection at 44.35o is present and increases in intensity as the dopant 

concentration increases. There is no obvious peak shift or broadening, clear signs of 

lattice stress or strain. Consequently, this is further evidence, building on the 

SEM/EDS results, that during the AACVD process and subsequent heat treatment, Au 

has not been incorporated or doped into the lattice and instead has modified the MoO3 

nanorods at 2% concentrations. However, increasing the concentration of chloroauric 

acid ³5%, also increases the rate of nucleation and seeding, leading to independent 

agglomerates or islands of Au nanoparticles. 

Figure 5.4. A collection of post heat treatment XRD patterns of Au-MoO3 thin film samples 

with chloroauric acid concentrations ranging from 0-10%. JCPDS references are included for 

orthorhombic α-MoO3 (red) and metallic Au (green). Though these samples used a Ni filter to 

remove a degree of Ka/b interference, peaks at 21.15o and 24.65o are Ka radiation and do not 

form part of the sample. 
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FTIR (Spectrum Two, Perkin Elmer, UK) was used to confirm the presence of key 

bonds associated with MoO3 and to ensure precursor reaction completeness (figure 

5.5). All samples were compressed into a pellet and scanned from 4000-400 cm-1. In 

order to generate a sufficient quantity for analysis, precursor samples were dehydrated 

at 100oC and the remaining powder either analysed immediately or heat treated at 

525oC to represent a typical film heat treatment. 

 

The characteristic spectrum is observed for all samples and is in line with that observed 

for undoped/undecorated MoO3 and Ce-MoO3 samples experimentally within this 

project and literature. (187) Dehydrated samples display a broad peak from 3600-2500 

cm-1 comprised of multiple peaks attributed to N-H and O-H stretching between 3400-

3100 cm-1 present in the precursor and again O-H bond bending can be observed at 

1405 cm-1. Within the lower energy region, post heat treatment samples show 

characteristic peaks for the terminal Mo=O bond stretching at 986 cm-1, as well as at 

854 cm-1 and 814 cm-1 for the Mo-O-Mo bridge resonance, and finally again at 566 

cm-1 and 444 cm-1 for Mo-O-Mo bond bending. 

 

Overall FTIR analysis of the Au modified samples is unremarkable and demonstrates 

no noticeable or absent peaks or bonds. Though not shown here, 1% and 10% Au films 

demonstrate almost identical peaks. When comparing the results obtained here with 

Ce doped MoO3 films, there is no observable difference.  Bond absorption from the 

Au-Cl present in the chloroauric acid may be present but in low concentrations and 

beyond the capabilities of this instrument. 

 

 

 

 

 

 

 

 

 

 



 

 

122 

a. 
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Figure 5.5. a. An FTIR combined plot of dehydrated pre and post heat samples for 2 and 5% 

doped Au MoO3 b. A comparative FTIR plot with 2% samples of Ce, Au and pure MoO3 

samples. 
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5.4 Conclusions 
 

Nobel metals are known to improve metal oxide semiconductor gas sensor 

performance due to the increased catalytic effect they bring. Within this chapter, 

initially an intention was to dope MoO3 thin films with Au, however through 

characterisation, it seems the outcome has produced Au modified MoO3 thin films 

instead.  

 

Thermal analysis, in particular TGA, demonstrated no notable difference to pure 

MoO3 or Ce doped MoO3 thin film samples. From the observed data, the three key 

weight loss temperatures resulting in the gaseous loss of H2O and NH3 concluding at 

410oC with an overall weight loss of 12.86%. The likeness to pure MoO3 and 

negligible effect on the small concentration of dopant on the weight loss profile or 

calorimetry plot was unsurprising. As previously discussed, this is likely due to the 

sensitivity limitations of the TGA/DSC instruments used.  

 

Infrared spectroscopy analysis similarly showed no notable change from pure MoO3 

samples. Samples displayed the presence and subsequent absence of N-H and O-H 

bonds in the samples pre and post heat treatment. Likewise post heat samples showed 

further characteristic peaks for the terminal M=O bond and Mo-O-Mo bridge, all 

characteristic of the orthorhombic stacked MoO3 crystal lattice. Finally, in comparison 

to the peak shift attributed to the doping effects of Ce on the asymptomatic Mo-O-Mo, 

this was not observed for any of the Au modified MoO3 samples. 

 

It was clear that additional characterisation was required to understand the interaction 

between Au and the MoO3 crystal structure. Therefore, SEM was employed to 

qualitatively assess the microstructure in relation to pure MoO3 thin film samples. 

Initially, nanorod growth in Au modified MoO3 samples did not show any different to 

pure MoO3 samples. Additionally, though not shown here, this was reflected in further 

samples of varying heat treatment temperature and their respective pure MoO3 

comparator.  
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Upon further investigation, it was clear that there were variations in the surface 

morphology of the MoO3 nanorods with varying chloroauric acid concentration. At 

2% dopant, there was a clear decoration of »20 nm diameter nanoparticles confirmed 

with EDS to be Au. Surprisingly, at higher concentrations of 5 and 10%, nanorods 

appeared to be smooth and more typical of pure MoO3 films. A theory discussed 

within this chapter is that for samples of 2% Au, there is insufficient seeding and 

nucleation due to the low concentration, resulting in a uniform distribution of Au 

nanoparticle decoration based on the high degree of dispersion within the precursor 

solution and subsequent AACVD process. However, via the Volmer-Weber Model, at 

concentrations of 5 and 10%, during heat treament and crystallisaiton when ions have 

the highest mobility, there is sufficient concentration and nucleation in order for Au 

ions to coalence, leading to independant Au nanoparticles. This is likely due to the 

favourable bond formation energy of Au-Au vs. Au-Mo or Au-O. However, this is 

only a hypothesis, and would require further work to substanciate this idea. For 

example, more samples of different chloroauric acid concentrations could help to 

understand if there is a threshold for the change from Au decoration to independent 

Au nanoparticles, and if the transition is between 2 and 5%. 

 

XRD was used to confirm crystal phase and the effects that Au modification had on 

the lattice. Based on the previously discussed observation of Au decorated 

nanoparticles in low dopant concentration and independent nanoparticles in higher 

concentrations, it is expected that there will be evidence of crystalline Au in the 

samples. When looking comparatively at the XRD plots, as concentration of 

chloroauric acid increases there is a clear increase in intensity of the (111) and (200) 

reflection for metallic Au at 38.15o and 44.35o respectively. Therefore, coupled with 

no observable peak shift or broadening, it can be assumed that there was no or 

negligible incorporation of Au in MoO3 lattice. 

 

Based on the characterisation techniques used, it was found that Au did not 

successfully dope the MoO3 crystal lattice and instead modified the nanorods at 2% 

concentrations. Based on the benefits of noble metals on metal oxide catalytic surface 

reactions, we found that 2% Au MoO3 performs best in gas sensor performance 

compared to 5 and 10% Au MoO3. 
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Chapter 6 – Gas Sensing Performance of x-Molybdenum 

Oxide Thin Film Sensors 
 

 

6.1 Introduction 
 

Metal oxide semiconductor gas sensors are widely used commercially due to their 

low-cost design and reliable function. There are many other popular techniques for 

gas detection, such as infrared absorption, thermal conductivity, and mass 

spectrometry. However, all these methods have their respective draw backs with real 

life applications (table 6.1).  

 

Infrared absorption measures the absorption of chemical bonds present in the test gas 

at different wavelengths within the infrared range (typically between 1 µm and 1 mm). 

This absorption is dependent of the functional groups present in the molecule. As such, 

this effect can be exploited as each compound will display a unique signal, making 

this both a highly selective and sensitive technique. Therefore due to its sensitivity, IR 

spectroscopy is used by the police as an evidentiary breath analysis for alcohol 

intoxication. (218) Furthermore manipulating the chamber and IR beam between two 

high reflectance (>99.99%) and low loss mirrors, a technique such as Cavity Ring-

Down Spectroscopy (CRDS) allows for an exceptionally long beam path through the 

sample in the order of kilometres. (219) Therefore, this method has the ability to 

measure gas into the part per trillion (ppt) level. However, the limitation for potential 

miniaturisation and signal interference, especially from CO2 in breath, is a drawback 

for this technique.  

 

Thermal conductivity is a method for gas detection that has also been applied as a 

detector option for gas chromatography (discussed in Chapter 2), whereby the thermal 

conductivity of a heated coil in a heat sink test cell will vary based on the properties 

of the gas versus a reference. (175, 220) Though easily miniaturised due to its 

simplicity, the sensitivity and selectivity of these types of sensors is poor due to the 

similarities in gas thermal conductivity as well as the inability to distinguish between 
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gases in a mixture. Similar in performance and principle, catalytic combustion sensors, 

also known as pellistors, operate on a principle that specific gases will combust on a 

heated coated platinum wire, causing a rise in temperature and as a consequence, a  

rise in resistance, typically connected in a Wheatstone bridge circuit. (221) Selectivity 

can be achieved by using different catalytic coated wires specific for certain gas types, 

such as volcanic rock which contains multiple metal oxides and a high surface area. 

However, these sensors suffer signal drift and sensor poisoning from combustion 

product coating the catalyst. (175) Furthermore, in order to combust, oxygen must be 

present, which limits their application in practice.  

 

Finally, mass spectrometry (MS), the gold standard for gas detection has sensitivity 

similar to CRDS, with unparalleled selectivity – previously discussed in chapter 2. MS 

coupled to gas chromatography is a very effective method for separating and detecting 

gas samples using their relative mass to charge ratio. However, MS instruments are 

not easily miniaturised requiring a high vacuum system and mass analyser, though 

there has been proof of concept instruments developed (222, 223).   

 
Table 6.1. A comparative table of popular gas sensing techniques. Adapted with permission 

from Korotcenkov (148) 

 (E: Excellent; G: Good; P: Poor; B: Bad) 

Type of gas sensor 

Parameter Semiconductor Catalytic 

combustion 

Electro-

chemical 

Thermal 

conduction 

Infrared 

absorption 

Mass 

spectrometry 

Sensitivity E G G B E E 

Accuracy G G G G E E 

Selectivity P B G B E E 

Response 

time 

E G P G P E 

Stability G G B G G E 

Durability G G P G E E 

Maintenance E E G G P P 

Cost E E G G P B 

Suitability to 

portable 

instruments 

E G P G B B 
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Metal oxide semiconductor gas sensors have the capacity to be low cost, sufficiently 

sensitive and selective, whilst also having the ability to be easily miniaturised 

(discussed in Chapter 7). 

  

Metal oxides exhibit a host of electro-physical properties such as the wide band gap 

insulative properties of Al2O3 (alumina) to the superconducting perovskite Sr3−xSnO. 

(224) Furthermore, there is a notable difference between the properties of a transition 

and non-transition metal oxide due to the influence of d-orbital in the generation of 

lattice oxygen defects.(148) 

 

 

6.2 Trimethylamine 
 

Trimethylamine (TMA) is a highly volatile small tertiary amine produced in patients 

with chronic kidney disease (CKD) (discussed earlier in Chapter 1). TMA has a 

distinctive “fishy” odour, and can be detected by the human nose down to 0.21 ppb 

(92), therefore in theory one has the means to detect CKD without a sensor. However, 

in practice, this would not be an objective measure and could not be used for the 

diagnosis of CKD. TMA is readily released from decomposing fish products, therefore 

current sensing technologies applied to the detection of this molecule focuses its 

efforts on sensors to detect “fish freshness”. (97, 98, 225, 226) 

 

 

6.3 Molybdenum Oxide Sensors 
 

Molybdenum oxide (MoO3) is a transition metal oxide which can change between 

different oxidation states. Within this project and more widely in literature, the most 

sensitive MoO3 gas sensors employ orthorhombic a-MoO3 in its most 

thermodynamically stable form. (105, 191, 227-229) Typical fabrication methods, as 

discussed in previous chapters, involve chemical vapour deposition (CVD) (employed 
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within this project) (105), physical vapour deposition (PVD) via sputtering or thermal 

evaporation (230), or hydrothermal synthesis. (228) 

 

6.3.1 Sensor device preparation and optimisation 
After the development and optimisation of the respective MoO3 films discussed 

throughout this and previous chapters, the subsequent fabrication into a usable sensor 

follows similar methodology. Therefore, the electrode design, substrate preparation 

and sensor rig preparation can be deemed as invariable constant throughout the 

project.  

