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ABSTRACT 

Early disease detection and in-time health monitoring via novel sensing systems is highly 

demanded for modern medicine and health management. Recent development in nanotechnology 

and nanomaterials such as functionalized nanostructured metal-oxide semiconductors and newly 

discovered two-dimensional Ti3C2 MXenes have offered exciting areas of research as 

nanomaterial-based biomedical sensing devices. In this thesis, two major nanomaterials, KWO 

for application in diabetes and MXene for cancer management and further improvement of the 

KWO diabetes sensor, are intensively researched. KWO shows great potential as a breath 

acetone sensor, which can be utilized to monitor and diagnose diabetes. It also shows the unique 

ferroelectric property, which allows for a room-temperature sensing operation. Synthesis 

methods and characterization are done to further the understanding of KWO as an acetone sensor 

and further improve its capability towards becoming the cornerstone of a handheld biomedical 

sensor that is non-invasive, portable, and easy-to-use. Continuing, Ti3C2 MXenes are studied and 

characterized under various synthesis conditions to create both accordion-like structures with 

varying gap widths, and single-to-few layered nanosheets created by the intercalation of Li+ ions. 

Additionally, a new sensor based on 2D nanosheets, Ti3C2 MXene, has been designed and used 

for the sensing response to 8-HOA and PGE2 in lung cancer cells. The preliminary results 

indicate an important conclusion: this new Ti3C2-based sensor can provide a convenient and 

simple method for anti-cancer treatment guidance. Finally, a nanocomposite is synthesized using 

both KWO and Ti3C2 MXenes to improve the acetone sensor’s sensitivity and selectivity by 

majorly reducing humidity cross-interference. 
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1. FUNCTIONALIZED NANOMATERIAL DEVELOPMENT FOR USE AS MEDICAL 

DEVICES FOR CHRONIC DISEASES 

1.1. Introduction 

Nanomaterials, a hot area of research currently, have unique properties due to having at 

least one dimension less than 100 nm. They can be divided into categories of one-dimensional 

(1D), 2-dimensional (2D), and three-dimensional materials. Examples of 1D nanomaterials 

include nanowires, nanorods, and nanotubes. 2D nanomaterials are typically referred to as 

nanosheets, as they present a flat plane-like morphology. Examples include graphene, MXenes, 

black phosphorus nanosheets, transition metal dichalcogenides (TMDs), and hexagonal boron 

nitride (h-BN). 3D nanomaterials can vary wildly in morphology but can typically be referred to 

as a nanoparticle or nanocluster. The methods of synthesis can include either bottom-up or top-

down strategies of fabrication. Advancement in fabrication technology has enabled the 

manipulation of the structure and morphology of nanomaterials, which has led to extensive 

opportunity and possibility of research for functional devices and applications based around 

nanomaterials. 

Many unique properties of nanomaterials make them promising candidates for new 

sensing technology. The various morphologies of nanomaterials have already been discussed. 

However, the high surface-area nature nanomaterials present is certainly worth noting as it 

provides many active sites for improving sensitivity. The implementation of specialized 

nanomaterials also makes analysis very fast, giving in-time readings which can be used to take 

immediate action if needed. Many fields have benefited from the invention of novel chemical 

sensors based on functionalized nanomaterials, with the healthcare field being the most 

prominent. 
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As a rapid, non-invasive, and efficient early disease diagnosis and management, 

nanomaterial-based gas sensors have become very promising candidates for application in the 

medical field. Traditional approaches towards disease diagnosis such as blood or urine analysis 

are invasive and typically require one-time-use sensing strips. Breath, however, is always readily 

accessible and requires no poking nor privacy to collect. The targets of breath analysis are 

volatile organic compounds (VOCs) in collected breath samples, which are organic compounds 

created via different metabolic pathways and expelled through the breath. [1] There are different 

techniques that have been developed to date to detect VOCs accurately such as proton transfer 

reaction-mass spectrometry (PTR-MS), selected ion flow tube (SIFT-MS), laser spectroscopy, 

and gas chromatography (GC). [2-4] While these techniques are extremely accurate while 

detecting these VOCs, they are expensive, large, require highly trained individuals to operate, 

and have testing can take a long time. Breath sensors based around nanomaterials, on the other 

hand, show the potential to overcome these flaws being portable, easy to use, and give fast 

measurements. 

Herein, an overview of current breath analyses, including biomarkers which are 

detectable in human breath are explored along with requirements for the use of breath sensors for 

disease diagnosis. Continuing with these requirements, recent developments in new 

nanomaterial-based breath gas sensors are reviewed including sensing mechanisms and target 

biomarkers, as overviewed in Figure 1. 
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Figure 1. An overview of nanomaterial-based breath sensors’ working mechanisms and some 

potential diseases, with biomarkers, they can be designed for. [5] 

1.2. VOC Breath Biomarkers Detections and Challenges  

While some human biofluids (blood, breath, sweat, saliva, urine, and feces) contain 

VOCs, the breath is the largest potential source. [6] And while all these biofluids are considered 

feasible candidates for VOC detection, the breath is one of the least invasive and most 

convenient to sample. The basics of breath analysis diagnose disease by detecting a change in 

concentration of one or more VOCs on the breath. When analyzed in this fashion, these VOCs 

can be referred to as biomarkers. Detecting biomarkers on the breath is a non-invasive, direct, 

and low-cost technique, which contributes to the development of predictive, preventative, 

personalized, and participatory medicine. 

There are nearly 900 identified VOCs in the human breath that can work as biomarkers. 

[6] As these VOCs arise from metabolic processes, they can be used to gather pertinent 

information on metabolic disorders or dysfunction in the human body. Endogenous VOCs arise 
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from internal metabolic processes and are useful in clinical application as they carry important 

information on metabolic changes. Common VOCs on the breath include ketones, acids, 

aldehydes, and alcohols which are produced by different biochemical and physiological 

processes. So, it can be surmised that abnormal VOC concentrations are indicative to an 

abnormal metabolic state and can be used to distinguish certain diseases. Continuing, some 

common VOCs which can be used as biomarkers for various diseases will be discussed. 

Acetone can be found in a higher concentration on the breath of those who have diabetes. 

Diabetes patients have an insufficient level of insulin, and stored sugar is quickly depleted. As 

the body cannot get enough glucose from the blood, gluconeogenesis is accelerated in the liver 

along with the oxidation of fatty acids. The oxidation of fatty acids creates a large amount of 

acetyl-CoA. Normally the excess acetyl-CoA would enter the citric acid cycle to be broken 

down, however, the accelerated gluconeogenesis depletes oxaloacetic acid, which is vital for 

acetyl-CoA to enter the citric acid cycle. Since acetyl-CoA cannot enter the normal citric acid 

cycle it is used to synthesize ketone bodies including acetone. [7] Excess acetone ends up in the 

bloodstream and is often released through the breath. As a biomarker for diabetes, acetone on 

exhaled breath is usually in the range of below 0.8 ppm (parts per million), for healthy 

individuals, to excesses of 1.76 ppm, for those living with diabetes. [8] 

Ammonia is created during the digestion of proteins and is produced and released in the 

kidneys for maintaining a stable pH in the body. Typically, the liver converts ammonia in the 

bloodstream into urea, which is then expelled in the urine. Ammonia in mouth-exhaled breath is 

typically about 885 ppb (parts per billion) and has a nose-exhaled concentration of about 110 

ppb. [9] Breath-ammonia can be used to diagnose kidney malfunction; it has been found that the 

concentration of ammonia is higher in patients (556 ppb) suffering from chronic kidney disease 
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(CKD) than in healthy patients (284 ppb). [10] Breath analysis techniques measuring ammonia 

have been shown to have great clinical value in rapid neonatal screening. Hemodialysis patients 

also benefit from daily tracking of breath ammonia. Measuring breath ammonia concentration 

and blood urea concentration in conjunction have been shown to be a vital monitoring technique 

for patients with end-stage CKD during dialysis. [11] 

Fractional exhaled nitric oxide (FeNO) is produced by airway cells and is correlated to 

the number of inflamed cells. So, FeNO can be used as a biomarker of any condition that causes 

airway inflammation. FeNO detection has been shown to be a reliable, simple, and sensitive 

method for diagnosing and monitoring multiple respiratory diseases in clinical practice such as 

bronchial asthma, chronic coughs, and chronic obstructive pulmonary disease. [12] NO is also a 

biological regulatory factor produced in the body that plays an important role in many 

physiological and pathological processes. Levels of FeNO exhaled by children with asthma are 

elevated compared to healthy controls. Furthermore, FeNO levels may reflect the amount of 

airway inflammation, which is a pathological feature of asthma. [5] 

Isoprene is created from the biosynthesis of cholesterol, and thus may be used to measure 

blood cholesterol level or evaluate cholesterol synthesis rate. Breath isoprene is closely related to 

physical activity: its concentration rapidly increases right after the start of exercise and then 

stabilizes at a lower level. Therefore, physical activity should be assessed with care if the breath 

isoprene concentration is used as an index of endogenous isoprene. Additionally, breath isoprene 

is a potential indicator of several diseases including diabetes, end-stage renal failure, lung cancer, 

and chronic liver disease with advanced fibrosis. [13-16] 

Hydrogen and methane are formed entirely from carbohydrates breaking down via 

colonic anaerobic bacterial fermentation in the large intestine. Thus, are associated with 
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intestinal diseases such as small intestinal bacterial overgrowth (SIBO) and constipation-

predominant irritable bowel syndrome (IBS). [17-18] hydrogen and methane breath analysis, as 

an alternative tool for diagnosis of SIBO, overcomes difficulties that bacterial culture of small 

intestine fluid as an invasive, complex, and not suitable for the outpatient clinical setting 

procedure. This is because SIBO can be diagnosed if the breath-concentration of hydrogen is 

above 12 ppm within 2 hours after oral ingestion of glucose or lactulose. [19] It is also reported 

that breath methane correlates to constipation-predominant IBS. [20] 

Volatile sulfides, such as hydrogen sulfide gas, in the oral cavity cause endogenous 

halitosis. Volatile sulfides can be produced by Helicobacter pylori, which may be related to 

halitosis. H2S is a well-known biomarker in breath for halitosis. Selective detection of H2S gas 

more than 2 ppm in exhaled breath is required to screen patients suffering from halitosis. [21] 

Aldehydes on the breath have been correlated to lung cancers. [22] Oxygen free radicals 

are commonly found in lung cancer patients. The excessive amount of oxygen free radicals in the 

body leads to potential oxidative stress injury, which is the main cause of lung cell damage. In 

this case, lipid peroxidation of various unsaturated fatty acids in the cell membranes has 

aldehyde products. Lipid peroxidation is a chain reaction; first, reactive oxygen species remove 

the hydrogen atoms of the propene group, producing conjugated groups, which are then oxidized 

by oxygen to produce aldehydes. 

These are but a few selected VOCs that have been utilized as biomarkers to diagnose and 

monitor diseases. Much more research can be done to understand the creation of endogenous 

VOCs so that we may continue to exploit using engineered devices which are more affordable, 

less invasive, personalized methods for diagnosing and monitoring disease. 
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Detecting VOCs can be quite challenging, however. As mentioned, many VOCs in breath 

have concentrations in the ppm to ppb range. On top of that, the change in VOC concentration 

caused by body metabolism that can be detected is typically quite small. This means materials 

developed as sensor devices need to have ultrahigh sensitivity and high resolution to differentiate 

such small change in concentration. Beyond this, human breath is very complex with mixtures of 

more than 1000 organic compounds like VOCs, inorganic compounds, and high concentration of 

humidity. Thus, the sensor materials for VOC detection need to have extremely high selectivity 

for disease-related VOC compounds to allow for accurate detection and measurement with no 

false signals from the many other agents that can also exist in the sample. These two factors open 

an interesting new direction of research: the synthesis of new functionalized nanomaterials 

tailored to be sensing materials for realizing the purpose of disease-related VOC detection. The 

development of nanomaterials to achieve this high level of functionality requires an in-depth 

knowledge of currently known sensing mechanisms, which will be discussed next. 

1.3. Nanomaterial-Based Medical Sensor Devices 

Nanomaterials have spurred research into the development of numerous medical sensor 

devices with the interaction between the target VOC and nanomaterial being the key area of 

detection. Sensors can use one of three main sensing mechanisms: electrical, optical, and mass-

sensitive. Herein, each type of mechanism will be overviewed with examples of current research. 

1.3.1. Optical 

Optical sensors work by utilizing a mechanism in which the interaction of 

electromagnetic waves with a target analyte alters the optical properties of the nanomaterial. This 

can be in the form of fluorescence, localized surface plasmon resonance (LSPR), or surface-

enhanced Raman spectroscopy (SERS). Fluorescence mechanisms have a change in light 
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intensity when a specific analyte interacts with a specific nanomaterial. LSPR-based sensors use 

nanomaterials of noble-metals as they present the best LSPR properties. It has been shown that 

LSPR-based sensors can detect gaseous toluene, octane, xylene, and chlorobenzene using an Ag 

nanoparticle with an Au nanoshell, which was fully reversible. [23] Figure 2 shows the working 

mechanism behind these devices, which is a visible change occurring due to surface 

condensation. SERS-based sensors are like LSPR-based sensors but will also include a chemical 

enhancement which allows for extremely high sensitivity and selectivity. 

 

Figure 2. Illustrations for LSPR–VOC sensor response mechanism. [23] 
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1.3.2. Mass-Sensitive 

Mass-sensitive nanomaterial-based sensors utilize the same mechanism a quartz crystal 

microbalance (QCM) utilizes. By capturing a target analyte, a change in any of the oscillatory 

parameters, frequency, amplitude, and wave velocity, of the piezoelectric crystal can be 

measured. For example, a QCM sensor coated with a thick Au layer and cobalt (II) 

phthalocyanine–silica nanocomposite to detect NO has been developed as a tool to diagnose 

asthma. The sensing mechanism involves coordinated adsorption of NO onto the cobalt (II) 

phthalocyanine, which leads to a shift in the resonance frequency of the modified QCM sensor, 

Figure 3. [24] It can be seen that the frequency of the QCM decreases with the capture of 

analyte gases of acetone and NO. 