 

Glass substrates were chosen for the sensor films due to their dielectric properties, 

mechanical strength, and ease of use. The substrates were prepared using a multistep 

cleaning method using repeat washings of detergent, methanol, water, and acetone. 

This washing was essential as it was found on early experiments that dirty or scratched 

substrates would cause a high degree of nucleation, leading to poor film quality and 

nanorods up to 100µm. 

 

To aid cleaning of the substrate and to investigate its effects on film growth Ar and O2 

plasma surface treatment was independently used in the initial steps of substrate 

preparation. Plasma treatment has the ability via ion bombardment, to remove 

contaminants from the substrate surface with Ar or O2 ion species via physical and 

chemical etching respectively. In addition, though both will improve the wettability 

of the glass substrate surface, a useful factor for AACVD, O2 plasma will increase the 

concentration of siloxyl group present on the surface, aiding adhesion. It is though that 

adhesion may occur through the Si-O-Mo bond, and therefore increasing the rate of 

bonding would increase level of adhesion. Furthermore, through this method there is 

a degree of lattice distortion at the substrate : crystal thin film interface, followed by 

more regular lattice conformity as the film grows. In the end, the use of neither Ar or 

O2 plasma surface pre-treatment did not have an effect on MoO3 film growth or 

adhesion (figure 6.1). However, due to the increased wetting of the surface during 

AACVD deposition, a denser film with less coffee ring effect was observed prior to 

heat treatment, likely due to the increased ability for the droplet to spread before 

vaporisation. 
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Figure 6.1. A collection of SEM images of pure MoO3 plasma treated for 120 seconds in either 

100% argon or oxygen, and subsequently heat treated at 525oC for 30 minutes. 

 

Electrodes for metal oxide gas sensors typically employ an interdigitated finger design 

or parallel design reminiscent of a transistor source and drain. Gold or platinum are 

used due to their electrical conductivity, avoidance of oxidation at temperature and 

general chemical inertness. Deposition can be via multiple routes such as 

photolithography, screen printing or PVD. Within this project, Au PVD sputter 

coating was employed for the deposition of thin gold films. For the patterning of the 

electrodes, we employed laser-cut methacrylate shadow masks. In a typical fabrication 

process the electrodes are deposited first onto the glass substrates. The sensing film is 

grown on top. The film growth mechanisms of Mo on top of Au may be different due 

to the low surface energy. This growth mechanism was investigated throughout the 

project. Initially it was found that MoO3 nanorods do not grow well on Au coated glass 

substrates. Furthermore, film adhesion was low, and most of the material was lost 

during the heat treatment (figure 6.2).  

 

Figure 6.2. A set of SEM images of a AACVD MoO3 film coated on one side with 100 nm 

Au sputter coated thin film prior to deposition. The different in microstructure evolution 

during heat treatment at 525oC demonstrates the influence of substrate and reduced surface 

energy of nanorod growth. 

 

Au 100 nm Uncoated

MoO3 
(5,000x)

1 µm

No Plasma Ar Plasma O2 Plasma

MoO3 
(10,000x)

1 µm
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A possible reason for the lack of adhesion is the absence of hydroxyl groups, able to 

act as an initial seeding anchor for the film via the Si-O-Mo bond. The lack of growth 

could be a consequence of the limited nucleation sites for MoO3 on the amorphous 

sputter coated Au film. Furthermore, contact angle measurements of ammonium 

molybdate tetrahydrate precursor solution demonstrate the high degree of 

hydrophobicity of a 100 nm Au coated surface (109.82o±0.55) (figure 6.3). Therefore, 

since AACVD is an active process, inertia of the incoming droplet may favour the 

clean glass substrate.  

 

Figure 6.3. Contact angle measurements of 0.01M ammonium molybdate tetrahydrate on a. 

100 nm Au sputter coated glass substrate and b. A clean uncoated glass substrate. 

 

From initial characterisation by SEM of MoO3 thin film sensors post deposition and 

heat treatment, it was observed that there was a “margin” formation between the Au 

deposited electrode and the MoO3 thin film. Prior to heat treatment, though “as 

deposited” MoO3 films typically did not adhere to Au surfaces, due to the thinness of 

the electrode fingers, sufficient adhesion was achieved. However, during heat 

treatment, when there was sufficient ion mobility, the MoO3 migrated away from the 

electrode boundary. This effect was attributed to a diffusion of Au ions from the initial 

sputter boundaries that led to a decreased surface energy of the substrate. This effect 

reduced the presence of hydroxyl groups needed for MoO3 adhesion. SEM and an EDS 

line scan were employed to evaluate the concentration of Au, Mo, and O atoms across 

electrode margin.  
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Using SEM and EDS LineScan across the electrode interface, we observed a gradual 

decline of sputtered Au material on each side over ≈ 40µm (figure 6.4). This effect 

was a consequence of a vaporisation and liquification of the edge of the shadow mask 

during laser cutting, reforming into a rounded edge rather than a strict 90o edge. This 

resulted in a gradual electrode boundary. 

 

Figure 6.4. a. An SEM/EDS LineScan (yellow) of the Au electrode MoO3 film interface 

demonstrating the varying concentration of Mo (green), O (red) and Au (pink) – note the 

variation of Mo and O due to the film pores and presence of O in the SiO2 borosilicate glass 

substrate. b. A full scale SEM image of analysed sample demonstrating the margin formation 

and distinction between Au and MoO3 materials. c. A schematic representation of the sputter 

PVD Au electrode deposition with the rounded edge formation of the acrylic shadow mask 

compared to an “ideal” material, typically metal foil or silicon wafer, capable of producing 

strict 90o edges thus producing electrodes with distinct boundaries. 

                                                 3/19/2018 09Feb2018 
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Coupled with increased ion mobility of Au atoms during heat treatment to diffuse 

away from their initial sputter deposited sites, as well as the limitations on achieving 

a distinction Au electrode boundary, this may be a suitable explanation for the margin 

formation. Furthermore, in subsequent discussions, it was found that this was not a 

limiting factor to achieve sensitivity in the ppb region needed for detection of TMA 

for CKD. Therefore, in the interests of time, this phenomenon was not explored 

further, but marked for potential future work. 

 

As previously discussed, sensors were prepared by first cleaning pre-cut borosilicate 

glass substrates with a multistep detergent and solvent ultrasonic cleaning cycle and 

left to dry for 2 hours at 80oC. Using PVD sputter coating (Q150RS, Quorum, UK), a 

set of 100 nm Au electrodes was subsequently deposited, ready for AACVD 

deposition. A 0.01M ammonium molybdate tetrahydrate solution was used a precursor 

for MoO3 thin films. Initial investigations were conducted to optimise the 

concentration of precursor, and it was found that precursor concentrations above 

0.01M produced a chalky film with limited adhesion, and concentrations below this 

value produced films of the same quality but required significantly longer deposition 

times. AACVD was used in combination with a hotplate set to 250oC, with sensors 

held in place using Kapton heat proof tape, which was also used to cover the electrode 

contact points. Upon completion of the deposition process, samples were heat treated 

at the optimised temperature of 525 oC for 30 minutes and ramp time of 6 oC min -1 

before being left in the furnace to cool. Initial experiments investigated both 

interdigitated and parallel electrode designs, (figure 6.5) to understand if there are 

benefits for either configuration, in terms of sensitivity, signal to noise and response 

time. 
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Figure 6.5. a. A graphical representation of the multiple layers involved in the production of 

a MoO3 gas sensor. The glass substrate (grey), sputter coated Au electrodes (yellow) and the 

AACVD deposited MoO3 thin film (green) are shown. b. Two completed parallel and 

interdigitated electrode sensors post heat treatment measuring 17.5 x 10 x 1 mm (L x W x D). 

 

Copper wire was chosen as the electrode lead wire connecting the Au electrodes to the 

potentiostat, due to its low cost and high electrical conductivity. Electrode contacts on 

either end of the sensor were first scored to aid adhesion, and the copper wire attached 

with silver conducting paint before being left to dry overnight to remove all paint 

solvent. Upon readiness for testing, the sensors were inserted into the test rig -

previously discussed in Chapter 2, and the microheater switched on. During the 

equilibration stage, N2 was continuously purged through the rig to remove any residual 

solvent or contaminants that may poison the sensor. After 15 minutes, the purge gas 

was changed to air, and the sensor was left to equilibrate until the resistance baseline 

drift had stabilised. Various voltage potentials were investigated through 

experimentation, and it was found that 1 V produced an adequate response based on 

signal to noise and sensor resistance change. 

 

a. 

b. 

1 cm
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6.3.2 Sensor rig and test gas set up 
When samples were first used, it was found that there was a period of equilibration as 

the resistance baseline stabilised, typically around 20 minutes. Pulses of compressed 

air and conditioning of the sensor with TMA gas helped to speed up this process and 

would be used on an ad hoc basis as the resistance baseline was monitored. On a 

typical injection experiment, TMA gas would be introduced via the inlet port 

connected to a luer lock tube. The internal volume of the sensor chamber was 10 mL, 

and a significantly larger volume of TMA gas was injected into the chamber in order 

to flush through the previous concentration gas as well as any products.  

 

A characteristic peak can be observed at the point of injection as the sensor is cooled 

by the gas flow before restabilising (figure 6.6). Initial experiments attempted to 

introduce the gas more slowly to avoid a temperature spike in the potentiostat 

response, however this did not tackle the challenge and, instead, it reduced the 

response time as the concentration change was more gradual. Although we 

hypothesised that increasing the sensor chamber size could mitigate this effect, it was 

thought that eddy currents may affect the concentration of TMA at the immediate 

sensor surface.  

Figure 6.6. A typical MoO3 sensor potentiostat plot of the varying resistance and spike shapes 

observed with different concentration of TMA gas with a working temperature of 325 oC. 
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Typically, when characterising the performance of gas sensors, mass flow controllers 

and compressed test gas would be used to produce a continual flow of a desired 

concentration of test gas which could be quickly changed to evaluate the sensor 

response and recover time. (207, 231-233) However, this methodology would not be 

representative of the application, whereby a patient will breathe through the 

instrument and the measurement recorded. Therefore, within this project, since this 

would not be required for the final application, as well as limitations of the sensor rig, 

recovery data was not collected. As previously discussed, the use of series dilutions 

meant the injections were back-to-back with gradual subsequent dilution and 

sufficient flushings between. Due to the importance of the sensor being sensitive to 

TMA in the ppb region, the baseline resistance was measured at the end, closest to the 

region of TMA concentrations typically present in CKD. Furthermore, the baseline 

injection was achieved by using a triple flushed injection from the same gas syringe, 

rather than from the compressed air line used to purge the sensor during equilibration. 

This resulted in a higher resistance but was more representative of a true baseline, 

factoring in any contaminants present in the syringe, tubing or inlet when the various 

TMA concentrations were injected.  
 

6.3.3 Sensor operational temperature optimisation 
Initial experiments focused on optimisation of the sensor working temperature. Six 

sensors with parallel electrode design were prepared in unison. This setup was used to 

avoid sensor variability. By using one sensor for all the working temperatures, we 

tested risked degradation or poisoning. Therefore, the use of multiple sensors was 

deemed more appropriate. Each sensor had a corresponding working temperature in 

the range of 150 – 400 oC and were all tested over a series of concentrations from 100-

0.01 ppm. In previous preliminarily experiment, it was found that there was no 

significant change between sensor response when triplicate injections for each 

concentration were used. This required more TMA gas sample to be prepared and 

introduced more error. Therefore, it was though that single measurements would be 

sufficient at each concentration allowing for series dilution at each stage. However, 

the use of series dilution introduced the potential for propagation of error as the 
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dilutions were achieved, therefore GC-MS was used to confirm and calculate the 

concentration of TMA present in the initial 100 ppm gas sample. 
 

It was found that a working temperature below 200 oC was insufficient to produce an 

adequate response due to the low current and therefore is not included here. This is 

due to the semiconducting nature of MoO3, whereby an increase in temperature results 

in an increase in electrical conductivity due to the higher mobility of electrons within 

the conductive band. It was found that the MoO3 sensor response from 100-0.01ppm 

demonstrated a peak sensitivity between 300 - 350 oC (figure 6.7), calculated by using 

equation 6.1: (234) 

 

𝑅𝑒𝑠𝑝𝑜𝑛𝑠𝑒 =
𝑅> − 𝑅?
𝑅?

× 100 

(6.1) 

Where 𝑅! and 𝑅" is the sensor resistance in air and gas (TMA) respectively.  

 

As the series dilution technique produces an exponential curve in sensor response, it 

was appropriate to use a logarithmic concentration x-axis to compare the data sets 

more accurately. When evaluating the response time for each sensor using the 100 

ppm injection, it was found that this correlated well with sensitivity, with peak 

response time at 113.83 s at 300 oC. However, the injection peak caused by a drop in 

internal chamber temperate, reducing the sensor surface temperature and therefore 

catalytic activity, means the sensor response time is likely to be faster. The setup used 

here represents how the sensor would be used in practice as a breathalyser, whereby a 

breath sample would be introduced into a static gas chamber and then measured, rather 

than an inline gas flow.  Comparing the performance and response kinetics achieved 

within this project with literature, it was found that in the case of Cho et al. (104), the 

peak sensitivity was achieved similarly at 300 oC, and though the limit of detection 

was also in the order of ppb, the response time for the sensors in our project were 

approximately 10x lower. However, this study used a complex tube furnace set up to 

produce MoO3 particles which were subsequently heat treated, washed, and drop 

casted onto Au electrode prepared alumina substrates. This produced a thinner film 

with the potential for more grain boundaries needed for metal oxide gas sensors. 

Within our project, AACVD was used to deposit MoO3 directly onto the sensor 
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surface, with in situ crystal growth and no further processing required other than a 

simple heat treatment. Chu et al. (108) demonstrated peak sensitivity at 300 oC based 

on a hydrothermally synthesised MoO3 film sensor, however response times are in the 

region of 10-20 seconds. Finally Pandeeswari et al. (105) demonstrated a room 

temperature operated MoO3 TMA sensor with response times <30 seconds. However, 

these results are disputed, as the sensor required no heat treatment to achieve ⍺-MoO3. 

Furthermore, reaction kinetics for surface oxidation reactions will be exceptionally 

low at room temperature. 

 

It is therefore evident, based on the responses across different temperatures as well as 

the response time, that the most optimal temperature for maximum sensor response is 

between 275 and 350 °C. A peak in response was observed ranging between 300 and 

350 °C, reflective of typical metal oxide gas sensors. (2) A trend in response time 

across different working temperatures was less clear, however this could be due to 

inter sensor variability, or temperature variations. Therefore, 100 ppm has been 

included here to demonstrate the ideal response rate reflecting typical oxidative 

catalysis kinetics where O- is the dominant surface species. (2, 235)  

 

Factoring in both the peak response temperature as well as the peak response rate 

temperature, 325 °C is the optimal temperature to use, and is used consistently within 

this work. Although a higher temperature around 350 °C may produce higher 

responses at lower concentrations, the response rate may be marginally slower. There 

is an aim to develop a low-cost biosensor, therefore a lower working temperature 

brings benefits for power consumption as well as safety. 
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a. 

b. 

Figure 6.7. a. A collection of MoO3 sensor responses at working temperatures from 200 - 

400oC tested with TMA concentrations from 0.01-100 ppm (logarithmic -2 to 2). b. A plot 

comparing sensitivity (blue) (Response/[log]Concentration) over a series of different working 

temperatures and an illustrative respective response time (red) for 100 ppm at each working 

temperature, demonstrating an area of peak sensor performance. 
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As previously demonstrated, sensor response increases with an increase in TMA 

concentration, due to the greater degree of catalytic oxidative activity at the sensor 

surface removing chemisorbed oxygen on the MoO3 surface, releasing electrons back 

into the conductive band thus reducing the resistance between electrodes. Typically, 

gas adsorption on metal oxide semiconductor surface can be represented theoretically 

as equation 6.2. (159, 232, 236) 

 

𝑆 = 𝑎[𝐶]@ + 1 

(6.2) 

Where 𝑎 is a constant, 𝑏 is a charge parameter having an ideal value of either 0.5 or 1 

corresponding to an adsorbed surface species of O2- or O- respectively, 𝑆 is the gas 

response and C is the concentration of TMA test gas. Therefore, at a static working 

temperature equation 6.2 can be rearranged as equation 6.3 resulting in an ideal linear 

relationship. 

 

log 	(𝑆 − 1) = 𝑏 log 	(𝐶) + log 𝑎 

(6.3) 

Therefore, logarithmic plots of static temperatures across multiple concentrations 

demonstrations a good agreement to York fitted linear regression (figure 6.8), with r2 

>0.9 for all sensors. York regression analysis was chosen due to the potential error in 

both variables (sensor response and prepared TMA concentration). 
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 200 °C 250 °C 300 °C 350 °C 400°C 

r2 0.9298 0.9755 0.9639 0.9663 0.9848 

 
Figure 6.8. A log(S−1) = log(C) plot for multiple MoO3 sensors demonstrating the linear 

relationship at temperatures between 200 - 400°C with corresponding r2 correlation 

coefficient. 

 

6.3.4 Optimisation of sensor electrode design 
In unison, the parallel and interdigitated electrodes were evaluated to determine the 

most optimal design for sensor performance. As previously discussed, there is a 

variety of electrode designs typically used in metal oxide gas sensors, fabricated using 

a variety of methods such as screen printing or lithography. (237) Interdigitated 

electrodes offer more contact between each electrode and the MoO3 surface, as well 

as increasing the surface area of MoO3 able to carry charge between the electrodes. 

Therefore, it was hypothesised that this would yield optimal sensor performance over 

parallel electrode. However, the margin effect of MoO3 film growth during heat 

treatment (previously discussed in this chapter), more evident in interdigitated 

electrodes may also influence performance. 
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We hypothesised that the peak response would be similar for interdigitated and parallel 

electrode designs, and only the response would change based on the electrode 

arrangement and surface area of MoO3 involved. Interdigitated and parallel electrode 

sensors were prepared in unison and using the already discussed methodology and 

their gas sensing performance evaluated at a working temperature of 325oC. The 

parallel electrode Mk.II design was introduced after initial findings of this experiment 

to attempt to further miniaturise the very simple parallel design, as well as to 

simplifying the AACVD process as only one side of the substrate needed to be covered 

(figure 6.9). Additionally, this was in attempt to have both lead wires on the same side 

as during testing a common occurrence would be short circuiting from either lead 

wires or heater wires touching. 

 

 

Figure 6.9. A view of a parallel Mk.I, Mk.II and interdigitated electrode sensors post use. On 

each sensor the lead wires have been secured with silver conductive paint. 

 

 It was found that parallel Mk.I electrode sensors generated approximately 2x higher 

response than interdigitated and parallel electrode Mk.II sensors at each of the 

respective temperatures (100 – 0.01 ppm) (figure 6.10). The response rate for 

interdigitated sensors demonstrated a strong correlation with an increase in 

concentration decreasing the response time, in line with typical catalytic reaction 
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kinetics. (163) Parallel Mk.I electrodes demonstrated the same correlation but to a 

significantly lesser degree, with response times more indicative of rapid testing used 

in real world clinical practice.  Interestingly, parallel Mk.II electrodes, which observed 

minimal margin formation and similar response to interdigitated electrodes, displayed 

comparably low response rate to parallel Mk.I electrodes, with notably low signal to 

noise and “clean” potentiostat resistance data. Furthermore, logarithmic plots for both 

interdigitated and parallel Mk.I/II electrodes demonstrate a good linear relationship 

indicative of ideal gas sensor performance.  

 

Consequently, based on the comparative analysis of parallel Mk.I/II and interdigitated 

electrode sensors it was concluded that future experiments pursue a parallel Mk.I 

electrode design due to the overall greater performance with regards to sensor response 

and response rate to TMA gas. As previously discussed, it is likely that the margin 

formation between the Au electrodes and MoO3, more evident in the interdigitated 

electrodes could be a reason for the difference in sensitivity towards TMA gas, and 

forms a pillar for future potential work. 
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b.  

c.  

 Parallel Mk.I Parallel Mk.II Interdigitated 

r2 0.9801 0.9320 0.9936 

 

Figure 6.10. a. A MoO3 sensor response plot, b. response time plot and c. log(S−1) = log(C) 

plot with corresponding r2 correlation coefficient values for parallel (yellow) and 

interdigitated (blue) electrode MoO3 sensors prepared in unison and tested at 325oC with TMA 

gas concentrations from 100-0.01 ppm. 
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6.3.5 Effect of film thickness on sensor response 
The thickness of the films deposited by spray repetitions was evaluated as a function 

of sensitivity using multiple sensors prepared using the previously developed 

methodology. During early MoO3 thin film optimisation, initial films were optimised 

with the aim to produce a uniform, single phase MoO3 with good adhesion and 

coverage at a microscopic level. At low spray rates, films developed more slowly with 

less cracking and at higher rates, films became chalky and flaky and, in some 

instances, the high spray rate and temperature shock caused cracking in the film and 

substrate. A deposition consisting of 40 spray repetitions at 15 cm distance was 

confirmed to be the most optimal for achieving good film growth.  

 

Three MoO3 sensors were prepared in unison using AACVD methodology previously 

discussed. At 20, 40 and 80 repetitions, samples were removed from the spray rig and 

readied for heat treatment, similarly using the same furnace programme previously 

discussed. Sensors were then independently characterised for their gas sensing 

performance over a series of TMA concentrations from 100 – 0.01 ppm. It was 

hypothesised that the difference in film thicknesses (table 6.2), may affect sensitivity 

due to quantity of MoO3 present as the spray repetition rate increases, in addition to 

the higher degree of surface area that is generated from randomly orientated nanorods 

and porosity.  

 
Table 6.2. Film thicknesses for MoO3 films produced with spray repetitions across a 1 mm 

line section of sample (n=3). The values represent a calculated average based on the peaks and 

valleys of the sample over the distance of the measured section. The error associated with the 

Bruker DektakXT is ±0.4nm. 

 20 Reps 40 Reps 80 Reps 

Film thickness (nm) 354.61 694.74 1303.74 

Film roughness (nm) 102.96 234.20 677.72 

 

It was found that the response was remarkably similar for 40 and 80 spray repetitions, 

which were 3-4x greater than the respective 20 repetition sensor at each concentration, 

with all sensors showing good ideal gas response (figure 6.11). A possible explanation 

for this is that the highly porous film generated after heat treatment by the randomly 
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orientated MoO3 nanorods, requires a sufficient thickness for a charge to be carried 

between electrodes. Furthermore a thicker film will allow for more grain boundaries, 

which are the active regions, critical for gas sensor sensitivity. (2) Typically, a metal 

oxide gas sensor demonstrates highest sensitivity with a decrease in grain size, as this 

increases the size of the space charge region in relation to the size of the grain, as well 

as increases the number of grain boundaries and Schottky barriers which raise and 

lower during surface reactions. The developed sensors in this project include grains 

that are relatively large, however, the highly porous structure generates a high surface 

area to volume ratio and therefore a large catalytic reaction contact area. (2)  

 

Molybdenum is relatively rare and expensive, therefore in the interests of 

environmental and economic impact, the use of a 40-repetition sensor produces 

adequate sensor response with 80 repetitions offering no further benefit. It is likely 

that at around 40 repetitions the thickness of the sensor has reached peak catalytic 

activity, and additional layers offer no further benefit, or the catalytic activity does not 

influence the electron charge carriers moving between each electrode. Consequently, 

beyond this point in the project future sensor development employs a 40-repetition 

sensor. 
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a. 

b. 