 

Figure 3. Typical response curves of 17.3 ppm acetone 5.75 ppb NO mixture gas on (a) bare (b) 

TiO2-MWCNT (c) cobalt phthalocyanine silica modified QCM sensor on MQCM device. [24] 

1.3.3. Electrical 

The most basic electrical parameters are resistance, voltage, and current. Thus, the most 

basic working mechanism for nanomaterial-based medical sensors will operate by having anyone 

of the three of these parameters change when exposed to the targeted VOC, with greater 
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concentrations causing greater electrical change. As all these properties are correlated due to 

Ohm’s law, the typical measurement taken is change of resistance. 

Electrical sensors are the most widely used and well established for use as medical device 

sensors. Common chemical sensing nanomaterials include metal oxide semiconductors (MOS), 

carbon-based nanomaterials like graphene and carbon nanotubes (CNTs), and conductive metal 

organic frameworks (MOF). [25-26] The sensing principles of nanomaterial MOS-based sensors 

including WO3, ZnO, SnO2, and Cu2O is the most widely investigated. This is due to the variety 

of synthesis techniques that can be used to make these materials. This variety allows for 

numerous morphologies which can cause changes in the crystal structure, exposed crystal faces, 

and functional groups which dot the surface of the material. These properties can all have a 

direct impact on the sensing performance of final sensor devices. 

Another new material which has become of particular interest is the 2D nanosheet, Ti3C2 

MXenes. These new materials have been proven to be effective gas- and electrochemical sensors 

due to their unique morphology, electrical properties, and surface functional groups. [27] 

For the application of medical devices, VOC biomarkers will interact with the surface of 

the nanomaterial and cause a change in resistance due to a charge transfer mechanism. This is 

referred to as the chemiresistive property, and an electrical sensor which works using this 

mechanism is called a chemiresistive sensor. Due to their simple working principle and ease of 

fabrication and miniaturization, they are very popular in current research for the development of 

nanomaterial-based medical sensors. [5, 23-27] Although these advantages of chemiresistive 

based gas sensors, it has some disadvantages. First is the sensitivity and selectivity, which 

require a high degree of tuning material properties such as specific crystal facets, tuning crystal 

phases, and control over any surface functionalization. Second is the high operating temperature, 
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current materials utilize a redox reaction that requires temperatures of 160 oC and even higher. 

This is especially poor for device design as it adds another layer of complexity and power draw. 

Third is achieving high stability, the material needs to be able to stand up to multiple uses and 

maintain its sensing feature. Lastly, the humidity cross-interference is near ubiquitous to all 

electrical based sensors. This is the effect that causes signal to deteriorate in the presence of high 

moisture environments. Considering these factors, this work mainly focuses on chemiresistive 

gas sensor devices and the synthesis of novel nanostructured materials to optimize the device 

sensing performance. 

In this thesis, considering the actual applications for specific disease early detection and 

management, exploring new nanomaterials as the sensing materials in the sensors is the main 

goal for my PhD study. Herein, we emphasize two novel nanomaterials, one is 1-dimensional 

nanostructured semiconducting material: K2W7O22 nanorod; the other is 2-dimentional Ti3C2 

MXene nanosheet materials is done to further scientific understanding pertaining to utilization as 

biomedical sensor devices. Specifically, novel K2W7O22 nanorods show great potential as an 

acetone sensor to diagnose and monitor diabetes. Ti3C2 MXenes are studied for their basic 

properties utilizing new synthesis techniques and are studied for their feasibility as a biomedical 

sensor for monitoring the progress of new novel cancer treatments. Both nanomaterials were also 

combined as a composite to further improve the properties of the acetone sensor. 
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2. METAL TUNGSTEN OXIDES AS CHEMIRESISTIVE BREATH-ACETONE 

SENSORS1 

2.1. Introduction 

2.1.1. Diabetes 

Diabetes is one of the leading causes of health complications and death currently in the 

United States. Diagnosing and monitoring methods are invasive, risk infection, and can become 

costly due to regularly replacing either lancets, needles, or sensing strips. The design of a 

breathalyzer device for diabetes monitoring and diagnosis would eliminate these negative side-

effects while already living with a debilitating disease. It could also improve point-of-care by 

yielding fast results while collecting patient data for a personalized history to better manage and 

track daily life living with diabetes.  

Human exhaled breath contains mostly nitrogen (78.04%), oxygen (16%), carbon dioxide 

(4-5%) [28], other inert gases (0.9%) [29] and water vapor (5%). Beyond that, there are 

thousands of Volatile-Organic-Compounds (VOCs) on the breath that range in concentration 

from parts-per-million (ppm), parts-per-billion (ppb), to as low as parts-per-trillion (ppt). [30] 

examples of such VOCs include; ethane (0-10 ppb), methane (2-10 ppm), pentane (0-10 ppb), 

nitric oxide (10-50 ppb), and nitrous oxide (1-20 ppb) [31], ammonia (0.5-2 ppm) [32], carbon 

monoxide (0-6 ppm) [29], hydrogen sulfide (0-1.3 ppm) [33], acetone (0.3-2 ppm) [34], ethanol, 

and isoprene (105 ppb) [15]. VOCs are not typically made by endogenous effects, but rather are 

influenced by exogenous factors such as food consumption, drug metabolization, or exposure to 

pollution. [35] To be able to detect a disease via the breath a VOC needs to be identified which 

 
1 The material in this chapter was co-authored by Michael Johnson and Danling Wang. Michael had primary 

responsibility for material synthesis, and data collection and analysis of XRD, XPS, TEM, SEM, Raman, and FT-IR. 

Michael was the primary developer of the conclusions that are advanced here. Michael also drafted and revised all 

versions of this chapter. Danling served as proofreader and checked the data and conclusions conducted by Michael. 
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functions as a biomarker for type-1 diabetes. It has already been found that acetone on the breath 

can be used as a biomarker for diabetes and sensing this acetone on the breath is a rapid and non-

invasive method for screening and diagnosing diabetes and would be an effective method 

towards management of the disease as well. [1, 36] 

The concentration of acetone in a healthy individual’s breath is typically around 0.76 

parts per million (ppm), while those with diabetes can have a breath-acetone concentration of 

1.71 ppm or even higher, and so techniques need to be developed with enough sensitivity to 

work within this range. [34, 36] Using patient breath samples for non-invasive VOC detection 

has already been achieved using equipment such as paired gas-chromatography/mass-

spectrometry (GC/MS) and solid-phase microextraction (SPM). While these techniques are 

highly accurate and have been shown to have low detection limits for acetone at 0.049 parts per 

billion (ppb), they do require high levels of experience to operate, are expensive to buy and 

maintain, and are more-or-less immovable. [8] All of these pitfalls limit them to becoming well-

suited for point-of-care (POC) technology for disease monitoring and control.  

Herein, a novel group of chemiresistive nanomaterials, metal doped tungsten oxide 

(MWO) nanorods, are extensively studied for their ability to work as a sensor for breath-acetone. 

A chemiresistive sensor has a simple design, which is described further on, that allows it to work 

as an easy-to-use POC device that is non-invasive and reusable. The goal of this research is to 

improve and better understand how tungsten oxide nanomaterials work as a transducer material 

for said device. 

2.1.2. Chemiresistive Sensors 

Chemiresistive gas sensors based on Metal-Oxide-Semiconductor (MOS), such as KWO, 

are becoming a more widely studied and available for biomedical applications. In contrast to the 
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methods previously mentioned, GC/MS and SPM, are simple devices which allow for a high 

miniaturization potential and have a low-cost output. All of this means they have the potential to 

become robust devices used in everyday clinical and personal settings. The chemiresistive 

mechanism for gas sensors, in short, is an observable change in electrical resistance when 

exposed to an analyte gas. The intensity and direction (increase or decrease) of resistance change 

is determined by the electrical and physical properties of MOSs. In addition, nanomaterial-based 

MOSs for biomedical sensors have been a widely studied area as of late due to nanomaterials 

possessing unique properties which aid in the sensing mechanisms. This is due to their high 

surface area to volume ratio, low cost, and tunable surfaces which allow for a wide range of 

study and application. [37] 

Due to the wide variability nanomaterial MOSs present, changes in the electrical 

properties can be tuned to influence the final sensor’s sensitivity, selectivity, productivity, and 

long-term stability. These are the main properties measured when testing a sensor’s efficacy. 

Sensitivity is the sensor’s ability to detect small changes in analyte concentration; selectivity is 

the ability to distinguish a single analyte from a complex chemical mixture; productivity is the 

reaction speed of the sensor, which can be broken down into response and recovery times; 

finally, long-term stability is the lifetime of the sensor, usually dictated by the transducing 

material. [38] Nanomaterial MOSs are highly attractive since all these properties can be easily 

manipulated through synthesis procedures that effect crystal size, structure, and surface 

functional groups. 

To develop and improve the sensing-material’s properties, three major functions, which 

drive the chemiresistive mechanism, must be considered: These functions are the receptor 

function, transducer function, and utility factor. [39-41] Figure 4 illustrates these properties and 
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can give deeper understanding to how they affect overall sensitivity. The receptor function is 

most related to the sensitivity and selectivity of the produced material and dictates how said 

material will respond to the target gas. For MOS nanomaterials, oxygen vacancies are created at 

the surface of crystal structures during synthesis. The concentration of these oxygen vacancies 

directly impacts the sensing performance of MOS based gas sensors as these are the sites which 

the target gas will interact with. Beyond this, the ferroelectric property, present in K2W7O22 

(KWO) nanorods, creates a unique surface that allows for the receptor function to operate at 

room-temperature where non-ferroelectric MOS materials operate at temperatures well above 

150 oC. [42] 

The transducer function reveals how the response of each individual crystal translates to 

the overall response of the sensing film and continues to describe how free charge-carriers 

transfer within a crystal and across grain-boundaries. Theoretically, this function is caused by the 

formation of the depletion region between junctions or grains. MOS nanomaterials adsorb 

oxygen from the surrounding atmosphere, due to the receptor function, which attracts electrons 

forming O-, O2-, and O2
- species. In an n-type MOS nanomaterial this causes an electron depleted 

layer, however as the topic of this dissertation is on a p-type MOS nanomaterial this function 

will be described assuming p-type response, which is the creation of a hole accumulation layer. 

The generated hole accumulation layer allows for easier flow of charge from one grain to the 

next as holes are the major charge carrier. Reducing gases, such as acetone, reacting with the 

surface of the material causes the hole density to decrease as the reduction reaction adds negative 

charge to the system. This causes a drop in charge mobility, which increases the resistance of the 

entire film. Reversely, oxidizing gases will increase hole concentration causing the resistance to 



 

16 

decrease. For a full picture, Table 1 describes the interaction between p- and n-type MOS 

materials with reducing and oxidizing gases. 

Table 1. Response behavior of p- and n-type MOS sensors to reducing and oxidizing gases. 

Sensing Response 

Behavior 

p-type Sensor n-type Sensor Example Gases 

Reducing Resistance increases Resistance decreases H2, H2S, CO, NH4, 

Ethanol, Acetone, 

CH4 

Oxidizing Resistance decreases Resistance increases O2, O3, NOx, CO2, 

SO2 

 

Lastly, the utility factor relates to the sensing material’s morphology and porosity, which 

defines the diffusion and reaction of gases through the sensing medium. This directly impacts 

response and recovery times, so achieving high porosity will vastly improve the sensing films 

capability as a fast hand-held sensor. Here the morphology of the nanomaterial comes into play, 

as it dictates the porosity of the resulting film as well as the exposed reaction surfaces. 

Chemiresistive gas sensor devices work using a mechanism mainly involving surface 

adsorption of an analyte and electrical signal transduction. Simply, this means the material’s 

electrical resistance changes based on analyte concentration fluctuations. These devices are 

simple including a substrate, electrodes, and an active transducer layer. Figure 5 shows a 

schematic of a typical chemiresistive sensor and the signal it presents when interacting with an 

analyte gas. The sensor response shown can then be quantified using an equation for sensitivity. 

The standard equation for sensitivity is presented here in equation (2.1): 

 𝑆 (%) = (
𝑅𝑔−𝑅𝑎

𝑅𝑎
) × 100 (2.1) 

Where Rg is the resistance when exposed to analyte gas, Ra is the resistance in air, and S is the 

calculated sensitivity expressed as a percent change from the controlled starting condition. The 

sensitivity is best improved by enhancing the transducer and/or the receptor function. Improving 
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the transducer function causes the difference in resistance between air and analyte gas 

environments to increase. This directly relates to the top-half of the equation creating a higher Rg 

- Ra value. On the other hand, the receptor function directly correlates to the value of Ra, which, 

when lowered, increases overall sensitivity. This will be the equation used when calculating 

sensitivity for all materials presented here-on.  

 

Figure 4. Three main factors controlling semiconductor gas sensor sensitivity Receptor Function, 

Transducer Function, and Utility Factor. [40] 

Overall, all of these concepts are important towards the application of design and study of 

K2W7O22 (KWO) nanorods for the application as a breath-acetone sensor. Herein, we will apply 

these concepts towards the experimentation and development of KWO for said sensing usage, 

and how factors such as growth temperature, potassium content, and the addition of surfactants 

affected the final measured sensing performance. 
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Figure 5. (a) Illustration of chemiresistive gas sensor. (b) Typical response and recovery curves 

measuring current when interacting with analyte gas at different concentrations. [39] 

2.2. K2W7O22 (KWO) Nanorods 

KWO nanorods were the first tungsten oxide materials studied and comprise much of this 

work. This is due to the ferroelectric property they possess, which as discussed earlier, allow for 

this material to work at room-temperature. [42-44] This is notable as other MOS based sensors, 

including other tungsten-oxide based sensors, work at temperatures exceeding that of 150 oC. 

[45-52] Herein the effects of differing synthesis conditions are explored towards better 

understanding the crystal-structure, morphology, and ferroelectric property of KWO and how it 

pertains to the final sensing properties. 

Initial literature research on tungsten oxides revealed that the ferroelectric phase stems 

from a specific crystal phase, called -WO3. The ferroelectric property in -WO3 creates a dipole 

within a crystal lattice structure by off-setting one or more atoms from their charge neutral 
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position. Due to this, high dipole moment compounds such as acetone will readily interact with 

the surface of the material. [51] The focus of this experimentation was to see if 1) -WO3 was the 

cause of KWO’s ferroelectric property, and 2) find if said phase could manipulated via synthesis 

conditions. 

KWO is grown using the hydrothermal method. [53, 54] A precursor solution containing 

Na2WO4 ∙ 2H2O (95%, Alfa Aesar), oxalic acid dihydrate (>99%, VWR), K2SO4 (>99%, VWR), 

and HCl (36-38%, Aqua Solutions Inc.) was made. This solution was then put into a 30 mL 

autoclave for synthesis. KWO samples were grown at various temperatures for 24 hours. The 

collected material is then washed with D.I. water and ethanol then collected via centrifuge. 

Samples used for acetone sensing tests were applied to a sensor slide, which consists of a glass 

substrate and gold-patterned electrodes, by blade coating and then annealed at 350 oC for better 

contact with the substrate as well as improving crystallinity. 

2.2.1. Growth Temperature Effects 

As this material is new, it must be determined what the best synthesis conditions are. To 

do this a round of experimentation was done growing four samples of KWO at temperatures of 

160, 180, 210, and 225 oC using the hydrothermal method described earlier. These samples were 

then examined using X-ray diffraction (XRD), transmission electron microscopy (TEM), Raman 

spectroscopy, Fourier-transform infrared (FT-IR) spectroscopy and were all tested for sensing 

performance. [51] 

2.2.1.1. X-Ray Diffraction (XRD) and X-Ray Photoelectron Spectroscopy (XPS) 

X-ray diffraction was obtained using a Bruker AXS D8 Discover to study as-synthesized 

KWO crystalline structure. Samples were made by coating a paste made from KWO and ethanol 

on glass substrates. A diffraction pattern was gathered from a 2-Theta of 5o to 90o. 
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Figure 6 shows the XRD spectra of KWO grown at 160, 180, 210 and 225 oC. The 

individual peak’s 2-θ values found were: 14.013o, 23.265o, 24.339o, 27.269o, 28.175o, 33.896o, 

and 36.843o corresponding to the crystal indices of (100), (002), (110), (101), (200), (111), and 

(201), respectively. It was found that the crystal structure of KWO was similar to results found 

for other hexagonal tungsten oxides used for gas sensing. [50, 55, 56] The peak positions remain 

constant with respect to growth temperature indicating that the growth temperature did not alter 

the crystal structure. The main differences that can be observed in these samples from XRD are 

1) stronger peaks are observed for samples grown at higher temperatures, and 2) the relative peak 

intensities of (200) and (201) facets become much more intense with respect to other peaks as the 

growth temperature was increased. In summary, nanorods grown at higher temperature presented 

higher crystallinity with the (200) facet becoming much more prevalent than other peaks with 

respect to increasing growth temperature. 

X-Ray Photoelectron Spectroscopy (XPS) was done using a Thermo Scientific K-Alpha 

XPS to study the molar value of each type of atom in KWO. Samples were collected and 

annealed as a powder for analysis. The results can be seen in Figure 7 which the analysis can be 

found in Table 2. The values found show that the molar ratio of the material obtained is very 

close to the 2:7:22 of K:W:O as expected. 
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Figure 6. XRD spectra of KWO growing at 160, 180, 210, 225 oC and standard WO3. 
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Figure 7. XPS Spectrum of K2W7O22 nanorods. 
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Table 2. XPS data of as-synthesized KWO. 

 Peak (BE) Height (CPS) FWHM (eV) Area (CPS.eV) Atomic Content (%) 

W4f 36.36 421721.42 4.08 1798872.21 23.41 

O1s 530.34 334091.36 2.59 995253.52 68.46 

K2p 239.29 38855.81 2.70 168932.44 6.05 

 

2.2.1.2. Transmission Electron Microscopy (TEM) 

TEM imaging was obtained using a JEOL JEM-2100 high-resolution analytical TEM. 

Samples were prepared on carbon grids by sonication. Figure 8 shows the TEM images of the 

nanorods to see the typical length at all four growth temperatures. It can be seen that the higher 

the temperature the longer the nanorods were. It can also be noted that the average dimeter of the 

nanorods across all samples is about 10 nm indicating that growth temperature does not affect 

the thickness of the synthesized product. Also of note, the sample grown at 225 oC have become 

much longer on average compared to the other samples indicating a faster growth rate. 

Figure 9 presents TEM imaging which the crystal lattice has become apparent for the 

four samples grown at varying temperatures. The lattice-fringe spacing found from these images 

are presented in Table 3. Looking at this data, it can be seen that this spacing does not vary 

much indicating little change to crystal morphology with respect to growth temperature. This 

correlates well with the XRD data presented earlier in Figure 5. 

Table 3. Lattice fringe spacing for KWO samples grown at 160, 180, 210, and 225 oC. 

Growth 

Temperature 

(oC) 

 

a-spacing (Å) 

 

c-spacing (Å) 

160 6.038 3.598 

180 6.320 3.636 

210 6.356 3.634 

225 6.388 3.542 
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Figure 8. HRTEM image of KWO samples grown at (a) 225 (b) 210, (c) 180, and (d) 160 oC. 

 

Figure 9. HRTEM image of KWO lattice, samples grown at (a) 225 (b) 210, (c) 180, and (d) 160 
oC. 
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2.2.1.3. Raman Spectroscopy 

Previously, our group has shown that KWO presents the ferroelectric property using a 

piezoresponse force microscope. [42] Raman spectroscopy was used to further study the 

ferroelectric property of KWO in this study. Previous reports have found that WO3 exhibits this 

property in a bulk phase called ε-WO3 which is only stable below -40 oC, and normally exists in 

the γ-phase of WO3 at room-temperature. [52] However, it has also been found that ε-WO3 can 

exist at room temperature as microcrystals in a bulk sample. [57] Raman has been utilized in 

other studies to better understand the effect that doping has on the crystal phase WO3 expresses 

and study the material’s ferroelectric property. [49] Here, we used Raman spectroscopy to find 

peaks at room temperature, which can provide evidence of the existence of ε-WO3 within the 

KWO crystal phase at room temperature.  

Raman spectra were obtained using an Aramis Confocal Raman Imaging System with 

Horiba Jobin Yvon’s Raman Spectrometer. Figure 10 shows the spectra obtained of KWO 

grown at 160 and 225 oC. Both samples show peaks at ν= 642, and 688 cm-1 which belong to the 

ε-phase of WO3. [58] These results confirm that the ε-WO3 phase is present within the samples 

made. Factoring this in, the KWO grown at 225 oC shows further extended shoulder comparing 

to the sample grown at 160 oC indicating that KWO grown at higher temperature presents more 

ε-WO3 and thus a stronger ferroelectric property. 
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Figure 10. Raman Spectra of KWO grown at 160 oC and 225 oC. 

2.2.1.4. Fourier-Transform Infrared (FT-IR) Spectroscopy 

Further structural and functional groups of KWO grown at 160 oC and 225 oC were 

studied using FT-IR, see Figure 11. It has been reported the WO3 nanostructures can contain 

water within the crystal structure. [54, 59] This is confirmed in our results showing a wide band 

at ν= 3,410 cm-1 and weak peak at ν= 1,590 cm-1. These peaks can be attributed to -OH and H2O 

stretching vibration. A strong band at ν= 806 cm-1 with shouldering at ν= 716 cm-1 corresponds 

to O-W-O stretching vibration. This peak is stronger in the sample grown at 225 oC, and this is 

likely due to the higher crystallinity which was presented earlier. Also, weak shouldering at ν= 

1,030 cm-1 can be attributed to the W=O vibrational mode. A weak peak at ν= 1,380 cm-1 is 

attributed to W-OH. Interestingly, this peak only shows up for KWO synthesized at 225 oC 

indicating isolated hydroxyl groups only in this sample. From this data, we can see that KWO 

grown at higher temperatures presents -OH terminations while samples grown at lower 
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temperatures do not. It has been shown that the –OH terminations can cause electrostatic 

interactions between the material and high dipole analytes such as acetone. [60] The increased 

electrostatic interaction with acetone likely causes an improvement in sensing performance. 

 

Figure 11. FT-IR spectra of KWO grown at 160 and 225oC. 

2.2.1.5. Acetone Sensing and Discussion 

The acetone sensing performance has been done through a programmable chemiresistive 

gas sensor measurement system. [42, 43] Briefly, the acetone vapor is generated from OVG-4 

(Owlstone, InC.) based on the theory of permeation tube. The concentration of acetone can be 

precisely controlled from 0 to 5 ppm. Higher concentration, 50 ppm, acetone is generated from 

acetone tank in dry nitrogen calibrated and made by Airgas, Inc. Once the acetone is exposure 

onto KWO film, a resistance change can be detected and recorded through an advanced circuit 

system designed for signal collecting. 

The sensing tests based on the as-synthesized KWO at different fabricating temperature 

to 50 ppm of acetone have been done. Sensitivity to acetone was determined based on the typical 
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equation for a chemiresistive sensor, as described earlier in the introduction of the chapter, to 

evaluate KWO sensing performance. Based on this equation, the sensitivity for KWO grown at 

160, 180, 210, and 225 oC was calculated and shown in Figure 12. As we can see, the sensitivity 

increases as growth temperature increases as far as the temperature is not too high to cause any 

phase transition. While the data shows the highest growth temperature, 225 oC, is in fact the most 

sensitive to acetone, the samples could become even more sensitive at even higher growth 

temperatures. However, this was unable to be tested as the equipment available was only capable 

of temperatures at the maximum shown here. 
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Figure 12. Sensitivity to acetone (50ppm) using KWO grown at 160, 180, 210, and 225 oC. 

Considering the results of XRD and HRTEM, in Figures 1 and 4 respectively, the results 

have shown that 225 oC KWO has higher crystallinity and longer nanorods. The sensing test 

results reveal that higher crystallinity and larger surface area can be one reason to result in better 

response of KWO to acetone. Also, an increased ferroelectric property, measured using Raman 

spectroscopy shown in Figure 10, can be another important factor that results in the higher 
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response of KWO to acetone. Due to the ferroelectric property being so important to the charge 

transfer between acetone and KWO, this indicates that improving this property is important to 

further improve KWO sensing performance to detect acetone. [49] 

The selectivity of the material is also another important factor the future use of this 

material for an application in a diabetes monitoring device. We have previously reported the 

selectivity of this material to being most sensitive to acetone over ethanol and water vapor. [42] 

We have also reported on the humidity cross-interference effect showing that this material works 

even in environments with high humidity (relative humidity up to 80%). [61] It has been highly 

reported that environments with high humidity are problematic to semiconductor sensors, and 

since KWO operates at room-temperature and can operate at high humidity shows the quality of 

this material for use in an acetone sensor for human breath. Due to this fact, continual 

experimentation will be done to find ways to mitigate the humidity cross-interference effect to 

achieve suitable operation in environments of a relative humidity greater than 90%, and to 

increase the selectivity for acetone further in future work. 

Overall, the goal is to create a working medical device based around this material that can 

detect acetone on human breathe and correlate that to blood-glucose levels. The obvious next 

step to achieve this is to begin tests using human breath samples of those with diabetes. This 

would show the viability of this material in more real-life circumstances. Also, our group is 

working on designing the circuits and fabrication of a portable device for easy convenient use. 

Accomplishing these two objectives would allow for KWO to become a staple for diabetes 

health detection and monitoring. 

K2W7O22 nanorods synthesized at temperatures from 160 to 225 oC were characterized 

and studied for beneficial properties applicable to acetone sensing. It was found that when KWO 
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was grown at higher temperatures it exhibited higher crystallinity, longer nanorods, more –OH 

termination, and a more prominent ferroelectric property. The more prominent ferroelectric 

property was shown to be the main reason why KWO synthesized at higher temperatures became 

more sensitive to acetone. It has been shown here for the first time that the optimization of 

growth temperature directly affects the ferroelectric property, and thus the sensitivity of the 

resulting material. Other important factors such as more –OH termination, higher surface area 

due to longer nanorods, and higher crystallinity also show impact on the overall sensitivity of the 

material to acetone. Overall, the KWO grown at higher temperatures has been shown to be an 

improvement for the material’s sensing properties for diagnosing and monitoring diabetes. 

2.2.2. Potassium Content and Surfactant Effect on KWO’s Ferroelectric Property and 

Crystal Structure 

It has been shown that manipulating the surface facets of WO3 nanomaterials can greatly 

impact their sensing properties. [50] The addition of surfactants during growth can influence the 

morphology and surface facets. [62] So, we have tried manipulating the specific surface facets of 

KWO via growth using surfactants and studied the role of potassium (K) in KWO. The results 

show that both K and surfactants influence KWO sensing performance. Like several other 

nanomaterials, gas sensing capability is dependent on the exposed planes of the crystal structure, 

and exposed crystal facets. [49, 50, 62-66] From there, it will help us to better understand the 

relationship of KWO material structure and properties. As mentioned earlier, KWO has a strong 

room-temperature ferroelectric property that drives the mechanism of acetone sensing, and the 

ferroelectric property has been shown to be correlated to the ε-WO3 phase of WO3. [58] By 

manipulating the surface facets and the potassium concentration a better understanding of the 

KWO acetone sensing mechanism is presented, and further improvement of the material for its 
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use in an acetone breath sensor as a diabetes diagnosis and monitoring device is accomplished. 

[67] 

KWO is grown using the hydrothermal method described earlier. For surfactant growth 

poly(ethylene glycol)-block-poly(propylene glycol)-block-poly(ethylene glycol) (designated 

PEG-PPG-PEG; Pluronic L-121, Sigma-Aldrich) was added to the precursor solution last and let 

stir for 10 minutes before beginning hydrothermal growth. Additionally, precursor solutions of 

varying K2SO4 concentrations to obtain the products KxW7O22 with x = 1.2, 1.5, 1.8, 2.0, and 2.2 

were made for testing how potassium content affects sensitivity of the final sensing material. 