 

 

 

 

 

Figure 6.11. a. A MoO3 sensor response plot for 20-80 spray repetition sensors, and b. a 

log(S−1) = log(C) plot with corresponding r2 correlation coefficient. 
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6.3.6 Sensitivity analysis of MoO3 sensors 
An important aspect of metal oxide gas sensors, which can also be one of their 

drawbacks, is their selectivity response. Selectivity can only be achieved to some 

degree due to the broad oxidation reactions that can occur on the oxide surface, and 

therefore during the initial planning of this project, MoO3 was chosen for its superior 

selectivity towards TMA versus other gases. (104, 105, 159) In clinical practice, false 

readings for a biosensor are a known issue across all biosensing platforms, therefore 

it was an aim to develop the sensor with the potential for low false positive/negative 

percentage to successfully capture CKD in the early stages when only limited kidney 

damage has occurred. Within CKD patient breath, a main VOC present is acetone, due 

to diabetic ketoacidosis. However, this is apparent only in diabetes mellitus Type 1 

and not Type 2.  Ethanol may also be present if the patient is consuming alcohol, which 

would be unlikely in this scenario. For a healthy person, breath acetone concentrations 

are typically ≈1 ppm, elevated levels >1 ppm is typically observed in diabetic patients. 

(238) A concentration >40ppm is deemed to be a medical emergency due to the degree 

of ketoacidosis occurring within the body, so it can be assumed that a potential false 

positive with high acetone levels is unlikely, as the patient will be severely unwell and 

beyond the requirement for an early-stage CKD breath test. 

 

Preliminary experiments were conducted to evaluate the selectivity of TMA and 

acetone independently. Sensors were prepared using the previously discussed 

methodology with a working temperature of 325 oC, and evaluated across a range of 

TMA and acetone concentrations from 100 to 0.01ppm. It was found that acetone had 

a significantly lower response than TMA at all concentrations measured (figure 6.12). 

These findings are reassuring as this means even with a high concentration of acetone, 

this will be below the threshold response for TMA concentrations in CKD (0.01-0.05 

ppm), and therefore avoid any risk of false positives. Consequently, this makes MoO3 

an ideal metal oxide sensor for TMA detection in CKD patients. However, additional 

work will be required to measure the variation in acetone response across different 

temperatures and to evaluate if the response pattern is similar for doped MoO3 sensors. 
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Figure 6.12. A response comparison plot of TMA and acetone concentrations between 100-

0.01 ppm, evaluating the positive selectivity towards TMA for MoO3 sensors at a working 

temperature of 325oC. 

 

 

6.4 Cerium Doped Molybdenum Oxide Sensors 
 

As discussed in Chapter 4, cerium has been successfully dopped into the MoO3 thin 

film lattice, leading to a distortion and stress on the MoO3 lattice confirmed with XRD 

and FTIR characterisations techniques. The Ce doped MoO3 films had an orange hue 

unlike the chalky green colour observed in undoped MoO3 film. Furthermore, when 

heated during sensor testing, this colour did not change. Typically, undoped MoO3 

sensors at a working temperature of 325 oC changed from chalky green to chalky 

yellow in colour. An initial experimental objective was to evaluate Ce dopant 

concentrations between 2 and 10%, however based on the outcome of the initial 

characterisation, whereby an increase in cerium nitrate %w/w demonstrated an 

increased lattice shift observed using XRD, it was decided to include an additional 

15% Ce doped sensor to understand how gas sensor response would be influenced by 

further straining the crystal lattice. 
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Gas sensor performance was characterised using the same methodology previously 

discussed within this chapter. It was observed that Ce doped MoO3 films on average 

stabilised much faster during the equilibration phase of the testing and required fewer 

pulses of air or conditioning injections to ready the sensor for testing. Baseline 

resistance drift was negligible for Ce doped sensors with comparable values at the start 

and end of testing. It can be seen that 2 and 5% offered an increase in sensor response 

versus MoO3 sensors, particularly for 2% Ce dopant, where the response is over twice 

as much at 100ppm (log 2) (figure 6.13). However, to be viable as a gas sensor for 

CKD, there must be sufficient response levels in the ppb region. Beyond the 

sensitivity, cerium as a dopant offers higher stability with lower signal to noise, 

initially during equilibration and throughout the injection sequence. For 2% and 5% 

an increased response rate was observed versus MoO3. However, this increase could 

only be observed between 1-0.01 ppm in the case of 5% CeMoO3. It is likely that there 

is a limit to the sensitivity benefits of Ce as a dopant, and beyond a critical point, the 

MoO3 lattice has been distorted to a degree that hinders surface reactions. With regards 

to the linear relationship, all Ce dopant levels demonstration close to ideal gas sensor 

performance with a correlation coefficient of r2 > 0.9. 

 

Ce doped MoO3 does not offer significant benefits in sensitivity over MoO3 alone at 

concentrations in the ppb level. However, the including of cerium leads to an overall 

improvement in performance, decreasing the initial equilibration time and increasing 

the response rate. An assumption was made that the optimum temperature for Ce 

doped MoO3 sensors would be similar to undoped MoO3 sensors. However, further 

work should be conducted to ascertain whether the increase in surface oxygen species 

that Ce generates can generate further sensitivity at different temperatures or allows 

for the decreasing the working temperature and therefore the efficiency and power 

requirements needed for the sensor. 

 



 

 

150 

a. 

 

b. 

 

 

 

 

-2 -1 0 1 2

100

200

300

400

500

600

 0%
 2%
 5%
 10%
 15%

R
es

po
ns

e 
Ti

m
e 

(s
ec

)

Log[Concentration]

-2 -1 0 1 2

0

10

20

30

40

50

60

70

80

90

R
es

po
ns

e 
(R

a/R
g)

Log[Concentration]

 0%
 2%
 5%
 10%
 15%



 

 

151 

c. 

 

 

 

 

Figure 6.13. a. Ce-MoO3 sensor response plots, b. Response time plot and c. log(S−1) = log(C) 

plot with corresponding r2 correlation coefficient values for 0-15% w/w Ce doped MoO3 

sensors prepared in unison and tested at 325oC with TMA gas concentrations from 100-0.01 

ppm. 

 
It has been reported that the enhanced sensitivity demonstrated by Ce doped MoO3 

increases the mobility of the oxygen species and therefore the overall catalytic effect. 

The increased activation of oxygen species may arise from a redox cycle occurring 

between MoO3 and CeO2. It has been suggested that the initiation of the cycle begins 

at the Mo6+ site forming an intermediate with the adsorbed TMA molecule reducing it 

to Mo5+ as MoO2. Cerium in the form of CeO2 as Ce4+ can then oxidise the previously 

reduced Mo5+ back to Mo6+. Finally, the Ce3+ as Ce2O3 is oxidised back to the original 

Ce4+ as CeO2 by the atmospheric O2 present. This is known as the Mars-Van Krevelen 

redox observed in many different metal oxide systems and can be displayed in a cyclic 

schematic (figure 6.14). (191, 193)  
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Figure 6.14. A cyclic schematic of the Mars-Van Krevelen redox system. Adapted from Li et 

al. (191) 

 

 

6.5 Gold Modified Molybdenum Oxide Sensors 

 

Within previous research discussed in Chapter 5, it was found that Au was not 

successfully doped into the MoO3 crystal lattice. At 2%w/w chloroauric acid, it was 

possible to uniformly decorate the MoO3 nanorods with Au nanoparticles, confirmed 

with SEM/EDS analysis. Above 2%, agglomeration of the Au nanoparticles led to 

independent islands with little interaction with the MoO3 nanorods. On discovering 

these findings, it was hypothesised that 2% Au could offer gas sensor performance 

benefits versus undoped MoO3 due to the increased generation rate of oxygen species, 

and >2% w/w Au, benefits may only be marginal. 

 

A series of sensors were prepared using methodology previously outlined in chapter 

5. Post heat treatment at room temperature, sensors were not noticeably different to 

undoped MoO3, and when heated to working temperature, sensors took on a lighter 

yellow hue. Similar to Ce doped MoO3, during initial gas sensing performance, the 

addition of Au gave rise to a general reduced equilibration time compared to undoped 

MoO3 sensors and in some instances, though included in the sequence as the first 

injection of 100 ppm, there was no need for preconditioning of the sensor. 

Furthermore, as also observed with Ce doped MoO3 sensors, baseline drift was 

minimal versus undoped MoO3. 

 

Response as a measure of sensitivity was highest in 2% Au modified MoO3, with 

higher concentrations not significantly different than undoped MoO3, in line with the 
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initial hypothesis (figure 6.15). Sensitivity remained consistently higher for 2% down 

to 1ppm (log 1), where the response was marginally higher but not significantly 

different to undoped MoO3. 5% Au MoO3 did offer marginal improvement in 

response, which was a consequence of the small degree of decoration from the isolated 

Au nanoparticles, that had not successfully agglomerated into independent islands. At 

10% w/w the response was marginally lower than for undoped MoO3, which may be 

due to unrelated reactions occurring with TMA and the relatively large concentration 

of independent Au nanoparticles. All sensors achieved a LOD of 10 ppb, beyond this, 

sensor response was minimal. When evaluating the ideal gas response relationship, all 

sensors demonstrated a linear trend with a correlation coefficient r2 > 0.9.  

 

Response time was significantly lower for Au MoO3 compared to undoped MoO3 

sensors and similarly followed the original hypothesis whereby 2% Au displayed the 

lowest response times consistently across all concentrations. Interestingly, though 5% 

did not perform significantly to undoped MoO3 sensors, the response time was 

comparable to 2% Au and significantly faster than undoped MoO3. This suggests, 

coupled with the marginal increase in response, that 5% Au offers some degree of 

modification, though not observed on SEM. 10% Au MoO3 performs in a manor -

consistent with the other doped concentrations for sensor response however when 

assessing the response time, it appears that the response time decreases with a decrease 

in concentration. Typical reaction kinetics would predict that with a decrease in 

concentration, the response rate would increase due to the reduced presence of TMA 

gas able to participate in surface reactions. It is likely that the results obtained at 100 

ppm and 10 ppm are erroneous and should be disregarded. However since the highest 

sensor response was achieved at the lower Au concentrations, this was not investigated 

further. Overall and similarly to Ce MoO3, future work should focus on the effects of 

temperature on sensitivity and response. 
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c. 

  

 

 

 

Figure 6.15. a. An Au-MoO3 sensor response plot, b. response time plot and c. log(S−1) = 

log(C) plot with corresponding r2 correlation coefficient values for 0-10% w/w Au modified 

MoO3 sensors prepared in unison and tested at 325oC with TMA gas concentrations from 100-

0.01 ppm. 

 

 

6.6 Cerium Gold Co-Doped Molybdenum Oxide Sensors 
 

The beneficial properties independently observed for Ce and Au dopants to MoO3 

have given rise an enhanced gas sensing performance versus a respective undoped 

MoO3 sensor. As previously discussed in Chapter 4 and 5, Ce has been successfully 

doped while Au has successfully modified the MoO3 nanorods. Therefore, co-doping 

both Ce and Au simultaneously may have additional performance benefits with 

minimal competition for Mo site substitution between Ce and Au ions. To our 

knowledge at time of writing, this is the first instance of a gas sensor developed by co-
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doping anions using AACVD forming simultaneous doped and modified MoO3 

nanorods.  