2.2.2.1. X-Ray Diffraction (XRD) 

XRD patterns were collected on a Bruker AXS D8 Discover to study as-synthesized 

KWO crystalline structure. Samples were made by blade coating a paste made from KWO 

powder and ethanol on glass substrates. A diffraction pattern was gathered from a 2-Theta of 10o 

to 45o. 

Previous work has shown that the crystal structure of KWO is similar to that of 

hexagonal tungsten trioxide (h-WO3), and that it can be tuned for higher acetone sensitivity by 

adjusting the growth temperature. [42] It has been reported that the controlled exposure of the 

crystal facets of WO3 have a high impact on acetone sensitivity and selectivity. [50] According 

to this information, we have modified KWO in a similar fashion to gain more control over the 

crystal surfaces exposed as shown in Figure 13. The introduction of the Pluronic L-121 

surfactant has effectively changed the ratios of surface facets while still maintaining the same 

peak positions indicating the sample maintained a hexagonal lattice structure. So, to compare the 

samples the ratio of the (002) and (200) peaks were obtained. KWO grown without surfactant 

shows a ratio of 0.426, and the addition of L-121 increases this ratio to 0.814. By utilizing a 
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surfactant growth method, the facets have been altered enough to see if there will be a change in 

the materials sensing property which will be discussed further on. Figure 14 shows the XRD for 

the samples with varying stoichiometric ratios of potassium. The general chemical formula of 

KxW7O22 where x was equal to 1.2, 1.5, 1.8, 2.0, and 2.2 for varying samples was used. The first 

thing that should be noted is similarly to growing with a surfactant, the potassium level directly 

controls the ratio of crystal facets. It can be seen that the (200) peak sharply increases at a K 

value of 1.5 and lower, while the (002) peak gets significantly larger at a K value of 1.8 and 

above. Overall, we can see that with a lower concentration of K the (002) peak decreases and the 

(200) peak increases, and vice versa for increasing potassium concentration. 

 

Figure 13. XRD of KWO grown with and without L-121 surfactant. 
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Figure 14. XRD of KWO grown varying stoichiometric potassium compositions of 1.2, 1.5, 1.8, 

2.0, and 2.2. 

The data gathered by XRD indicated that control of the crystal facets of KWO material 

can be achieved via two pathways: addition of chemical additives during growth such as 

surfactants, and the adjustment of the concentration of potassium in KWO. 

2.2.2.2. Raman Spectroscopy 

Figure 15 shows the Raman obtained of KWO samples grown with and without L-121, 

and Figure 16 shows samples with a change in potassium content. Comparing Kx values of 1.8, 

and 2.0 when grown with L-121, we see little difference other than a more prominent 

ferroelectric phase observed by farther shouldering which was previously reported by our group. 

[51] In detail, in Figure 2, there are two primary peaks at 715 cm-1 and 805 cm-1 in Raman 

spectra which indicate the presence of γ-phase. With addition of L-121 a decrease of peaks 
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related to γ-phase was seen in K1.8WO-L121 and K2.0WO-L121. Instead, one primary peak just 

below 800 cm-1 was showing up which is indicated a further shift to the ε-phase. [49, 51] This 

result combining the XRD data indicate KWO grown with L-121 has a stronger ferroelectric 

phase as well as higher ratio of (002) facet. 

 

Figure 15. Raman of K2W7O22 grown with and without L-121 surfactant. 
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Figure 16. Raman of KWO with potassium stoichiometric ratios of 1.2, 1.5, 1.8, 2.0, and 2.2. 

We can also see in Figure 16 a clear shift from the gamma phase to the epsilon phase of 

WO3 when potassium levels are decreased. This is similar to the results found when doping with 

chromium where a decrease in doping yielded more ε-WO3. [49] That is, it is critically important 

to find the right component ratio of K in KWO in order to optimize KWO sensing performance. 

This is because both ferroelectric phase and (002) surface play an important role in KWO as an 

acetone sensing material. To elaborate, if the potassium content of KWO is too high, we see a 

strong drop in the ferroelectric phase. While, if the potassium content is too low, we see less 

expression of the (002) facet. This lets us conclude that there must be a balance where the 

potassium levels express enough of each property to maximize the material’s sensitivity. 

2.2.2.3. Fourier-Transform Infrared (FT-IR) Spectroscopy 

Figure 17 shows the FT-IR of the obtained samples grown with and without L-121. The 

peak at ν= 3,410 cm-1 and weak peak at ν= 1,590 cm-1 can be attributed to -OH and H2O 
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stretching vibration. A strong band at ν= 806 cm-1 with shouldering at ν= 716 cm-1 corresponds 

to O-W-O stretching vibration. Also, weak shouldering at ν= 1,030 cm-1 can be attributed to the 

W=O vibrational mode. A weak peak at ν= 1,380 cm-1 is attributed to W-OH. Overall, we can 

conclude from this data that there is no significant change with the surface functionalization of 

the material. So, any sensing changes that do occur are solely from the changing of the crystal 

facets and structure expressed. 

 

Figure 17. FT-IR of KWO grown with and without L-121. 

2.2.2.4. Acetone Sensing, Selectivity, and Discussion 

To exam the importance of potassium and L-121 in KWO, the sensing test by using 

different potassium concentration has been conducted. The results are shown in Figure 18. This 

figure presents the sensitivity of 25 ppm acetone detection using KWO samples made with 

different K concentration and surface modification using L-121. 
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Figure 18. Sensing response to 25 ppm acetone using KxWO grown with and without L-121. 

The sensitivity was calculated using the standard equation used to study gas-sensor 

sensitivity. As we can see, the best sensing performance needs to balance the concentration of 

potassium in KxWO and surfactant L-121 treatment. Looking at Figures 14 and 16 we see that 

this would make the most sense. This is because the (002) peak is relatively stronger compared 

to other peaks, as well as the ferroelectric phase, ε-WO3, is more present in the sample of 

K2.0WO-L121. This result confirms that both surface facet (002) and ferroelectric phase play an 

important role in KWO sensing to acetone. 

Another important factor of a sensor’s performance is the selectivity. Figure 19 is the 

selectivity testing on 2.85 ppm of different chemicals such as acetone, ethanol, methanol, and 

water vapor for K2.0WO-L121. This indicated that KWO with a potassium level of 2.0 treated 

with L-121 shows the interaction with acetone has the highest sensitivity and selectivity. That is, 

by manipulating the crystal facets of the KWO material, we found that the (002) peak does in 
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fact have an important role for sensing acetone. Although the detailed explanation is still under 

investigation at current stage, we can briefly theorize that a higher number of coordinated 

unsaturated O atoms on the surface of the (002) facet than the (100) or (200) facet could be one 

factor. These O atoms allow for easier interaction leading to larger charge transfer from gas to 

material surface. Also, it has been reported that the O atoms on the (002) surface facet are 

asymmetrically arranged which leads to a non-uniform distribution of the electron cloud-surface 

causing ferroelectricity. [50] This asymmetrical electron cloud makes the (002) facet form a local 

electric polarization allowing for dipole-dipole interaction between acetone and other molecules. 

Considering that acetone is a chemical with higher dipole moment than ethanol, methanol, and 

water; these results are an example of the good selectivity of KWO-L121 as an acetone sensing 

material. 
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Figure 19. Selectivity testing of K2.0WO-L121 to 2.85ppm of acetone, ethanol, methanol, and 

water vapor (the concentration of air is arbitrary). 

The ferroelectric property of KWO is not the only property that is important for acetone 

sensing. This study has shown that the surface facet (002) expressed also has an important role in 

the material’s sensing properties. In summary, firstly, it was shown that utilizing a surfactant (L-
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121) during growth could influence the surface facets expressed of the final material, and it was 

proven to not be an effect from having different functional groups via FT-IR. Secondly, we have 

shown that the concentration of potassium, K in KWO, can directly affect expressed facets, as 

well as the ferroelectric phase of the final product. On the other hand, our results revealed that a 

balance is needed between exposed surface facets and the ferroelectric property to optimize 

KWO sensing response to acetone. We have observed this balance to be a stoichiometric ratio of 

2:7:22 of K, W, and O respectively. Also, the introduction of L-121 during hydrothermal growth 

can create a more selective material toward acetone. This would allow for much more reliable 

readings when it is applied to a device for diabetes diagnosis and monitoring. Work in the future 

should include finding other methods to maximize the ferroelectric property while keeping 

acceptable exposed surface facets for acetone detection. In a word, the manipulation of 

stoichiometric potassium levels as well as the introduction of L-121 during hydrothermal growth 

can improve KWO sensing properties to detect acetone for great potential application in non-

invasive diabetes diagnosis and monitoring. 

2.3. Exploration Beyond Potassium-Tungsten Oxide 

Other metals beyond potassium have also been tested for their efficacy as possible Metal-

Tungsten Oxide (MWO) breath acetone sensors. Synthesis of these samples was done using the 

standard synthesis procedure for KWO except K2SO4 is replaced by another metal-sulfate using 

an equivalent molar amount to K, i.e. Li2SO4 would use the same molar amount as K2SO4 would, 

and CuSO4 would use twice the molar value of K2SO4 to account for the molar difference in the 

chemical formula to achieve full molar equivalence. Table 4 further elaborates this by showing 

the ratio of moles of each metal sulfate used in this study compared to every mole of K2SO4 

used. This was done as to directly compare to KWO as the standard. 
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Table 4. A comparison of moles metal-sulfate used to match the full-, half-, quarter-, and eighth-

molar equivalence of a 1 mole standard of K2SO4. 

Sulfate Full Half Quarter Eighth 

K2SO4 1 0.5 0.25 0.125 

Na2SO4 1 0.5 0.25 0.125 

Li2SO4 1 0.5 0.25 0.125 

Cr2[SO4]3 1 0.5 0.25 0.125 

CuSO4 2 1 0.5 0.25 

La2[SO4]3 1 0.5 0.25 0.125 

SnSO4 2 1 0.5 0.25 

 

2.3.1. Alkali Metals 

Both Li2SO4 and Na2SO4 were tested in replacement of K2SO4 in the standard synthesis 

procedure creating a lithium-tungsten oxide (LiWO) and a sodium-tungsten oxide (NaWO). The 

resulting materials were tested for their efficacy as acetone sensors and studied using XRD, 

SEM, and Raman spectroscopy. Additionally, composite metal systems were synthesized using a 

lithium and a potassium source in samples at varying ratios. 

2.3.1.1. X-Ray Diffraction (XRD) 

XRD patterns were collected on a Bruker AXS D8 Discover to study as-synthesized 

alkali-metal tungsten oxide crystalline structure. Samples were made by blade coating a paste 

made from powder and ethanol on glass substrates. A diffraction pattern of each sample was 

gathered from a 2-θ of 10o to 70o and can be seen in Figure 20. 
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Figure 20. XRD of tungsten oxide nanorods with the alkali metal additives of K, Na, and Li. 

At first glance, all samples shows peaks which correspond to the hexagonal tungsten 

trioxide phase (h-WO3) at 2-θ values of 13.9o, 22.8o, 24.3o, 26.8o, 28.2o, 33.6o, 36.5o, 49.9o, and 

55.5o. Additional peaks in the diffraction pattern can occur due to a change in metal ion, which 

act as a capping agent directing growth, causing slight impurities. [50] Upon closer inspection, 

both the Li and Na samples present a similar hexagonal phase to KWO. However, they present 

the (001) facet instead of the (002). This is important as it has been found that the (002) facet is 

in fact important for tungsten oxide acetone sensors as discussed earlier. [50, 67] Beyond this, it 

can also be noted that the (200) peak is relatively less expressed indicating less expression of this 

crystal facet when grown with K2SO4. 

Samples were also grown with respective ratios of 1:1, and 3:1 of K2SO4:Li2SO4 and 

compared to the pure LiWO and KWO counterparts. The XRD pattern of these samples can be 

found in Figure 21. 
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Figure 21. XRD comparison of LiWO, KWO, and hybrid samples of 3:1 and 1:1 K:Li 

respectively. 

As discussed earlier, the primary differences between KWO and LiWO include the shift 

of a peak from (001) to a (002) facet, and the lower expressed (200) peak in KWO. When grown 

as a hybrid it can be seen the samples come out much less crystalline, and the strongest peak 

ends up in between where the (001) and (002) peaks are, see Figure A1 for a zoom in on these 

peaks. This means the samples likely grew crystal facets of both. It can be concluded that the 

growth this way inhibits crystal growth given the weak crystallinity seen in both samples. 

2.3.1.2. Scanning Electron Microscopy (SEM) 

Electron microscopy was done using a JEOL JSM-7600F field-emission SEM. Samples 

were prepared as a powder on carbon tape. SEM imaging of KWO, NaWO, and LiWO can be 

seen in Figure 22, which shows all samples present nanorod morphology. As we look at the 

samples, it can be seen that they present pure nanorod structure in good agreement with the XRD 
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data, and little-to-no difference can be seen between LiWO, and NaWO samples in a 

morphological sense. However, KWO has a much thinner morphology which has been shown to 

relate to the (002) facet. This is due to most cases with inorganic salts as capping agents 

hydrothermally synthesized WO3 nanorods and their variations shown here are grown along the 

intrinsic c-axis because the surface energy of the (001) crystal facets are higher than the (110) 

facets. [50] However, using larger ions, such a K+, as capping agents can cause the expression of 

the (002) facet by forcing growth along the (110) axis. 

 

Figure 22. SEM of (a.) LiWO, (b.) NaWO, and (c.) KWO nanorods. 

Continuing, samples grown with K:Li mixtures were studied using SEM in the same 

manner, the results can be seen in Figure 23. Like previously mentioned, KWO has a thinner 
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morphology than LiWO. Knowing this, the hybrid samples shows an expected progression of 

becoming thinner in morphology as K content is increased and Li content is decreased. It is 

likely, given the data from XRD, that the nanorods in the hybrid samples are a mixture of KWO 

and LiWO and not a homogenous mixture of K and Li. This means K and Li have likely grown 

congruently but are still discreet materials. This idea works well with the XRD data as well, as 

previously discussed, the K and Li samples grow on different axis due to being different capping 

agents. While both are present during synthesis, it would likely hinder growth in both the 

preferred axis leading to the low crystallinity observed. 

 

Figure 23. SEM of (a.) LiWO, (b.) 1:1 (K:Li)WO, (c.) 3:1 (K:Li)WO, and (d.) KWO. 
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2.3.1.3. Raman Spectroscopy 

Raman spectra were obtained using an Aramis Confocal Raman Imaging System with 

Horiba Jobin Yvon’s Raman Spectrometer from 200-1000 cm-1. Results can be found in Figure 

24. As discussed earlier, samples show peaks at ν= 642, and 688 cm-1 which belong to the ε-

phase of WO3 as shouldering. This shouldering can be seen only in the KWO sample indicating 

that neither NaWO nor LiWO present any ferroelectric ε-phase. Raman peaks located to 757 and 

810 cm-1, respectively, are assigned to O–W–O stretching vibration modes of hexagonal γ-WO3 

phase. It can be seen that these peaks shift to 730 and 792 cm-1 which is connected with the 

shortening of stretching vibration modes O–W–O, and corresponds to small cell parameters of 

KWO in good agreement with the XRD data. [68] Peaks at 911 and 962 cm-1, seen on the KWO 

spectrum, correspond to surface oxygen. This indicates that the KWO sample has a high receptor 

function at room-temperature allowing for oxygen to accumulate on the surface of the material. 

 

Figure 24. Raman spectra of KWO, NaWO, LiWO, and pure WO3. 
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Raman spectra were also collected of hybrid (K:Li)WO samples and compared to pure 

LiWO and KWO with results shown in Figure 25. As described earlier, a shift in the O-W-O 

peaks indicate smaller cell parameters, and we see KWO shifts to 792 cm-1 from LiWO being at 

810 cm-1. Bothe the hybrid samples shift ever further down to 779 cm-1 which is in good 

agreement with the XRD data which present low crystallinity. Beyond this a clear pattern can be 

followed in the shouldering where the ε-WO3 peaks are. As the K content increases, a larger 

shouldering can be observed indicating higher ferroelectric phase content. 

 

Figure 25. Raman Spectra of pure KWO and LiWO, and hybrid (K:Li)WO samples. 

2.3.1.4. Acetone Sensing and Discussion 

Initial sensitivity data can be seen in Figure 26. KWO grown hydrothermally has shown 

the best sensitivity to acetone. This is likely due to the good ferroelectric property which was 

seen in the Raman data. From there LiWO becomes less sensitive and NaWO even less so. KWO 

presenting good sensitivity is due to the strong ferroelectric phase it presents in combination with 
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the more expressed (002) facet seen from the XRD data. Here it is reinforced again that a 

combination of the (002) facet and the ferroelectric phase are paramount towards the detection of 

acetone using KWO at room-temperature. More study towards the selectivity of these materials 

could give us good insight of the working mechanism as well. 

 

Figure 26. Sensitivity of LiWO, NaWO, and KWO. 

Sensitivity data of hybrid (K:Li)WO samples can be found in Figure 27. It is found that 

both of the hybrid samples have a sensitivity higher than that of pure KWO or LiWO. This 

warrants further study as the Raman spectra show good ferroelectric phase, and the XRD has 

shown a peak that is likely a combination of the (001) and (002) facet as discussed earlier which 

means these results could be true. Further sensing testing should also be done to verify this. 
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Figure 27. Sensitivity of pure KWO, LiWO, and hybrid mixtures of 1:1 and 3:1 (K:Li)WO. 

2.3.2. Other Metals 

Other metals have also been tested to find if non-alkali metals could be used to the same 

effect. Herein, it is tested to see if tungsten oxide materials can be made using our standard 

hydrothermal method. Samples with Cr, Cu, La, and Sn are made using sulfates of each metal 

being Cr2[SO4]3, CuSO4, La2[SO4]3, and SnSO4. Samples will be denoted as their respective 

metal followed by “WO”, e.g., SnWO for a sample made with Sn. All samples were synthesized 

using the standard hydrothermal synthesis method described earlier. After washing and 

collecting, samples were tested using XRD, and SEM. Samples made with La and Sn were 

synthesized using a similar molar equivalence and quarter the molar equivalence of standard 

K2SO4. Due to poor acetone response and no recognizable hexagonal crystal structure in the 

XRD data (Figure A2 for SnWO, and Figure A3 for LaWO), they were not studied as 
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thoroughly as the Cu and Cr samples. Acetone sensing was found to be best at eighth-molar 

equivalence for the CuWO and CrWO samples. Much more testing is needed to definitively 

know sensing properties, but the initial sensitivity data can be found in Table A1. 

2.3.2.1. Copper 

CuWO samples were grown with full-, half-, quarter-, and eighth-molar equivalences. 

The Cu source used was CuSO4 and was grown using standard conditions at full-, half-, quarter-, 

and eighth-molar equivalence. It was then studied using XRD, SEM, Raman spectroscopy, and 

acetone sensitivity. 

X-ray diffraction was obtained using a Bruker AXS D8 Discover and the results can be 

seen in Figure 28. It can be seen that synthesis using half-, quarter-, and eighth-molar 

equivalences yield a hexagonal crystal structure with some impurities. They seem to differ from 

KWO in the sense that it expresses the (001) facet over the (002) facet, however, which could 

lead to poorer sensitivity to acetone. The other samples, full-, quarter-, and eighth-molar 

equivalence, show proper peaks for hexagonal crystal structure, but also show a number of 

impurities. 

 

Figure 28. XRD of CuWO samples grown at full-, half-, quarter-, and eighth-molar equivalences. 
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SEM was done using a JEOL JSM-7600F field-emission SEM, the results can be seen in 

Figure 29. Samples grown with full- and half-molar equivalences show no nanorod structure and 

present more platelet structures, which are likely impurities. Quarter- and eighth-molar 

equivalences present more nanorod structure, indicating that the reaction has created tungsten 

oxide nanorods as intended. 

 

Figure 29. SEM of CuWO samples grown at (a.) full-, (b.) half-, (c.) quarter-, and (d.) eighth-

molar equivalences. 

2.3.2.2. Chromium 

CrWO samples were grown with full-, half-, quarter-, and eighth-molar equivalences. 

The Cr source used was Cr2[SO4]3 and was grown using standard conditions at full-, half-, 

quarter-, and eighth-molar equivalence. It was then studied using XRD, SEM, Raman 

spectroscopy, and acetone sensitivity. 
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X-ray diffraction was obtained using a Bruker AXS D8 Discover and the results can be 

seen in Figure 30. Little crystallinity can be seen in samples grown with full- and eighth-molar 

equivalences indicating incomplete growth of samples. This is likely due to growth of tungsten 

oxides with chromium require a narrow range of chromium content. [49] The sample at half-

molar equivalence shows some hexagonal-WO crystal structure appearing with some impurity. 

The sample grown at quarter-molar equivalence shows good hexagonal crystal structure which is 

promising for any acetone sensitivity testing. 

 

Figure 30. XRD of CrWO samples grown at full-, half-, quarter-, and eighth-molar equivalences. 

SEM was done using a JEOL JSM-7600F field-emission SEM, the results can be seen in 

Figure 31. Little can be seen, besides amorphous globules, in the samples grown with quarter- 

and eighth-molar equivalence. This is likely due to the washing process needing to be more 

vigorous for this particular material as the starting Cr source contains much more sulfate than 
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other samples. That being said XRD data shows good hexagonal crystal structure in the quarter-

molar equivalence sample indicating that there is likely still nanorod structure unseen. A few 

nanorod structures can be seen in samples grown at full- and half-molar equivalences, which 

agrees with the XRD data as well. Very few nanorods can be seen in the full-molar equivalence 

sample, but they become much more prominent in the half-molar equivalence sample. Overall, 

more SEM study should be done to get a better understanding of the morphology of all samples, 

in particular the half molar equivalence sample. 

 

Figure 31. SEM of CrWO samples grown at (a.) full-, (b.) half-, (c.) quarter-, and (d.) eighth-

molar equivalences. 
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2.4. Concluding Remarks and Future Work 

The viability of tungsten oxide nanorods grown via the hydrothermal method for 

application as a breath acetone sensor was studied here. The basics of the chemiresistive method 

were explained and applied to the development of multiple samples. First, KWO was studied for 

proper growth temperature, which was found to be 225 oC, to better express its crystallinity and 

ferroelectric phase. Then varying levels of potassium content along with synthesis using 

surfactant additives was studied to tune the materials crystal facets and increase the ferroelectric 

property. Continuing, metals beyond K were studied using the same hydrothermal growing 

method. Initially, other alkali metals Li and Na were studied and compared to the original KWO. 

It was found that KWO had the best sensitivity to acetone, and this was likely due to it 

possessing the ferroelectric ε-phase. On the other hand both LiWO and NaWO samples showed 

poorer performance than that of KWO. More study into the selectivity and longevity of these 

materials should also be done to better characterize their sensing properties. Hybrid metals of 

(K:Li)WO were also synthesized at 1:1 and 3:1 ratios. Both samples presented ε-WO3 correlating 

to good ferroelectricity and had very expressed (002) peaks in the XRD. They ended up having 

higher sensitivity than KWO and it is believed this is due to discreet KWO in the mixed samples. 

Other Metals including La, Sn, Cu, and Cr were also tested in place of K. Cu and Cr 

samples show good morphology and a crystal structure which resembles KWO’s. They merit 

more study for their acetone sensitivity. Initial sensing trail data for CuWO and CrWO can be 

found in Table A1. 
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3. Ti3C2 MXENE NANOSHEETS2 

3.1. Introduction 

Research of Two-Dimensional (2D) materials has been a popular topic for over a decade 

now. Starting from the discovery of graphene, 2D nanomaterials are of great importance in the 

scientific community due to their extraordinary physical and chemical properties. Incorporating 

2D nanomaterials into conventional devices has tremendously improved their performance, e.g., 

rechargeable lithium-ion batteries [69, 70], fuel production [69-73], photodetectors [74], 

biosensors [75], photothermal therapies [76-78], and more [74, 78]. These are all examples of 

areas that have greatly benefited from the incorporation of 2D nanomaterials. Among 2D layered 

nanomaterials, MoS2, phosphorene, graphene, and their derivatives are the most widely studied 

and have been successfully applied to numerous engineering applications. [78-81] Out of these 

materials studied, graphene is by far the oldest and most studied. However, these materials can 

be tricky to work with; graphene’s low surface energy is a bottleneck on cost-effective solution 

processing. [82] The novel new 2D MXene nanosheet on the other hand, is formed with surface 

functionalization that allows for dispersion into colloidal solutions readily with water. [83] 

Beyond this, MXenes have a variety of morphologies and elemental makeups allowing for a 

highly tunable material which merits research into the over 30 versions that have been classified 

experimentally to date. [84] 

The term MXenes refers to the 2D layered nanomaterials containing transition metal 

carbides, nitrides or carbonitrides. [85] Unlike other 2D layered nanostructures, e.g. graphene 

 
2 The material in this chapter was co-authored by Michael Johnson and Danling Wang. Michael had primary 

responsibility for developing and carrying out material synthesis methods, as well as collection and analysis of XRD 

and SEM data. Michael was the primary developer of the conclusions pertaining to MXene material that are 

advanced here. Michael also drafted and revised all versions of this chapter. Danling served as proofreader and 

checked the data and conclusions conducted by Michael. 
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comes from graphite and phosphorene is produced from black phosphorus, MXenes do not have 

a basic elemental 3D precursor. Instead, MXene layered flakes are produced via etching and 

exfoliation of the A layer in ceramic MAX materials, such as the removal of the Al layer from 

Ti3AlC2, which is the most common MAX phase studied for this use. After removal of the A 

layer from the MAX phase, intercalation agents, such as DMSO or Li+ ions, are typically utilized 

to delaminate the structure into few-layer or even single-layer nanosheets. 

To better understand MXene’s structures, the precursor MAX phase origins will need to 

be discussed. MAX and Mn+1AXn
 (n = 1, 2, or 3) phases are layered transition metal carbides and 

nitrides classified into three types that denote the molar amount of each basic element, 211, 312, 

and 413 dependent on the value of n, all with hexagonal crystal structures. [86-88] M represents 

an early transition metal, such as Ti, V, Nb, or Ta; A represents elements from group 13 or 14, 

usually Al or Si; and X refers to C, N, or blends of the two. To further explain, the MAX crystal 

structure, 211, would have periodic stacking of M-X-M-A along its cross section. So, a Ti2AlC 

MAX phase has a periodic stacking of Ti-C-Ti-Al. The Ti bilayers are two layers of closely 

packed atoms, while the C monolayer consists of C atoms occupying octahedral sites between 

the two Ti layers, and finally the Al monolayer splits periodic units of the Ti-C-Ti trilayers. 

There are three common types of MAX phase classification; 211, 312, and 413, are the 

number of M layers between each A layer, being 2, 3, and 4 respectively. Moreover, the number 

of X layers will always be one less than the number of M layers. Currently, over 150 MAX 

phases have been studied [84], most of which exist as the 211 phase, followed by the 312 phase 

and finally the 413 phase. Even higher order MAX phases exist but they are few and require 

special means to synthesize. The discovery of more MAX phases is ongoing, and directly affects 

the types of MXenes that can be made to date. The 413 phase members as well as binary metal 
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alloys (M’xM’’y) that replace the single M layer are of particular interest currently. [89, 90] The 

M layers are comprised of one element from Ti, V, Cr, Zr, Nb, Mo, Hf, and Ta; A layers can 

consist of an element among Al, Si, P, S, Ga, Ge, As, Cd, In, Sn, Tl, and Pb; and the X layers are 

comprised of C, N or a combination of both. The wide variety of MAX phases that can be made 

allows for numerous MXene materials to be crafted and studied. This all leads to exciting new 

areas of research into this new 2D nanomaterial for its properties and uses. 