 

Sensors were fabricated as per the previously described methodology across Chapters 

3-5, using varying matched concentrations of cerium nitrate hexahydrate and 

chloroauric acid from 2-10% w/w dopant, based on the findings of the mono-

doped/modified Ce and Au gas sensors. Prepared sensors resembled that of a typical 

Ce doped senor at each respective concentration with an orange hue that softened post 

heat treatment. SEM/EDS analysis confirmed the expected doped and modified 

properties of Ce and Au respectively onto the MoO3 nanorods. 

 

The 2% Ce/Au-MoO3 gave the highest response compared to the 5% and 10% sensors, 

sustaining an increased performance versus an undoped MoO3 sensor (figure 6.16). It 

is likely, similar to both Ce and Au doped and modified sensors, that there is a cap in 

sensitivity achieved by incorporating both elements and is likely to be between 2 and 

5% dopant concentration. Furthermore, in comparison to mono-doped sensors, co-

doping does not increase the sensitivity any further as hoped and hypothesised, and it 

is possible that a maximum in catalytic activity for the sensors has been reached. The 

rate determining step for this kind of sensor is considered to be the oxygen species 

generation and not the electron transfer. (163, 164) However, with the abundance of 

oxygen species generating environments in the sensors developed, another factor in 

gas sensor response may be surface area. Assessing the ideal gas response, as 

previously discussed, all sensors demonstrated a good linear relationship with r2 

correlation coefficient >0.9. 

 

Response rate, similar to Ce and Au mono-doped/modified sensors, is significantly 

lower than undoped MoO3 sensors, and maintains an average response time of <250 

sec for all co-doped sensors. For 2% and 5% doped sensors, the response rate mirrors 

what can be seen in the mono-doped/modified constituent sensors, whereby 

decreasing TMA concentration does not seem to reduce response rate and with an 

average response rate between 100-120 sec for all concentrations. This result is in line 

with many urinalysis dip sticks for CKD, which typically require 2-3 minutes, and 
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significantly faster than GC-MS analysis which can take upwards of 10-15 minutes 

per sample. 

 

As discussed in previous chapters, the increasing in Ce dopant may cause lattice 

distortion to a degree that sterically hinders the TMA arrangement on the nanorod 

surface thus limiting the response achieved with Ce. Furthermore, beyond a 

concentration of 2% Au, nanoparticle agglomerates became independent “islands” and 

did not further enhance sensitivity. Therefore, it is likely that surface area is the 

limiting factor in these sensors. Additional optimisation with temperature and further 

controlling growth may help to increase sensitivity. However, for overall biosensor 

applications, this sensor has met the concentration window needed for the detection 

of TMA in CKD patient breath. With an LOD in the region of 0.01 ppm, our results 

are in line with other sensors developed in literature using more complex and multistep 

sensor fabrication. (104, 105, 159)  
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b. 

 

c. 

 
 

Figure 6.16. a. A sensor response plot, b. response time plot and c. log(S−1) = log(C) plot 

with corresponding r2 correlation coefficient values for matched concentration 0-10% w/w co-

doped Ce Au MoO3 sensors prepared in unison and tested at 325oC with TMA gas 

concentrations from 100-0.01 ppm. 
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6.7 Summary of Best Results 
 

As mono-dopants Ce and Au increased the sensitivity of the MoO3 gas sensors and 

using a range of concentrations of each it was clear that a ceiling in sensitivity had 

been reached. By co-doping/modifying both Ce and Au, it was hypothesised that the 

sensitivity gains from each mono-dopant could be cumulative to some degree. 

However this was not the case since the available surface area for reaction seems to 

limit any further sensitivity being achieved from these sensors. A collection of sensor 

responses each demonstrates that as a modifier, Au offers superior sensitivity versus 

Ce doped MoO3 undoped MoO3 sensors from 100 to 1ppm (log2 - log0) (figure 6.17), 

and this is reflected in the co-doped MoO3 sensor between 100 and 1 ppm. However, 

in the ppb region from 0.1 to 0.01ppm, though demonstrating a greater response than 

undoped MoO3, there was no significant difference between dopants. Response time 

as previously discussed, was significantly reduced for both Ce and Au mono and co-

doped MoO3 sensors and we hypothesise that the addition of either, in this optimised 

set up, offer near peak oxygen species generation. 
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Figure 6.17. A collection of sensor response plots demonstrating the best performance for their 

respective dopant a. A response plot and b. response time plot for 2% Ce, Au and Ce/Au MoO3 

sensors  
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6.8 Simulated Clinical Testing of the Molybdenum Oxide 

Sensor for Potential CKD Detection 

 
Exploratory proof of concept measurements were gathered to simulate the breath of a 

CKD patient by spiking a breath sample of a healthy person with TMA. Tedlar bags – 

a polyvinyl fluoride, low bleed, inert bag with a septum and gas value were used to 

prepare the sample, representative of how a real CKD patient’s breath would be 

collected during the proof-of-concept experiments (figure 6.18).  

 

 

Figure 6.18. A picture of a Tedlar bag highlighting the value and septum used to fill and spike 

the breath samples. Taken from Sigma Aldrich (239) 

 

As part of the initial scope of the project, there was an aim to collect real patient breath 

to use on the sensor rig, confirmed with GC-MS and patient eGFR collected from a 

blood draw at the time of collection. A selection of diabetic and non-diabetic patients 

would be used. This selection is crucial due to the presence of acetone in diabetic 

patients who are uncontrolled with ketoacidosis - a condition caused when low insulin 

levels result in the breakdown of fatty acids for energy producing ketone bodies. (240) 

Unfortunately due to time constraints and the COVID-19 pandemic, this was 

unachievable, and consequently forms an integral part of the future work. 

 

In order to evaluate the appropriateness of the use of tedlar bags, a 10ppm TMA gas 

sample was prepared in both the jumbo gas syringe – used throughout the project, and 

a clean and nitrogen purged Tedlar bag. When evaluating both gas samples using the 

same MoO3 gas sensor (working temperature 325oC), it was found that the sensor 
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response was lower for the tedlar bag sample than the jumbo syringe (figure 6.19). 

Using a 5-point calibration curve completed prior to preparing the 10 ppm gas 

samples, it was found that this was 3.12 ppm. Since these samples were prepared 

independently using a manual gas chromatography micro syringe, which carry a user 

error, this could be a plausible reason for this discrepancy. Alternatively, since the 

tedlar bag is new, some of the evaporated TMA may have adsorbed to the internal 

surface. However, these results demonstrate that using a Tedlar bag in the place of a 

jumbo gas syringe during clinical breath testing is a suitable alternative, and through 

additional measurements, if it is found that that there is a consistent decrease in 

concentration in Tedlar bag samples, the gas response can be adjusted to compensate 

for this. 

 

Figure 6.19. A comparative chart of the sensor response for two 10 ppm samples prepared in 

a jumbo gas syringe and purged Tedlar bag using a MoO3 gas sensor at 325oC. 

 

Based on these confirmatory results, breath samples were prepared using nitrogen 

purged Tedlar bags. Multiple samples were prepared with the breath of a healthy 

volunteer and “spiked” with a suitable amount of TMA (aq) solution to prepare a range 

of samples with a TMA concentration between 10 and 0.1 ppm. Prior to the injection 

of these samples, further samples of the same concentration range were prepared and 

injected to aid in the evaluation and comparison. The relative humidity of the samples 
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prepared in the jumbo gas syringe was ≈2%RH, prepared from a compressed air 

supply which was high-efficiency particulate air (HEPA) and carbon filtered. It was 

assumed that the breath samples were ≈100%RH, produced from bodily metabolism 

as previously reported. (117)  It was found expectedly that the sensitivity decreased 

significantly due to the H2O coating the surface of the metal oxide. Adsorbed water 

onto the surface of a metal oxide will not donate electrons and instead react with the 

already adsorbed surface oxygen reducing the baseline resistance. Furthermore 

adsorbed water will occupy catalytic sites otherwise free for oxygen, reducing the 

catalytic activity and therefore sensitivity further. (162, 241) The mean loss of 

sensitivity was 50.2% (46.1%-52.6%) across all concentrations used. (figure 6.20) 

However, it maintained an ideal gas response with a log vs. log plot demonstrating a 

correlation coefficient of r2=0.958.  
 

Figure 6.20. A comparative response plot of dry air and “spiked” breath samples for TMA 

concentrations between 100-0.1ppm using a MoO3 gas sensor at 325oC. 
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6.9 Conclusions 
 

MoO3 has been shown to be successfully sensitive and selective towards TMA in 

laboratory and simulated CKD patient scenarios. Initially the margin formation 

particularly on the interdigitated sensors was a concern for the potential performance 

for the sensors. However this was found later on to be detrimental only to the 

interdigitated sensors. And when evaluating the electrode designs it was found that the 

MoO3 growth margin formation may have been a reason for the lower response 

observed on the interdigitated sensors consequently leading to the decision to purse 

only parallel sensor in subsequent experiments. Further analysis and investigation of 

the margin formation should be considered in future work with the aim to further 

increase the sensitivity.  

 

Analysis of the optimal operational temperature of the undoped MoO3 formed part of 

the initial experiments with an aim to deduce the temperature with the highest sensor 

response to use for subsequent sensor experiments. Using a collection of sensors 

evaluated at different working temperature it was found that there was the greatest 

sensor response between 300 and 350oC coupled with the lowest response time in the 

same region. It was decided that 325oC was the most optimal temperature to use, which 

was based on a compromise between response time and sensor response. Furthermore, 

with a potential aim to miniaturise the sensor into a portable device, it made sense to 

attempt to run the sensor at a lower temperature to reduce power consumption and risk 

of safety. 

 

Further optimisation was achieved through the relationship between MoO3 film 

thickness and overall sensitivity. It was found that as the film thickness increased from 

20 to 40 spray repetitions there was a 3-4x greater sensor response. However, as the 

film thickness increased further to 80 spray repetition, this trend was not continued, 

and sensor response between 40 and 80 spray repetitions were not significantly 

different. And with likely peak catalytic activity in the film captured between the 

electrode, it was decided that 40 repetitions resulted in a film thickness with the most 

optimal sensor performance. 
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Initial selectivity measurements were driven by the overall application of the sensor. 

Literature sources demonstrate the ability of MoO3 to give rise to superior sensor 

selectivity towards TMA over other small molecule VOCs, (104, 105, 159, 228) and 

within this application, a main concern is the selectivity of the sensor towards TMA 

versus acetone. Pleasingly it was found that when acetone was introduced to MoO3 

sensors at 325oC, the response was significantly lower than the response observed for 

TMA. Furthermore, assessing the potential acetone concentrations expected in CKD 

patients, it was found theoretically that these would result in MoO3 sensor responses 

below the threshold for CKD, reducing the risk of false positive readings, an issue that 

plagues biosensors and point of care tests. Beyond acetone, future works should focus 

on the selectivity of MoO3 towards other VOCs, particularly ethanol another 

constituent of expired breath in certain scenarios. 

 

As discussed in Chapter 4, Ce was successfully doped into the MoO3 lattice to 

increasing degrees with as the dopant precursor concentration increased. This was 

reflected positively in the gas sensing performance, which demonstrated performance 

benefits in all evaluated domains. Sensor response was significantly larger for Ce 

doped sensors across all measured concentration, which peaked at 2% dopant 

concentration. Similar benefits were reflected in response and equilibration times, 

which were significantly lower than the comparative undoped MoO3 sensors. 

However, based on previous temperature optimisation experiments, it was assumed 

that the peak performance would be similar to undoped MoO3 sensors, and therefore 

this would be a key area for future work, with an aim to reduce power consumption 

whilst maintaining sufficient performance.  