In the beginning, the methods of producing MXenes were limited, with the only method 

of synthesis involving the use of hydrofluoric (HF) acid to etch the aforementioned MAX 

phases. The first MXene isolated, Ti3C2, was obtained by soaking Ti3AlC2 MAX powders in HF 

acid. Since their discovery, MXenes became a hot topic in research with varying compositions 

being synthesized using selective etching. [85, 91-95] The interest in MXenes has begun to 

rapidly grow [96-106], and researchers in theoretical chemistry predict a large quantity of new 

MXenes. [89, 90, 107-110] 

In most MAX phase materials, the M-X bond is stronger and more stable than the A 

layers, which are relatively weaker than the M-X bonds. Therefore, selective etching reactions to 

remove A-layers is the preferred strategy, using HF acid as stated earlier. Early work revealed 

MAX phases are inert in the presence of other acids (HCl, H2SO4, and HNO3), NaOH solutions, 

and common salts (NaCl and Na2SO4). However, in 2014, an alternative LiF salt precursor 

method was developed, which was able to bring MXenes to a new era of their research. [111] 

This new method created a moldable “clay” which allowed for easy use in numerous new 

applications. At the nanoscale, this method also was able to fully delaminate nanosheets from the 

regular accordion-like structure without the need for addition of other intercalation methods or 
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sonication. Due to this method requiring no harsh chemicals or sonication, it was named the 

MILD method. 

MXene nanosheets often contain surface functional groups, denoted as a Tx in the general 

chemical formula, of O, F, and OH. This functionalization leads to the formation of 

semiconducting properties displayed by MXenes. That is, the MXene Ti3C2(OH)2 will present 

semiconducting properties while a pristine MXene with no surface functionalization like Ti3C2 

will have metallic properties. 

With all the possible MXene chemical properties discussed so far, there is an immense 

range of possible MXene materials. Considering all the possible differences that can exist 

between MXenes, we can surmise that these materials can be highly tunable for many 

applications. Herein, the most popular MXene studied to date, Ti3C2, and its MAX precursor, 

Ti3AlC2, are studied under different synthesis conditions that pertain to making usable 2-D 

nanomaterials with varying properties. 

3.2. Synthesis of Ti3C2 MXene 

3.2.1. MAX Synthesis 

To be able to truly control MXene parameters the MAX phase must be first studied. As 

the precursor to the final product, it will dictate the order of the synthesized MXene product, i.e. 

211, 312, 413 discussed earlier. Herein, proper sintering conditions to create Ti3AlC2 are found 

by controlling temperature, time, and molar-ratio of precursor materials. 

The synthesis method starts with ball-milling TiC, Al, and Ti powders at a 2:1.2:1 ratio 

respectively together in toluene for 5 hours. Extra Al is used as loses are found to happen later in 

the process. [92] These powders are collected via centrifuge then dried in a drying oven at 60 oC. 

Once dried the powder is collected and put into a high-purity alumina crucible for sintering. The 
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sintering process has been reported to yield the purest Ti3AlC2 MAX product at 1350 oC in an Ar 

atmosphere. [83] To produce the best quality MAX phase, the sinter time was studied by 

synthesizing material at 1350 oC for 0.5, 1, 2, 3, and 4 hours under Ar gas flow. The resulting 

product yielded a dark grey solid which were then studied using XRD for purity; the results are 

seen in Figure 32. The results clearly indicate that as sinter time is increased the crystallinity and 

purity of the product increase, with peaks for TiC impurity decreasing and Ti3AlC2 peaks 

increasing. Using this information all MAX phase is prepared as described above and sintered 

for 4 hours for MXene samples made. 

 

Figure 32. XRD Ti3AlC2 MAX phases sintered at 1350 oC for 0.5, 1, 2, 3, and 4 hours. 

3.2.2. Hydrofluoric Acid 

The top-down approach initially created thick multilayer flakes of MXene via selective 

etching MAX phases. The selective etching of MAX phases would extract the A layer to form 
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MXenes. Early examples of this method used aqueous concentrated hydrofluoric acid to remove 

the weakly bound Al layer from the Ti3AlC2 phase, see reaction (3.1), at room temperature. [83] 

After removal of the Al layers, the pristine MXenes would then react with excess HF, and H2O 

to make Ti3C2F2 and Ti3C2(OH)2, Reactions (3.2) and (3.3). 

 Ti3AlC2(s) + 3HF(aq) = Ti3C2(s) + AlF3(aq) + 3/2H2(g)  (3.1) 

 Ti3C2(s) + 2HF(aq) = Ti3C2F2(s) + H2(g)  (3.2) 

 Ti3C2(s) + 2H2O(aq) = Ti3C2(OH)2(s) + H2(g)  (3.3) 

The different surface terminations with hydroxyl and fluorine groups occur due to 

pristine 2D-layered Ti3C2 monosheets having two exposed Ti atoms in a unit cell. These Ti 

atoms require thermodynamic dangling bond passivation, and because the reaction environment 

is rich with fluorine anions, and hydroxyl groups they are the most common reported surface 

ligands. 

MXenes prepared in this fashion consist of multilayer flakes in an accordion like 

structure held together by weak interlayer interactions. Ultra-sonication of this product will 

exfoliate these sheets leading to nanosheets with a thickness of 11 ± 3 nm, which corresponds to 

ten layers of Ti3C2(OH)2. 

XRD and SEM are two very common techniques to study the etching process from MAX 

to MXene. Figure 33 shows to XRD of as-synthesized MAX phase and the resulting MXene 

from a 24-hour etching done at room-temperature with 50% wt. HF solution. It can be seen that 

the most prominent MAX phase peaks occur at 9.5o, 26.6o, and 38.9o while TiC impurities can be 

seen with peaks at 36.0o and 41.7o. After etching, the peaks corresponding to the MAX phase 

have disappeared and left wider peaks at 9.0o, and 18.2o. These wider peaks are characteristic to 

MXenes and indicate good etching. The larger width of the peak is due to the final product 

having vacancies where Al atoms once resided now having more variance in distance between 
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nanosheets, which are now held together by electrostatic forces into stacks. [112] This can be 

seen in Figure 34 which shows the resulting “accordion”-like morphology a stack of etched 

MXenes can present. 

 

Figure 33. XRD of Ti3AlC2 MAX phase and post-etching Ti3C2 MXene. 

 

Figure 34. SEM of resulting Ti3C2 made by etching Ti3AlC2 MAX phase with HF acid. 
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3.2.3. MILD Method 

Mixed solution etchant media has also been developed. By utilizing an aqueous mixture 

of LiF/HCl, which is milder and less hazardous than hydrofluoric acid, an in-situ production of 

hydrofluoric acid for selective etching was developed [112-117]. The HF species is produced, as 

seen in reaction (3.4): 

 LiF(aq) + HCl(aq) = HF(aq) + LiCl(aq)   (3.4) 

Immersing a Ti3AlC2 powder MAX phase in this solution has similar effect to immersing 

the powder in hydrofluoric acid. The concentration using this method of etching is still very 

controllable which has made this etching method very popular among many research groups. 

After reaction, samples are rinsed with water to remove side products, such as AlF3, for a pure 

final product. The Ti3C2Tx MXenes are produced after drying. What is most interesting about 

this method is the final MXene product has clay-like features which is highly flexible and 

shapeable. Interestingly, the relative ratio of LiF in the reaction solution and the inclusion or 

non-inclusion of sonication treatment can influence the lateral sizes of the final MXene. [118] 

Due to the chemicals being relatively safer to handle and how they are less harsh on the final 

material, this method of etching has been labeled MILD. 

Here, MILD Ti3C2 MXene samples are synthesized by adding 0.5 g of Ti3AlC2 MAX to a 

solution prepared by mixing 0.8 g of lithium fluoride (LiF) into 10 mL of 9M hydrochloric acid 

(HCl). 

Again, XRD can be employed to study the etching process from MAX to MXene. Figure 

35 shows the XRD of as-synthesized MAX phase and resulting MXene from utilizing a MILD 

etching method. In congruence with standard HF etching, MAX peaks can be seen to disappear 

after etching leaving characteristic MXene peaks at 7.1o, and 14.2o. Compared to the standard HF 

etching method, it can be seen that the characteristic MXene peaks have shifted downward. This 
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is due to Li+ ions intercalating between the nanosheets creating a larger average gap between 

sheets. This intercalation also helps weaken the electrostatic attractions which hold the 

accordion-like structure together. This weakening allows for delamination and creation of single-

to-few layer MXene nanosheets by simply washing and agitating the product in D.I. water. A 

single layer sheet created this way can be seen in Figure 36. 

 

Figure 35. XRD of as-synthesized MAX phase and resulting MXene from utilizing a MILD 

etching method.  
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Figure 36. SEM of a single-layer MXene nanosheet on ITO substrate made via the MILD etching 

method and subsequent washing. 

3.2.4. Elevated Temperature Etching 

In recent years, many studies have been done to try and optimize the synthesis process of 

two-dimensional Ti3C2Tx nanostructures for semiconductor material applications. It has been 

predicted that Ti3C2 MXenes have direct-bandgap semiconductor properties. [119] However, 

experimental synthesis of MXenes still pose challenges and further exploring synthesis 

procedures for chemical and structural diversity will allow for a wider variety of applications. 

In this study, Ti3C2Tx was prepared by etching with hydrofluoric acid. Many variables 

can be controlled during the etching step including temperature, time, and HF concentration. To 

further explore synthesis conditions of Ti3C2Tx, we synthesized Ti3C2Tx at high temperatures, 

and then studied using field-emission scanning electron microscopy and x-ray diffraction. 

MAX phase was created using the standard method described earlier. 0.5 g of MAX 

phase was etched using HF acid in a 25 ml Teflon lined autoclave at temperatures of 100, 120, 

and 150 oC for five hours in a Thermolyne furnace. Varying HF concentrations of 5, 10, and 15 
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%wt. were studied at all temperatures. Samples were let cool to room-temperature naturally then 

sonicated for one hour using a sonicating bath and collected via centrifuge. All sample were then 

dried overnight at 65 oC in a drying oven.  

MILD samples are also being studied under hot-etching conditions. Like the samples 

etched with HF acid, MILD samples were made by etching 0.5 g MAX at 100, 120, and 150 oC. 

Samples were synthesized by adding 0.5 g MAX phase into a solution of 1.6 g LiF and 20 mL of 

9M HCl which was sealed in a 25 mL autoclave and then heated at the respective temperatures 

for 5 hours. Samples were let cool to room-temperature naturally and then collected via a 

vigorous washing and centrifuge cycle. Initial XRD data was collected and is presented further 

on. 

3.2.4.1. X-ray Diffraction 

XRD was used to study the Ti3C2Tx MXene’s crystal structure and purity. The relative 

intensities of the characteristic MXene peaks (8.9o) and can be used to find sample purity with a 

higher peak showing higher crystallinity. [119] All samples present peaks from a TiC impurity 

(36o and 42o) which originate from the as-synthesized MAX phase. 

Figure 37 presents the XRD of all samples etched at 100 oC, and it can be seen that 

increasing the HF concentration from 5 to 10 %wt. yields taller characteristic MXene peaks. This 

indicates a more complete etching process has occurred. However, we see no significant change 

in purity when increasing the HF concentration from 10 to 15 %wt. 
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Figure 37. XRD of MXenes etched at 100 oC for 5 hours at concentrations of 5, 10, and 15 %wt. 

HF. 

Figure 38 shows the XRD data of all samples etched at 120 oC. The purity of all samples 

etched at this temperature show little variance with only a small dip in purity when the sample is 

etched at 15 %wt. indicating the MXene phase may begin to decompose while etching under 

these conditions which agrees well with the FESEM data. We see the same effect when looking 

at the XRD of samples etched at 150 oC in Figure 39. The XRD presents the lowest purity when 

compared to samples etched at lower temperature, and when etched at the highest concentration, 

15 %wt., yields no MXene material and only TiC peaks. This indicates that the sample has 

totally decomposed into TiC under these etching conditions. 
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Figure 38. XRD of MXenes etched at 120 oC for 5 hours at concentrations of 5, 10, and 15 %wt. 

HF. 

 

Figure 39. XRD of MXenes etched at 150 oC for 5 hours at concentrations of 5, 10, and 15 %wt. 

HF. 
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MILD Ti3C2 synthesized via hot-etching was also studied using XRD. The results can be 

seen in Figure 40. Characteristic MXene peaks are present indicating a successful etching 

process in all samples. However, it can be seen that the peak at 21.6o begins to become much 

more prevalent, which corresponds to Li3AlF6 (PDF 00-052-1151). Given this, it can be assumed 

that the higher temperature etching process will start to favor this reaction at higher temperatures 

and decrease etching achieved. Overall, more study is required to understand the full effect hot-

etching has on MXenes made using the MILD method. 

 

Figure 40. Ti3C2 MXenes ethed using the MILD method at 100, 120, and 150 oC. 

3.2.4.2. Scanning Electron Microscopy 

FESEM was used to study the morphology of all HF etched samples made. Figure 41 

shows the SEM images of multiple Ti3C2 samples that were etched using temperatures at 100, 

120, and 150 oC and HF concentrations of 5, 10, and 15 %wt. It can be seen that small increases 

in HF concentration had little effect on the morphological change of samples etched at 100 oC. 
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Samples etched at 120 oC were similar in morphology until etched with 15 %wt. HF, where the 

MXene’s edges had a rougher surface, showing that smaller increases of etchant concentration 

can affect the produced material when etched at higher temperature. Samples etched at 150 oC 

were successful at 5 and 10 %wt. HF, while the sample etched at 15 %wt. had no yield of 

MXene but was rather only TiC as indicated by earlier XRD results. 

 

Figure 41. FESEM of Ti3C2 samples etched at 100 (a), 120 (b), and 150 (c) oC and 5 (1), 10 (2), 

15 (3) %wt. HF concentration. 

The most prominent difference we can see from this figure is the increase in temperature 

leads to a more exfoliated morphology. While it can be seen the samples etched at 100 and 120 

oC have little difference in morphology with small and uneven layer spacing, while samples 

etched at 150 oC show a very pristine accordion like structure with large even layer spacing 

indicating the highest degree of etching among all samples. On the other hand, it can be seen that 
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the sample etched at 150 oC with 10 %wt. HF has many impurities starting to form. We can use 

this to deduce that increasing the HF concentration actually begins destroying the MXene sample 

during etching which agrees with other reports of high temperature etching. [120] 

Overall, the FESEM data shows that we can successfully etch Ti3C2Tx MXenes at high 

temperature from the Ti3AlC2 MAX phase, and that increasing the etching temperature makes 

changes to the HF concentration much more impactful to the final MXene material’s 

morphology. We can also gather from this data that tuning the temperature and HF concentration 

conditions could allow for the control over the final material’s layer spacing. 

Comparing to the XRD data in Figure 39 it can be seen in Figure 41 c.2 that the 

formation of impurities on the surface of the sample begins to accumulate, which corresponds 

well with this XRD data showing that this impurity is the formation of TiC. It can also be seen 

looking back at Figure 41 b.3 that there is a surface roughness to the edges of the MXene sheets. 

This corresponds well with the XRD data in Figure 38 that shows this particular sample begins 

to show less purity than the other two samples etched at this temperature showing signs of 

decomposition of the MXene material from the etching process. 

Based on these experiments, we have shown that high temperature etching at 150 oC to 

synthesize Ti3C2 MXene material yields a larger layer spacing as compared to lower temperature 

etching methods. However, it has also been shown that this etching process is very extreme and 

thus yields lower purity sample due to the MXene material decomposing into TiC. It has also 

been shown that at these high of etching temperatures a smaller change in HF concentration 

yields more morphological difference between samples. These high temperature etching methods 

could be used to create MXenes with different layer spacing allowing for a more varied use in 

areas such as sensors, energy-storage, and electronics. 
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3.3. Ti3C2MXene-Based Sensor to Guide Lung Cancer Therapy and Management 

Lung, breast, pancreas, colon, skin, and stomach cancers are some of the most common 

forms of cancers that occur. [121] Of them, lung cancer is the second most common cancer in 

men and women and is the leading cause of cancer related deaths in the United States. There are 

two major forms of lung cancer, small cell lung cancer (SCLC, ~15%) and non-small cell lung 

cancer (NSCLC, ~85%), with both having low rates of survival. [122-124] According to the 

American Cancer Society, lung cancer and asbestos-related lung cancer alone were responsible 

for 142,670 estimated deaths in 2019. [125] This makes it the deadliest cancer at three times the 

deaths correlated to breast cancer. [126] The reason most cases become so deadly is patients are 

typically diagnosed at later stages, typically being stage III or IV when diagnosed. [127] To 

combat this early detection and effective anti-cancer treatments need to be developed. Recently, 

a variety of methods including nutritional approaches and therapeutic treatments have been 

found to better treat lung cancer such as chemotherapy, targeted therapy, cyclooxygenase 

(COX)-2 inhibition, and omega-3 fatty acid dietary manipulation. [128-132] 

Beyond these methods, numerous visualization/detection methods are available for tumor 

detection to diagnose lung cancer, e.g., positron emission tomography (PET), magnetic 

resonance imaging (MRI), computerized tomography (CT), ultrasonography, endoscopy, and gas 

chromatography methods such as gas chromatography coupled with mass spectrometry (GC-

MS). [133, 134] However, multiple major issues arise in some if not all of these methods. For 

example, MRI is very expensive and time-consuming with results that cannot distinguish 

between malignant and benign cancer. [135] For PET, radioactive material needs to be combined 

with glucose which is then injected into the patient, and this can be a major issue for those who 

live with diabetes. [136] CT scans involve high doses of radiation, which makes the patient at 
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higher risks for cancers. [137] Ultrasound has accuracy issues upon diagnosis. [138] Endoscopy 

can cause complications such as perforation, infection, bleeding, or pancreatitis. [139] Lastly, the 

fundamental working concept of (GC-MS) is the samples must volatile, limiting the number of 

viable tests which can be done. [140] Also, all of these methods require highly trained 

individuals to collect and interpret results which takes a fair amount of time and makes these 

tests fairly expensive. Therefore, an effective and accurate means of cancer diagnosis which can 

aid in treatment is sorely needed. 

It has been shown that cyclooxygenase (COX), more specifically COX-2, is 

overexpressed in lung cancer, which leads to an abundance of the enzymatic product 

prostaglandin E2 (PGE2). PGE2 is a deleterious metabolite formed from COX-2-catalyzed 

peroxidation of an upstream omega-6 (ω-6) fatty acid called arachidonic acid (AA), PGE2 

promotes tumor growth and metastasis. [141] Many efforts in lung cancer therapy have been 

focused on the development of COX-2 inhibitors as they have been shown to suppress PGE2 

formation from COX-2-catalyzed ω-6 arachidonic acid peroxidation. [142] However, most COX-

2 inhibitors can severely injure the gastrointestinal tract, increase the risk of cardiovascular 

disease, and have provided limited clinical responses. [141, 142]  

Seeking a safer and more efficient method to treat cancers, a new anti-cancer strategy, as 

shown in Figure 42, has been recently developed, which has a very different approach than 

classic COX-2 inhibitors. [143-145] This is a strategy that uses dihomo-γ-linolenic acid (DGLA), 

an ω-6, in the daily diet combined with the commonly high level of COX expressed in most 

cancers to promote the formation of 8-hydroxyoctanoic acid (8-HOA), a novel anti-cancer free 

radical by-product. This is accomplished using delta-5-desaturase inhibitor (D5Di). D5D is an 

enzyme that converts an upstream DGLA in a diet to AA. The high expression of COX-2 will 
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typically promote the conversion of AA to PGE2, however, the D5Di will (1) knock down the 

conversion of DGLA to AA and limit the generation of PGE2 by reducing its precursor; and (2) 

promote the COX-2-catalyzed DGLA peroxidation to form 8-HOA. This strategy has proven to 

be a more effective and safer therapeutic outcome in cancer treatment and has been validated in 

colon and pancreatic cancers. [146] Therefore, detection of the PGE2 and 8-HOA, the final 

products of each metabolic pathway, in lung cancer should be an effective method to evaluate the 

effectivity of this cancer treatment. Furthermore, the relative ratio of PGE2 and 8-HOA 

concentrations may become a useful method to help diagnose cancers at an early stage. However, 

due to the extremely low concentrations of PGE2 and 8-HOA in cancer cells, typically in ng/mL 

or µM concentrations, the detection of these components is quite challenging. Traditional 

methods of measuring low concentrations of compounds, such as PGE2 and 8-HOA, are using 

gas chromatography–mass spectrometry (GC–MS) or liquid chromatography–mass spectrometry 

(LC–MS). These techniques, as described earlier, are accurate and sensitive but heavy, 

expensive, time-consuming, and cannot provide in-time feedback. 

Utilizing the hot-etched Ti3C2 MXene-based nanosensor to effectively detect 8-HOA in 

cancer cells with and without using a D5D inhibitor is explored. [147] The new sensor based on 

the two-dimensional nanomaterial, Ti3C2 MXene, can facilitate the diagnosis and treatment of 

lung cancers by using the new D5D inhibitor and 8-HOA therapy. The sensor device works on a 

simple resistive change mechanism, and the preliminary data indicates that this sensor device can 

sensitively detect PGE2 and 8-HOA levels in healthy and cancerous lung cells (BEAS2B and 

A549 respectively) with similar accuracy to GC–MS but with an in-time manner to guide the 

cancer treatment through multiple stages. 
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Figure 42. New anti-cancer strategy: target but do not inhibit cyclooxygenase-2 (COX-2) in 

cancer. [147] 

3.3.1. Materials and Methods 

The Ti3C2 MXene material was made using the new hot-etch method at 150 oC in an HF 

concentration of 5%wt with an etch time of 5 hours at temperature. The sample was let cool 

naturally then sonicated in a sonication bath for 1 hour. The resulting MXene powder was 

washed with DI water, collected via centrifugation, and dried overnight at 65 oC. A paste was 

made using the resulting material and ethanol. This paste was then blade coated onto a glass 

substrate with Au patterned electrodes and let dry. 

Cancer cell lines of A549 (ATCC®CCL-185™), NCI-H1299 (ATCC® CRL-5803), and 

BEAS-2B (ATCC®CRL-9609™) were purchased from American Type Culture Collection 

(ATCC, VA, USA). Iminodibenzyl (CAS Number: 494-19-9) and 8-hydroxyoctanoic acid (8-

HOA) were obtained from Sigma-Aldrich (St. Louis, MO, USA). PGE2 and DGLA (for in vitro 

study) and DGLA ethyl ester (for in vivo study) were acquired from Cayman Chemical (Ann 

Arbor, MI, USA). 
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About 3 × 105 A549 or BEAS-2B cells were trypsinized and seeded into each well of the 

6-well plates. Then, the cells were randomly assigned into different groups for the administration 

of DGLA (100 μM), iminodibenzyl (10 μM), or their combination accordingly. After 48 h, the 

cell culture medium was collected. Cells were washed with phosphate buffer solution (PBS) and 

collected by centrifugation after trypsinization. A 1 mL cell culture medium with collected cells 

was homogenized and ready for testing. Three different groups of control samples were prepared 

using the same preparation procedures, including (a) blank group in 1 mL cell homogenate 

without any treatment; (b) 8-HOA group in 1 mL cell homogenate containing 0.6 ug/mL 

exogenous 8-HOA; (c) PGE2 group in 1 mL cell homogenate containing 6 ug/mL exogenous 

PGE2. 

3.3.2. Ti3C2-Based Cancer Sensor Results 

3.3.2.1. Non-Cancerous Cells 

To test the sensor response of 8-HOA and PGE2 in normal lung cells, 106 BEAS2B non-

tumorigenic epithelial cell lines were collected. 8-HOA, PGE2, and BSA (Bovine Serum 

Albumin) were applied to the samples right before measuring any resistance change. Once the 

samples were applied onto the Ti3C2 MXene-based sensors, resistances were measured 

immediately and repeated at regular time intervals. The experiment parameters are listed in 

Table A2. The resistance change of the MXene slides for each of the samples is measured and 

shown in Figure 43, which shows the resistance increases dramatically when BEAS2B is added 

PGE2 but BEAS2B alone and BEAS2B with 8-HOA do not show obvious change of resistance. 
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Figure 43. Resistance change measured using Ti3C2 MXene-based sensors for BEAS2B cells. 

This sensing test is conducted on normal lung cells, BEAS2B, without extra treatment 

and by treating the cells with extra PGE2 or 8-HOA. A significant resistance increase is observed 

in BEAS2B by adding 10 µM PGE2, while the untreated normal cells and cells treated by 8-HOA 

do not show any obvious resistance change. This result indicates a unique role of PGE2 in healthy 

cells through the change of the electrical property of sensing material. Considering the elevated 

concentration of PGE2 can indicate a cancer development, such a sensitive response to PGE2 in 

normal cells using Ti3C2 MXene-based sensor can be potentially used to diagnose cancer even at 

a very early stage. 

3.3.2.2. Cancerous Cells 

In sensing tests, A549 cells were collected after being cultured. The complete design of 

the experiment to verify the relative concentration of generated 8-HOA and PGE2 with and 

without using the new cancer treatment via the detection of Ti3C2 Mxene-based sensor are listed 
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in Table A3. Like the BEAS-2B cell lines, 8-HOA and PGE2 samples were applied to the A549 

cell lines just before conducting the experiment. The sensing tests of these samples are shown in 

Figure 44. The resistances of A549 cancer cells, A549 cells treated by DGLA, and PGE2 are 

much higher than the cancer cells treated by adding 8-HOA, applying D5Di, or using the new 

anti-cancer treatment DGLA + D5Di. 
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Figure 44. Resistance change measured using Ti3C2 MXene-based sensors for A549 cancer cells 

with and without using the new anti-cancer treatment. 

As discussed previously, D5Di is used to prevent the conversion of DGLA to AA and 

therefore limiting PGE2 created. The main mechanism of the new anti-cancer strategy uses D5Di 

along with DGLA to limit the formation of PGE2, while at the same time promoting the 

formation of 8-HOA. The sensing tests using the Ti3C2 MXene-based sensor exhibits an 

interesting trend of resistance changes; showing high resistance for A549, A549 with 10 uM 

PGE2, and A549 treated by DGLA in the sensing test. These results indicate a higher 

concentration of PGE2 generated in A549 cells while the high resistance in the sample only 
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treated by DGLA confirms that omega-6 (DGLA) are pro-inflammatory and promote the 

formation of PGE2, and thus increases material resistance which correlates well to the results 

found in Figure 43. Moreover, the new anti-cancer treatment using DGLA and D5Di to treat 

A549 cells shows a similar low resistance level to that of A549 cells with 8-HOA. This result 

indicates promising information: the Ti3C2 MXene-based sensor can be used to monitor or 

validate the anti-cancer effect of this new anti-cancer strategy. 

3.3.2.3. Correlation Between Sensing Test Results and GC–MS Results 

To verify the Ti3C2-based sensor results for PGE2 and 8-HOA detection, both the sensor 

and GC–MS have been used to detect very low concentrations of 8-HOA and PGE2 in A495 lung 

cancer cells. The Ti3C2 Mxene sensors can provide the information of concentration of 8-HOA 

via the value of resistance change while GC–MS can quantitatively provide the exact 

concentration of 8-HOA. As shown in Figure 45, an obvious correlation is obtained between the 

GC–MS measurement and resistances that the Ti3C2 MXene-based sensor measured. This 

correlation further confirmed the capability of the Ti3C2 MXene-based sensor to detect trace 

concentrations of 8-HOA. Proving further it can be a convenient, fast, and low-cost tool to help 

the anti-cancer strategy in lung cancer treatment. 
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Figure 45. Correlation between different concentration of 8-HOA detected by gas 

chromatography–mass spectroscopy (GC–MS) and resistance measured by Ti3C2 MXene sensor 

using the same sampling conditions. 