 

Unlike Ce, Au was decorated/modified onto the MoO3 at 2% dopant level, beyond 

which caused independent agglomerate islands, disadvantageous to the sensitivity of 

overall sensor. At 2%, Au modified MoO3 produced the highest response sensor 

towards TMA gas compared to the other developed sensors across a larger 

concentration range. Similarly to Ce, the addition of Au greatly increased the response 

rate across different concentrations, however this was not significantly different to 

cerium sensors of the same dopant concentration. Furthermore, an important pillar for 
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future work will need to explore the sensitivity and selectivity of Au at different 

temperatures and different gases, to fully optimise the sensor. 

 

Based on the success of both Ce and gold mono-doped/modified sensors, it was 

thought that hybrid co-doping the MoO3 sensor would bring the benefits of doping 

and modification to maximise the catalytic effects that rare earth and noble metals 

bring. However, sensitivity beyond their mono-doped counterparts was not observed, 

likely due to the saturation of oxygen producing agents at the MoO3 surface. 

Combined with the previous findings from mono-doped/modified Ce and Au MoO3 

sensors, it was hypothesised that the maximum catalytic activity – in the sensors 

current form, had been reached. Of course, reducing the size of the nanorods further 

may increase the sensitivity further and generate more grain boundaries. However, as 

previously discussed, the methodology used was simple and allowed for the direct 

deposition of the sensor material onto the prepared substrate, removing intermediary 

steps other film deposition methodology typically requires. Consequently, we believe 

that no further optimisation of the nanorod growth was able, and to develop smaller 

nanorods would require an alternative deposition technique. 

 

A final and most important aspect of the gas sensing employed the use of spiked breath 

samples. Time constraints and the arrival of COVID-19 meant that pursuing this 

further was unfeasible, and so the results obtained in this chapter represent a snapshot 

of the potential proof of concept for the detection of TMA in early-stage CKD. As 

expected, the high humidity of the breath sample greatly reduced the sensor response, 

therefore in the early stages it was important to develop a sensor with a significant 

response in dry air, with the knowledge that this would decrease with real breath 

samples. Breath samples tested from 10-0.1ppm demonstrated a 50% reduction in 

sensitivity compared to the equivalent concentration in dry air. Beyond 100ppb it was 

not possible to measure, however it was assumed that the inclusion of Ce or Au would 

increase the overall sensor response making this possible. Various techniques were 

devised – though not included here, to reduce the humidity of the incoming air such 

as a simple desiccator. However, validation with GC-MS would need to be completed 

to check that no TMA was adsorbed here, leading to a low reading and potential false 

negative. To address this, an additional idea was to immobilise a H2O selective MOF 
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onto a high surface area alumina monolith. Initial syntheses of this compound were 

tested. However testing this as part of a complete desiccator/monolith sensor assembly 

will unfortunately have to form an interesting aspect of future work. Furthermore, as 

previously stated, the breath samples form part of only an initial investigation of the 

potential of this sensor for TMA detection in CKD. Based on the superior performance 

of Ce and Au dopants, these elements will likely perform significantly better than 

undoped MoO3 for spiked breath samples and therefore this forms an integral pillar of 

immediate future work. 
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Chapter 7 – Next Generation Silicon Carbide Fibre-Based 

Molybdenum Oxide Thin Film Sensors 
 

 

7.1 Introduction 
 

Silicon carbide (SiC) is a crystalline semiconducting material comprised of tetrahedra 

containing silicon and carbon. Though occurring naturally as moissanite, it is 

extremely rare and therefore typically produced synthetically. Beyond earth, SiC is 

relatively common in space, and can be found in small quantities in meteorites as 

moissanite and in stardust around carbon-rich stars. (242, 243)  

 

SiC has many properties that make it suitable for a wide variety of electronic and 

sensing applications. The basic unit of SiC is tetrahedral with four silicon atoms and 

one carbon atom at the centre, forming very strong covalent bonds with a bond energy 

= 4.6 eV via electron sharing through sp3 hybridisation. (figure 7.1) In this simple 

arrangement, distance between the C and Si atom is 1.89Å and between the C and C 

atoms is 3.08Å.  

 

Figure 7.1 The tetrahedral base unit structure of SiC 

 

SiC displays polytypism, all with hexagonal bilayer frames. A compound can be said 

to be polytypic if it can occur in several structural formats, each of which are built up 

by identical stacking layers, therefore different only by the stacking sequence. (244) 

There are more than 250 polytypes of SiC that have been identified, largely capable 

due to the variation in unit stacking order, known either as A, B or C layers. The three 
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most common forms are 3C-SiC, 4H-SiC and 6H-SiC – xC- and xH- relates to the 

cubic and hexagonal symmetry, a descriptive nomenclature used for identifying SiC 

systems. (table 7.1) Though atomically equal, different polytypes display different 

physical properties therefore the ability for single phase growth is necessary for 

specific applications. 

 
Table 7.1. A comparison of popular SiC polytypes and their physical chemical properties. 

Data obtained from Kimoto et al.(245)  

Properties/polytypes 3C-SiC 4H-SiC 6H-SiC 

Stacking sequence ABC ABAC ABCACB 

Bandgap (eV) 2.36 3.26 3.02 

Lattice constant 

a (Å) 

c (Å) 

 

4.3596 

- 

 

3.0798 

10.0820 

 

3.0805 

15.1151 

Density (g cm-3) 3.21 3.21 3.21 

Number of conduction band 

minima 

3 3 6 

Intrinsic carrier density (cm−3) 0.1 5 x 10-9 1 x 10-6 

Electron mobility (cm2 V–1 s−1) 

𝜇 perpendicular to c-axis 

𝜇 parallel to c-axis 

 

∼1000 

∼1000 

 

1020 

1200 

 

450 

100 

Thermal conductivity 

(Wcm−1K−1) 

∼3.3–4.9 3.3–4.9 3.3–4.9 

Young modulus (GPa) 310–550 390–690 390–690 

Poisson’s ratio 0.24 0.21 0.21 

Melting point 2730oC 2730oC 2730oC 

 

SiC is an exceptionally hard material with a Young’s modulus of 424 GPa, leading to 

its popular use in applications that require high performance such as drill pieces or car 

brakes. (245) More recently SiC fibres have been used as a lightweight reinforming 

material in high speed, high temperature jet turbine components such as titanium fan 

blades and axels, known typically as a metallic matrix composite (MMC). (246)  
 

Beyond the mechanical benefits and applications, SiC has been used in sensor 

technology. To date SiC has been incorporated into sensors, both as an active sensing 

layer, due to its semiconductor active catalytic surface, and as the passive substrate as 
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a consequence of its beneficial mechanical properties. Sun et al (247) demonstrated 

the use of SiC nanosheets prepared using a graphene oxide skeleton, in detecting 

acetone, ethanol, methanol and ammonia at a working temperature of 500oC, a 

temperature in which many other metal oxide gas sensors would have passed their 

peak sensitivity.(2) In a passive use example, Kim et al (248) utilised the high 

temperature stability of SiC, by incorporating it as the substrate of a tantalum oxide 

(Ta2O5) thin film sensor, capable of detecting hydrogen up to 500oC. 

 

Within this work, it is hypothesised that using SiC fibres grown on a tungsten core 

may give rise for the potential of a next generation metal oxide gas sensors. SiC, as 

previously discussed has many beneficial physical properties for its use as a metal 

oxide gas sensor substrate. In addition, building on work in previous chapters, MoO3 

has successfully been optimised into flat thin film sensors on a glass substrate. 

Therefore, encompassing this knowledge, within this chapter initial findings are 

presented for the AACVD deposition of MoO3 onto cylindrical SiC W core fibres, and 

its subsequent gas sensing performance. The fabrication of the fibres was completed 

prior to this project by a third party and therefore does not form part of the 

optimisation.  

 

Power consumption of the sensor in previous chapters, due to the need for a 

microheater capable of heating the sensor surface to 325oC, was quite high. Therefore, 

it was further hypothesised that the embedded W core within the fibre could act as an 

integrated microheater within the substrate requiring considerably less power to 

achieve a 325oC working temperature. 

 

 

7.2 Silicon Carbide Tungsten Core Fibre Fabrication 
 

SiC-W core fibres are fabricated in a continuous chemical vapour deposition (CVD) 

production assembly (figure 7.2), whereby SiC is grown on a W core fibre as it travels 

through the furnace. Initially a 14 µm tungsten fibre is fed off a supply reel at a rate 

of 13 m min-1, and into a borosilicate glass linear tube furnace supplied with a 

continuous flow of reagent gases. Heat for the CVD assisted SiC growth is supplied 
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by passing a current through the W fibre as it travels through the furnace able to heat 

the fibre up to 1100°C. This is achieved by passing the moving W fibre through 

mercury seals at either end that act as electrode contact and a method of retaining 

reagent gas inside the furnace.  

 

 
 

Figure 7.2. A schematic diagram of the cold walled CVD reactor used in the production of 

SiC-W composite fibres. Taken with permission from Choy et al.(123) 

 

3C-SiC is deposited via CVD at atmospheric pressure via the following pyrolysis 

reaction using methyl trichlorosilane as the gaseous precursor pumped into the furnace 

at one end (equation 7.1): 

 

CH3SiCl3(g) H2	(1100°C)
m⎯⎯⎯⎯⎯⎯o SiC(s)+3HCl(g) 

(7.1) 

As the wire travels through the furnace, it allows a surface CVD reaction deposition 

and growth of the SiC product. It is therefore critical that the temperature via the DC 

power supply, and W fibre speed through the furnace are kept constant to ensure 

regular and consistent SiC growth. By altering these parameters varying diameters can 
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be achieved. The wire exits the furnace with a diameter of 100 µm measured by a laser 

beam close to the exit, before being collected on the take reel. 

 

At the SiC-W interface, there is a small interfacial layer from reactions between W 

and SiC, forming W2C and W5Si3. On top the SiC grows in small columnar grains. 

(249) Typical tensile strengths of SiC-W composite fibres formed by this process are 

between 3.6 and 4.2GPa. (123)  

 

 

7.3 Deposition of SiO2-MoO3 Thin Films 
 

The initial aim was to use the SiC/W filament as a heater-substrate integrated solution 

for MoO3 gas sensors. Properties of SiC, such as the high thermal conductivity and 

low thermal expansion make it an ideal substrate material, resulting in an even heating 

and reduced cracking of any thin films applied on top. Furthermore, this proposed 

miniaturisation, beyond which has been discussed in previous chapters, offers a 

significant decrease in power consumption needed for the heater circuit, as well as a 

larger surface area cylindrical gas sensing layer. As a semiconductor, there is also the 

potential for the SiC substrate to act in a transistor format, also known as a metal 

oxide-semiconductor field-effect transistor (MOSFET). However, the initial aim was 

to isolate the W core circuit and use this for heating a AACVD MoO3 film coated on 

the surface of fibre also isolated and connected to a potentiostat for TMA gas sensing. 

 

The results and methodology used within this chapter are primarily based on 

exploratory work, using literature and theory. Therefore, each step has not been fully 

optimised, with an aim to purse this avenue in future work if the results were 

promising.  

 

SEM images of the unmodified SiC/W fibres demonstrated an almost perfect columnal 

growth of SiC ideal for the subsequent growth of thin film layers on top (figure 7.3). 
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Figure 7.3. SEM images of the cross-sectional view and lateral view of an unmodified SiC W 

core fibre. The W core can clearly be seen in the cross-sectional view. The artifacts and rough 

surface seen on the fibre shaft of the cross-sectional view are likely cracks and residual SiC 

fragments produced when the fibre is cracked for imaging. 

 

In order to electrically isolate the SiC/W fibre, to be used as an integrated heater, from 

the subsequently AACVD deposited MoO3 gas sensing film, a suitably dielectric layer 

was needed. SiO2 is commonly deposited by wet chemical, plasma-assisted oxidation 

or via thermal oxidation in Si wafer electronics such as FETs or solar cells in order to 

electrically isolate active circuits. (250) Therefore, it may be possible to generate a 

sufficiently thick oxide layer on the SiC capable of isolating the W heater core and the 

surface MoO3 layer (figure 7.4).  
 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.4. A representation of the required SiC/W core fibre with an electrically isolating 

SiO2 thin film between the MoO3 sensing layer and the W heater core. 

Cross sectional (x1,000) Lateral view (1,500x)
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A review article by Vickrigde et al. (251) concludes SiO2 growth via thermal oxidation 

near 1100oC in an oxygen furnace at a rate of ≈100nm 60min-1, with an assumption 

that oxidation is irrespective of polytype. However, when this was repeated 

experimentally, it was found that in 120 minutes there was insufficient growth to 

isolate the W core and MoO3 circuits. EDS elemental analysis via SEM correctly 

detected oxygen. However, cross-sectional imaging showed no evidence of a distinct 

SiO2 film.  

 

Consequently, a different approach was adopted in order to fabricate the required 

layer. Based on its simplicity, a sol-gel dip coating technique was employed, offering 

the ability to produce a thick amorphous SiO2 film, of even coverage around the 

cylindrical SiC fibre. For this approach, a widely used sol-gel method based on the 

degradation of tetraethyl orthosilicate (TEOS) in water was adopted. (252) By varying 

the TEOS:H2O ratios, it is possible to control the thickness of the film, in addition to 

the speed of a number of dips. This technique offers a highly controllable method for 

SiO2 thin film fabrication. Unlike the thermal oxidation method initially used, dip 

coating is capable of producing a thicker film, reducing the likelihood of electron 

tunnelling and shorting of the two independent W heater and MoO3 sensor circuits. A 

molar ratio of 1:8:8 for TEOS: EtOH: H2O was found to be most optimal concentration 

for the deposition and thickness of suitable films. Ethanol is included to control the 

rate of hydrolysis of TEOS and to increase the miscibility of the overall solution. O2 

plasma surface pre-treatment of the SiC fibres (4 repetitions of 180 seconds) increased 

adhesion of the SiO2 film and decreased flaking. Due to the low surface roughness and 

limited functional groups on the SiC surface, adhesion of the SiO2 is likely to be 

limited. However, Harris et al. (253) analysed the surfaces of SiC samples with XPS 

and found large peaks for Si and O consistent with an oxide, as well as a small peak 

consistent with the presence of hydroxyl groups. Consequently, this helps to explain 

why O2 plasma surface treatment helps to increase adhesion, by inducing more 

hydroxyl groups on the SiC, able to react with the SiO2 film through a typical 

condensation reaction with the degrading TEOS. SEM images of the SiC/W/SiO2 

fibres post deposition showed an even coating of SiO2 on the SiC surface, and visibly 

less flaking when O2 plasma pre-treated. (figure 7.5) To the eye, post dip coat 
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deposition of the SiO2 layer, the fibres appear to be glassy in appearance, and with 

higher visible reflectance than uncoated fibres. 
 

Figure 7.5. A collection of SEM images of a. lateral views of two SiO2 coated SiC/W fibres 

with and without O2 plasma surface pre-treatment, and b. a cross sectional image of a O2 

plasma pre-treated SiC/W fibre sample at two magnifications, demonstrating the SiO2 layer 

calculated by the SEM software to be 2.29 µm thick. 

 

As discussed in previous chapters undoped and doped MoO3 has demonstrated good 

gas sensing performance for TMA gas in dry and humid scenarios, therefore the 

methodology was similarly adopted here. Initially SiO2 coated SiC fibres were 

trimmed resulting in fibres that were coated the full length with SiO2 except for the 

caps exposing the W core. A series of prepared fibre samples were secured at one end 

onto a coverslip with heatproof Kapton tape and prepared for AACVD. It was 

important that the MoO3 was deposited onto the central part of the fibre avoiding 

coating the SiC/W face on each end of the fibre. Due to the cylindrical nature of the 

fibre, it was required to invert the coverslip and fibres over halfway through 

deposition, in an attempt to produce a uniform MoO3 thin film. Based on previous 

experience, it is known that during heat treatment, the deposited MoO3 will coalesce 

a. No Plasma treatment O2 Plasma treatment

SiC/W/SiO2 Fibre
(1,000x)

20 µm 20 µm

b. Cross sectional (1,500x) Cross sectional (8,500x)

SiC/W/SiO2 Fibre 
(O2 plasma 
pretreated)

20 µm 2 µm
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into nanorods during the growth phase of crystallisation, resulting in a consistent film 

coverage, therefore it a rough deposition was not a cause for concern. Fibres were 

placed flat in an alumina crucible and heat treated in atmospheric conditions at 525°C 

for 30 minutes (ramp rate 6°C min-1). 

 

Upon inspection with SEM of the fibres pre and post heat treatment, the MoO3 had 

behaved similarly to previously described work and coalesced into a more compact 

dense film. (figure 7.6) However, unlike on glass substrates, nucleation and nanorod 

formation had not occurred. XRD analysis would allow for further understanding of 

the crystal structure of the post heat sample, however, though attempted, due to the 

100µm diameter of the fibre, it was not possible to sufficiently focus the X-ray beam 

onto the fibre surface. Referring to previous early experiments on MoO3 films 

displaying crystallinity with no obvious evolved film, as well as literature, (183, 184, 

254) it was assumed that there is some degree of α-MoO3 orthorhombic crystallinity 

within the film based on the temperature used for heat treatment. 

 

Further SEM analysis of the coated fibres showed a large variation in MoO3 film 

adhesion. In some areas, adhesion of the SiO2 and MoO3 layers had adhered well, 

however in others there was a high degree of flaking post heat treatment. Due to 

similarities in surface functional groups of SiO2 and borosilicate glass, it was thought 

that adhesion would be similar, however the AACVD method did not allow for 

optimal uniform coating – due to the cylindrical nature of the fibre and its resulting 

effects in leading to a low surface contact area on the heated hotplate. Additionally, 

when spraying multiple fibres simultaneously, eddy currents at the surface level may 

have affected the AACVD process leading to uneven coverage and low adhesion. 

Adhesion and cracking was most likely driven from the MoO3 and SiO2 layers and not 

due to thermal expansion of the substrate as SiC is noted to have an exceptionally low 

thermal expansion rate – a property exploited in metallic matrix composites.(255) 
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a. 

 

b. 

 
Figure 7.6. a. A collection of pre and post heat treatment SiC/SiO2/MoO3 multilayer fibres. 

The roughness and porosity of the fibre surface can be seen to clearly reduce post heat 

treatment. b. A collection of SEM images of areas on the SiC coated fibre where MoO3 

adhesion had failed. 

 

 

7.4 Gas Sensing Performance 
 

Based on already assembled equipment used within this project, it was decided to use 

the gas sensing rig discussed in previous chapters. A glass platform capable of 

suspending the coated fibres whilst being able to fit inside the gas sensing rig was 

made (figure 7.7). Notches and silver conductive paint were used at each end to 

electrically isolate the fibre caps (with exposed W core) for the integrated substrate 

heater, and again in the middle for the MoO3 film circuit. 
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a. 

 

 

 

 

 

 

 

 

b. i)                                                                ii) 

 

 
 

 

 

 

 

 

 

 

 

Figure 7.7. a. A schematic representation of the sensor platform used during gas sensing. 

Using silver conductive paint, the coated sensors were successfully held in place with the 

ability to isolate the W core integrated heater circuit and the MoO3 sensing layer circuit. In 

practice, multiple fibres were bunched together to increase surface area of MoO3 able to 

participate in TMA oxidation. b. i) A complete early phase MoO3/SiO2/SiC sensor with copper 

electrodes attached by silver conductive paint. ii) A complete MoO3/SiO2/SiC sensor with four 

coated fibres immobilised onto the glass platform prior to the addition of copper electrodes. 

 

The small diameter of the SiC coated films understandably made it hard to measure 

the working temperature using a thermocouple, and therefore the target temperature 

of 325oC, optimised for MoO3 in previous chapters, was measured using a 

thermocouple and infrared thermometer, and maintained by changing the circuit 

current. The required temperature was maintained at 3V and 0.2A which was 
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considerably less than 13V and 2.5A – required to maintain a 325oC working 

temperature for the microheater optimised for the MoO3 sensors discussed in previous 

chapters.  

 

TMA gas dilutions were prepared as per the methodology discussed in previous 

chapters from 100ppm-0.01ppm and injected into the gas chamber after the sensor had 

equilibrated. It was clear that there was a contact between the SiC W heater circuit and 

the Ag electrodes, resulting in electrons passing through an imperfect SiO2 dielectric 

layer and shorting the two independent circuits (figure 7.8). Further versions of the 

sensor were fabricated with thicker SiO2 layers by increasing the number of dipcoats. 

Figure 7.8. A snapshot of an early phase MoO3/SiO2/SiC sensor during equilibration. Shorting 

of the sensor can be seen through the detection of negative resistance due to the opposite 

running DC W core integrated heater current. 

 

The gas sensing performance did not generate viable results in order to detect TMA 

gas. Throughout the testing, considerable drift was observed for all sensors tested and 

may have masked any response that could be measured. Small responses were 

observed at each injection. However, it was difficult to determine whether this was 

due to the temperature change caused by the cold TMA gas flushing through the sensor 

bulb (figure 7.9). Compared to the sensors previously developed within this project, 

based on a glass substrate, the signal/noise ratio was significantly larger.  
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Figure 7.9. A potentiostat output measuring resistance over time as TMA gas concentrations 

from 100 ppm-0.01 ppm were introduced. Small responses can be seen at each injection 

however it is difficult to measure these or determine whether they are solely based on 

temperature changes within the gas sensor bulb. 

 

 

7.5 Conclusions 
 

Fibre-based sensors offer the potential for significantly higher active sensor surface 

area, relative to a flat substrate alternative. The integrated W core microheater is 

capable of generating sufficient heat required for sensing, whilst decreasing power 

requirements significantly. Finally, unlike a glass substrate with a microheater plate 

underneath, the high thermal conductivity of SiC allows for consistent heat 

distribution across the sensor surface with no hot/cold spots.  

 

From these initial findings, it is clear that an alternative dielectric layer between the 

SiC and MoO3 layer would be required or a more effective method for the deposition 

of SiO2 needs to be optimised. Alumina (Al2O3) would be a suitable alternative and is 

commonly used already as a ceramic dielectric substrate material in gas sensors. Inline 

deposition and film growth, similar to the SiC CVD methodology discussed here, 

could be employed. A precursor of AlMe3 + O2 has been shown to generate Al2O3 
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films at a deposition rate of up to 94Å/sec at 570 oC (256) – more than sufficient to be 

adapted for use in the SiC tube furnace. 

 

A concept that has not been explored here is the use of MoO3 coated SiC fibres as a 

MOFET, whereby the MoO3 could act as the gate, either end of the fibre connecting 

the W core would act as the source and drain. However, this would require measuring 

response in a circuit operating at a voltage capable of heating the W core heater to a 

working temperature sufficient for the MoO3 to be catalytical active, and therefore 

may lack the sensitivity required.  

 

In summary, this work represents a snapshot of early work for a next generation fibre-

based gas sensors. SiO2 was successfully deposited onto the fibres with sufficient 

adhesion for a subsequent AACVD deposited MoO3 layer to be applied. SEM 

demonstrated that adhesion of this final MoO3 layer was inconsistent. Although 

plasma surface treatment went some way to increase this adhesion, this was not 

sufficient to completely reduce surface defects post heat treatment. Furthermore, SEM 

images demonstrated during the heat treatment MoO3 did not evolve into nanorods 

typically expected, and although XRD analysis was attempted, it was not possible to 

assess the crystal structure. 

 

Regardless of initial work, the fundamental principle and potential make SiC W core 

fibres a viable avenue to explore in future work. There is more experimental work that 

is required to achieve a fully functioning system that contains SiC. Unfortunately time 

constraints within the project meant that this was not possible.  
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Chapter 8 – Conclusions & Future Work  
 
 

8.1 Conclusions 
 

Experimental findings within this project advance the knowledge and capability of 

MoO3 film fabrication and sensor performance. Within Chapter 3, MoO3 was 

successfully deposited onto a glass substrate with controlled microstructure evolution 

via heat treatment temperature and heating profile. Initial experimentation design was 

based on a paper by Pandeeswari (105) et al., however, quickly it was found that this 

could not be replicated. Through further literature references and experiments, we 

concluded that a much higher heat treatment temperature was required to allow for 

sufficient atom mobility and nanorod formation. Furthermore, based on literature, it is 

known that for optimal gas sensing performance, orthorhombic α-MoO3 phase would 

be required, due to the catalytically active b-axis.  

 

Deposition of MoO3 thin films via AACVD proved to be an effective method for thin 

film fabrication of α-MoO3 sensing layers. In the early stages of experimentation, 

films were flaky and chalky, rectified by using an initial low spray rate to “seed” the 

glass substrate and aid adhesion of subsequent sprayed layers. Characterisation using 

FTIR and DSC/TGA confirmed at lower temperatures, immediately after AACVD 

deposition, amine and hydroxyl groups remained, demonstrating the requirement of 

further heat treatment to 315oC. XRD analysis demonstrated polycrystalline films 

were generated immediately after heat treatment but further heating up to 525oC 

achieved single phase α-MoO3 films. Finally, nanorod size, as expected could be 

controlled and increased through longer dwell times and slower furnace cooling. 

 

Through optimisation of film fabrication and nanorod growth control within this 

project, it was possible to achieve ppb level sensitivity, which is the required 

sensitivity needed to detect TMA in early-stage CKD patients. It was found that peak 

response rate was achieved between 300-350oC, settled at 325oC as a compromise 

between response time and rate. Further analysis demonstrated that increasing the film 

thickness and therefore quantity of catalytically active MoO3, response could be 
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increased by 3-4x. However, above 40 spray repetitions equating to 694.74 nm, 

response rate plateaued.  

 

Selectivity of metal oxide gas sensors is an issue that affects many metal oxides due 

to the partially unbiased ability for surface oxygen to oxidise gaseous compounds in 

the vicinity. Steric positioning of the VOC reagent, as well as surface morphology and 

oxygen arrangement can help to generate a degree of selectivity. Therefore, when 

different concentrations of acetone, present in the breath of diabetic patients, was 

introduced to the sensor, the response rate was significantly lower than what is 

observed for all concentrations of TMA tested. This however represents only early 

work and the potential of MoO3 sensors in CKD, and further work should be 

conducted into the selectivity of other VOCs. 

 

Based on the experimental work generated in Chapter 3, MoO3 films were successfully 

doped with cerium via AACVD methodology and confirmed via XRD and FTIR 

through peak key peak shifts. Similar to experimental work on undoped MoO3, 

residual precursor components remained in films immediately after depositions, and 

required further heat treatment to complete the decomposition, confirmed to be 407oC 

by DSC/TGA analysis. It was hypothesised that doped cerium occupied one of the Mo 

sites in the Mo-O-Mo asymmetric bridge due to the difference in atomic radii of Mo 

and Ce causing lattice strain observed within the XRD and FTIR analysis. 

Consequently, further experimental and computation investigations should be pursued 

to validate this hypothesis. 

 

It was clear that through doping, the gas sensing performance of MoO3 could be 

increased. Ce doped MoO3 demonstrated significantly larger response rates, with 

accompanying lower response and equilibrations times.  

 

Within Chapter 5, building upon already optimised methodology in the previous two 

chapters, it was initially expected that gold would behave similarly to cerium and 

could be doped into the MoO3 lattice. However, there is currently limited literature on 

this topic and therefore the outcome was uncertain.  
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Similarly, to previous chapters, heat treatment to 525oC was required to generate 

nanorods of a single α-MoO3 phase, confirmed by multiple characterisation methods, 

in particular XRD. However, unlike Ce, Au-doped MoO3 under SEM, nanorods 

appeared to be decorated at 2% w/w chloroauric acid, and at 5 and 10% Au 

nanoparticles appeared to form independent nanoparticles, similar to the ones that 

would have been synthesised in solution. Therefore, it was hypothesised that at a 

concentration of 2% and below, insufficient seeding and nucleation occurred in order 

for the Au to coalesce and form nanoparticles, therefore leading to Au decorated MoO3 

nanorods. Understandably, this hypothesis represents a highly interesting avenue for 

future work, to investigate the concentration threshold whereby Au changes from 

decoration to coalesced nanoparticles.  

 

Gas sensing performance of Au doped MoO3 thin films towards TMA supported our 

hypothesis, and peak performance across different Au concentrations was observed at 

2% Au MoO3. Furthermore, similarly to Ce doped MoO3, though not significantly 

different, Au greatly increased the sensor response rate relative to undoped MoO3 

sensors, making an ideal candidate for CKD point of care testing. 

 

Based on the success of Ce doped and Au decorated MoO3 thin films, Ce-Au hybrid 

co-doped MoO3 were fabricated as per the methodology extensively discussed within 

this project. It was thought that further sensitivity could be generated through the 

additional catalytic activity each dopant would bring. However, no further sensitivity 

was generated, and gas sensing performance looked much the same as their Ce Au 

mono-doped counterparts. Therefore, it was concluded that the maximum catalytic 

performance for Ce and Au had been reached. Nonetheless, this represents the first 

reported case of successful hybrid co-doping of MoO3 gas sensors.  

 

Finally, and most importantly, bringing the project together, spiked breath samples 

were tested for their ability to detect TKA in a simulated CKD diseased patient. At the 

beginning of the project, it was hoped that CKD patient breath from the Royal Free 

Hospital could be sourced and tested with the gas sensing rig. However, sensor 

optimisation and other project delays such as COVID-19 meant that this was not 
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possible, and therefore represents the largest and most exciting aspect of future work 

for the ongoing project. 

 

It was assumed through literature and experimental work that the humidity of any 

breath sample would be near 100% RH, and therefore would decrease the response 

rate of the sensor due to the water molecules hydrogen bonding with the surface 

oxygen. TMA spiked breath samples of healthy individuals were tested from 100ppm-

0.01ppm and though a 50% reduction in sensitivity was observed a LOD of 100ppb 

was achieved – thought to be increased further with the use of Ce and Au doped MoO3 

sensors. Consequently, these finding successfully demonstrate the potential for MoO3 

based sensors to detect early phase CKD.  

 

 

8.2 Future Work 
 

8.2.1 Immediate next steps 
As discussed within this chapter, further experimental work should be carried out to 

fully optimise and exploit the benefits of Ce and Au doping of MoO3 thin film sensors. 

This primarily will be to evaluate the peak operational temperature of each doped 

sensor, in order to investigate if additional performance can be generated beyond what 

has been achieved at 325oC. Furthermore, selectivity of Ce and Au sensors towards 

acetone and other small molecule VOCs should be investigated as well as whether 

changes in operational temperature can exploit this further.  

 

8.2.2 Breath sample humidity control 
In a study by Liu et al. (257), an ethanol-based Pt core In2O3 nanowire based sensor 

for the diagnosis of diabetes has been developed. Cleverly a final coating of 

mesoporous silica on the sensor surface acts as a molecular sieve and goes some way 

to reduce the sensitivity loss from the high humidity. However, regeneration of this 

sensor will be required to remove the trapped H2O molecules, potentially degrading 

the sensor material, and reducing the longevity. To reduce the loss of sensitivity a 

simple desiccant based prefilter could be used to condition the incoming breath in 
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attempt to capture some of the humidity. This could be comprised of a simple polymer 

chamber packed with silica beads, known for their large surface area and high 

adsorbent rate (figure 8.1), of which are typically used in a standard laboratory glass 

desiccator. Their low cost would mean this could easily be a consumable item, 

replaced after each use. However, silica is not specific to H2O and therefore GC-MS 

analysis will need to be completed to calculate the TMA concentrations before and 

after passing through the prefilter to measure the loss by adsorption. 

 

 

 

 

Figure 8.1. An illustrative representation of a desiccant based prefilter able to reduce the 

humidity of the incoming breath sample. 

 

A more selective high surface area monolith could be designed in place of a silica 

based prefilter, that would allow for multiple uses through heating or vacuum 

regeneration. Zirconium-based metal organic frameworks (MOFs) have been 

demonstrated the potential for good selectivity towards water, due to the controllable 

pore size and crystal structure. A study by Furukawa et al. (258) synthesised and 

compared a range of different zirconium (IV) MOFs and evaluated their water vapour 

update and their adsorption/desorption profile via heat-based regeneration. It was 

found that MOF-801-P Zr6O4(OH)4(fumarate)6 had a high water vapour update with 

relatively small pore diameters (7.4, 5.6, 4.8 Å). It was assumed therefore that MOF-

801-P could be a suitable candidate for adsorbing water vapour through these pores 

whilst avoiding the adsorption of the larger TMA vapour. 

 

A porous 3D monolith was designed (figure 8.2) and printed using 50:50% alumina: 

polylactic acid (PLA) 3D printer filament. The aim of the design was to be able to fit 

this into a reusable casing for proof of concept. This material was chosen due to its 

ability to form a hard porous ceramic once heated above 1000oC, where the PLA 

portion of the material would combust leaving a porous material behind. The channel-

To sensorFrom mouthpiece Desiccant material
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based design was needed to maintain a high surface area in contact with the passing 

breath as well as being able to breath easily without resistance. Furthermore this design 

allowed for the easy dip coat deposition of MOF-801-P which was subsequently 

synthesised as per the literature methodology, (258) suspended in solution and 

immobilised via dip coating. Polyimide 84 was chosen due to its superior heat 

resistance. (259) 

 

a.      b. 

 

 
Figure 8.2. A rendered image of the 3D printed ceramic monolith b. from the side and a. above 

looking through the channels. Each cube represents 1cm3. 

 

Unfortunately, due to time constraints this concept was in its early phases. The 3D 

printed monolith had successfully been printed as well as the initial syntheses and dip 

coating. However, the implementation and proof of concept testing using GC-MS as 

well as on the gas inlet for the sensor rig had not been completed, and therefore forms 

part of the future work for this project. 

 

8.2.3 CKD patient clinical testing  
Within this project we have successfully demonstrated proof of concept for MoO3 

sensors for the detection of TMA in the ppb range. Building on this, simulated breath 

samples have demonstrated sufficient sensitivity down to a TMA concentration of 

100ppb. However, as discussed in Chapter 1, there is limited research conducted on 

the true concentration of TMA in CKD patients across the different stages. Therefore 

clinical testing using the developed sensor, along with supportive GC-MS, could be 
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used in a cohort of CKD patients of different stages to calibrate the sensor for use in 

practice, and also to further scientific knowledge of TMA concentrations in CKD 

patients. 

 

8.2.4 Sensor miniaturisation 
Currently the sensor rig and supporting equipment such as the potentiostat, laptop, 

2xDC power supplies and compressed air supply occupy a full fume cupboard. In 

order to move from a proof-of-concept design to a functional point of care device, 

significant miniaturisation will need to happen. As discussed in Chapter 7, though the 

initial results are limited, next generation SiC fibre based thin film sensors have the 

ability to significantly reduce power requirements for sensor heating as well as the 

integration of a controllable heater without the use of lithography. This can all be 

supported through the use of an Arduino microcontroller, able to supply and control a 

PID temperature controller for the microheater, as well as provide a sufficiently 

sensitive potentiostat. Finally, a basic code would be able to measure and calculate the 

difference between the background and breath sample sensor response, able to give a 

reading based on a previous calibration, resulting in a positive or negative result.  
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