3.4. Concluding Remarks and Future Work 

MXenes have been shown to be a very versatile material with numerous applications. 

This is due to the vast number of variables that can be altered to tailor the material for specific 

use. Here, it is shown that a knowledge of the precursor MAX phase is required to create this 

material for specific uses, and there are multiple etching methods that give varying results. The 

synthesis of Ti3C2Tx MXenes at high temperature was done using both the standard HF and 

MILD methods of etching. It was shown that this is a viable route of synthesis for MXenes and it 

can have the interesting effect, using standard HF method, of controlling the gap between sheets 

via etching temperature. Additional research should be done to see morphology of MILD 
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MXenes and developing an experiment to see how hot-etching effects the surface functional 

group composition could also be done to better find how the material can be tuned. 

Additionally, a new sensor based on 2D nanosheets, Ti3C2 MXene, has been designed 

and used for the sensing response to 8-HOA and PGE2 in lung cancer cells. The preliminary 

results indicate an important conclusion: this new Ti3C2-based sensor can provide a convenient 

and simple method for anti-cancer treatment guidance. In addition, the high sensitivity of this 

new sensor opens a potential application for early-stage cancer detection via monitoring variation 

of PGE2 and 8-HOA in cells. Future work should include testing the functional groups as a 

variable for sensitivity of PGE2 and 8-HOA in cells, as this could help identify a mechanism for 

sensing and allow for future optimization of the sensing material. Instead of using heavy, 

expensive, and time-consuming GC–MS to assist the anti-cancer treatment, the Ti3C2 MXene-

based sensor can provide a fast, simple, low-cost, highly efficient, and much less invasive 

assistant tool to detect and cure cancer. 
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4. 1D NANOROD/2D NANOSHEET NANOCOMPOSITE FOR ACETONE SENSING3 

4.1. Introduction 

Sensing materials can be improved either through modification of sensor device 

configuration/structure or combination with other nanomaterials to form nanocomposites in order 

to facilitate interaction with gas acetone molecules. For example, ZnO-CuO core-hollow cube 

nanostructures-based p-n heterojunction chemiresistive sensor exhibits a remarkable response to 

acetone at 200 °C. The lowest concentration can be detected down to 0.04 ppm with high 

selectivity and excellent stability for up to 40 days. [148] However, these sensors typically 

operate at an elevated temperature of at least 200 °C, which will increase the power requirement 

and overall cost of the final devices. However, as discussed earlier, the newly as-synthesized 

KWO nanorods has been validated to be able to operate at room temperature with both a 

sensitive and a selective response to acetone. This is because the KWO-based sensing 

mechanism is different than traditional MOS-based chemiresistive sensors, due to its unique 

material and surface properties, which were explored earlier. Briefly, this chapter focuses on the 

p-type semiconductor property, high surface area and porous morphology, and specifically the 

room-temperature ferroelectric property. All these structural and material properties enable 

nanostructured KWO to effectively interact with the high dipole-moment compound, acetone, 

which then causes a detectable change of the resistance even at low concentrations. However, the 

results indicate that water vapor can cause a strong interference and baseline shift to weaken 

KWO sensing performance. [61] Herein, a solution which can effectively address the water 

 
3 The material in this chapter was co-authored by Michael Johnson and Danling Wang. Michael had primary 

responsibility for developing and carrying out material synthesis methods, as well as collection and analysis of XRD 

and SEM data. Michael was the primary developer of the conclusions that are advanced here. Michael also drafted 

and revised all versions of this chapter. Danling served as proofreader and checked the data and conclusions 

conducted by Michael. 
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vapor interference and baseline shift in KWO-based sensors is presented by combining KWO 

with Ti3C2 MXene nanosheets.  

As presented in chapter 2, a new two-dimensional (2D) nanomaterial, Ti3C2Tx (Tx stands 

for OH, O, and F surface terminal groups), has successfully been synthesized in various ways. 

Due to the unique multi-layered structure, extremely large surface/interface area, metallic 

conductivity, and flexible surface functionality Ti3C2Tx MXenes attract a lot of attention in the 

field of biomedical sensing and energy storage due to outstanding signal to noise ratios. [149–

152] Motivated by these findings, here, we aim to explore the potential of using a combination of 

1D KWO and 2D Ti3C2Tx to form a new nanocomposite as the sensing material for acetone 

detection with a low cost, high sensitivity and selectivity, low noise, low interference from water 

vapor, while maintaining room-temperature operation. 

4.2. Synthesis Methods and Characterization 

The standard method of hydrothermal synthesis for KWO was described in chapter 1. 

Briefly, a precursor solution containing Na2WO4·2H2O (95%, Alfa Aesar, Haverhill, MA, USA), 

oxalic acid dihydrate (>99%, VWR, Radnor, PA, USA), K2SO4 (>99%, VWR, Radnor, PA, 

USA) and HCl (36%–38%, Aqua Solutions Inc. Deer Park, TX, USA) was made. This solution 

was then put into a 30 ml autoclave for synthesis. KWO samples were grown at 225 °C for 24 

hours, then collected via centrifuge. 

The synthesis methods for MXenes were described in chapter 2. It can be broken down 

into two basic methods; standard HF etching, and MILD etching both of which can be done at 

higher temperatures, up to 150 oC. Here, both hot-etched Ti3C2 MXene made at 150 oC, 5 %wt. 

HF; and Ti3C2 MXene made via the MILD method at room-temperature are explored for their 

efficacy as part of the 1D/2D nanocomposite for acetone sensing. 
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4.2.1. Electrostatic Assembly of Accordion-Like MXene Nanosheets and KWO Nanorods 

The KWO sensor nanomaterial was synthesized using the hydrothermal method 

described above. Pure Ti3C2Tx MXene was synthesized based on a HF etching method. The hot 

etching method, which can make high-yield, high purity Ti3C2Tx MXene, was used. A total of 

0.5 g of MAX phase was etched using HF acid in a 25 ml Teflon lined autoclave at temperature 

of 150 °C for five hours in a Thermolyne furnace. A concentration of 5 %wt. HF was used to 

remove Al-layers from the MAX phase. Materials were then sonicated for 1 hour using a 

sonicating bath and collected via centrifuge. All materials were then dried overnight at 65 °C in a 

drying oven. 

The nanocomposite film made by KWO and Ti3C2Tx MXene was formed with variable 

material ratios of KWO/Ti3C2Tx–1:1, 1:2, 1:5, 2:1, 4:1, and 9:1 using electrostatic self-assembly 

technique. In detail, amounts of as-synthesized KWO nanorods were dispersed into distilled 

water and sonicated for 1h. Then, 10mg of as-synthesized Ti3C2Tx nanosheets were added to 10 

mL distilled water and sonicated for 1h. Thereafter, the homogeneous KWO solution was poured 

into the Ti3C2Tx solution. After that, the mixture was stirred vigorously for 12 hours. Finally, the 

obtained KWO/Ti3C2Txpowder was washed three times with distilled water and dried at 80 °C 

for 24 h; Finally, eight as-synthesized nanomaterials including Ti3C2Tx, KWO, and 

KWO/Ti3C2Tx (1:1, 1:2, 1:5, 2:1, 4:1, and 9:1) were made into thin films using blade-coating 

technique onto the gold-electrode patterned glass substrates. These nanocomposites were then 

characterized using XRD and SEM. [153] 

4.2.1.1. X-Ray Diffraction 

The XRD patterns of the as-synthesized samples (KWO, Ti3C2Tx MXene, and 

KWO/Ti3C2Tx nanocomposites) are shown in Figure 46. The peak at 2θ = 9.0° is corresponding 
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to the (002) facet of Ti3C2Tx. While the peaks at 2θ = 23°, 28° correspond to (002) and (200) of 

KWO. As found in chapter 1, the relative peaks (002)/(200) of KWO play an important role to 

realize the selective detection of acetone. The XRD spectrum of KWO/Ti3C2Tx (2:1) 

nanocomposite has shown the strongest relative peak at (002). In addition, nanocomposites show 

higher crystalline structure while the ratio of KWO/Ti3C2Tx is higher. Beside these, the much 

weaker intensity of MXene observed in XRD indicates that the content of the Ti3C2Tx in the 

composite is very low, as expected. The low content of Ti3C2Tx in the nanocomposites means 

Ti3C2Tx will not cause dramatic change of material properties, e.g., p-type semiconducting, and 

ferroelectricity, but KWO has interacted with Ti3C2Tx in the nanocomposites and caused the 

change of the expressed crystal facets. 

 

Figure 46. XRD spectra of KWO nanorods, Ti3C2TxMXene, and KWO/Ti3C2Tx nanocomposites, 

and Ti3C2Tx MXene. 

4.2.1.2. Scanning Electron Microscopy 

The microstructures and morphologies of the as-synthesized nanomaterials: KWO, 

Ti3C2Tx, KWO/Ti3C2Tx nanocomposites have been investigated by SEM. As shown in Figure 47 
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a, the SEM image of KWO clearly shows a three-dimensional mesh of randomly orientated and 

interconnected nanorods with several µm in length and 20–50 nm in diameter. The SEM image 

of pristine Ti3C2Tx MXene (Figure 47 b) exhibits multilayered structure and accordion-like 

morphology. Figure 47 c–f show the SEM images of the KWO/Ti3C2Tx nanocomposites at the 

ratio 1:1, 2:1, 4:1, and 9:1, which all indicate a rougher surface due to the decoration of the 

KWO nanorods on the Ti3C2Tx nanosheets and illustrate the successful construction of the 

1D/2D KWO/Ti3C2Tx hybrids. This could suggest a strongly coupled interaction between KWO 

and Ti3C2Tx. 

 

Figure 47. SEM images of (a) KWO nanorods, (b) Ti3C2Tx, (c) KWO/ Ti3C2Tx (1:1), (d) KWO/ 

Ti3C2Tx (2:1), (e) KWO/ Ti3C2Tx (4:1), and (f) KWO/ Ti3C2x (9:1). 

4.2.1.3. Acetone Sensing and Humidity Response 

The sensing performance of as-fabricated device to detect acetone is still based on a 

room-temperature chemiresistive response, which was described in chapter 1. Briefly, the 

detection and sensing response of acetone largely depend on sensing material’s chemical, 

electrical and structural properties. These properties affect charge transfer between sensing 



 

84 

material and analyte gas, and electron/hole diffusion within the nanocomposite. This results in a 

change in resistance of sensing material. Figure 48 shows the sensing results of the fabricated 

nanocomposites, comparing to other nanomaterials, the KWO/Ti3C2Tx (2:1) nanocomposite 

exhibits the highest sensitivity (almost 10 times higher than the response of KWO) to 2.86 ppm 

acetone at the same sensing condition, RH = 20% and room temperature. This improved sensing 

performance of KWO/Ti3C2Tx (2:1) nanocomposite can be contributed due to 1) the unique 

surface and electronic properties of Ti3C2Tx nanosheets, [106, 152] which can provide better 

signal to noise ratio and higher sensitivity, 2) the room temperature of ferroelectric property of 

KWO, and 3) the interaction between KWO and Ti3C2Tx creating a more expressed (002) facet. 

Here, 2D multilayered Ti3C2Tx nanosheets not only provide extreme large surface and interface 

area for the absorption of acetone molecules, but also the surface functional groups, Tx: –O, –

OH, and –F. These can act as active sites for the nucleation and growth of the KWO nanorods to 

enhance the interfacial interactions between KWO and Ti3C2Tx and expedite charge 

transfer/transportation. 
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Figure 48. Sensing test on 2.86 ppm acetone at room temperature, RH = 20% using variable 

sensors based on Ti3C2Tx nanosheets, KWO nanorods, KWO/Ti3C2Tx (1:2), KWO/Ti3C2Tx 

(2:1), KWO/Ti3C2Tx (1:1), KWO/Ti3C2Tx (1:5), KWO/Ti3C2Tx (4:1), and KWO/Ti3C2Tx (9:1). 

To evaluate the cross-interference of humidity, the KWO/Ti3C2Tx (2:1) nanocomposite-

based sensor has been tested under varying levels of relative humidity (RH) at room-temperature. 

The result is shown in Figure 49. The KWO/Ti3C2Tx (2:1) nanocomposite shows relative stable 

baseline resistance (red color) while RH is from 10% up to 86%. Considering the little influence 

of RH and high sensitivity to acetone, The KWO/Ti3C2Tx (2:1) nanocomposite shows the best 

sensing response to acetone at room temperature. 
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Figure 49. Resistance and RH relationship based on variable nanomaterials: Ti3C2Tx nanosheets, 

KWO nanorods, KWO/Ti3C2Tx (1:2), KWO/Ti3C2Tx (2:1), KWO/Ti3C2Tx (1:1), KWO/Ti3C2Tx 

(1:5), KWO/Ti3C2Tx (4:1), and KWO/Ti3C2Tx (9:1). 

The potential sensing mechanism of the KWO/Ti3C2Tx nanocomposite (2:1) to detect 

acetone, can be explained as: 1) 1D KWO nanorods are a p-type semiconductor. Although the 

nanocomposite has altered the crystal structure of the material, the Hall Effect measurement 

reveals that KWO/Ti3C2Tx nanocomposites still possess p-type semiconducting properties. The 

XRD spectra further shows that the content of Ti3C2Tx is much low in comparison to the content 

of KWO within the nanocomposites. Therefore, the semiconducting properties of the 

nanocomposites have no change. This means the majority carriers in the nanocomposites are still 

holes. Once electron rich compounds, such as acetone, absorb onto KWO/Ti3C2Tx, acetone 

molecules will donate electrons and then combine with holes to result in the increase of 

resistance of the sensing materials. 2) The KWO room-temperature ferroelectric property is still 

the major reason to cause an effective charge transfer between KWO and acetone and realize 

selective detection of acetone, since pure MXenes show little response to acetone in Figure 47. 
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3) The high electrical conductivity of Ti3C2Tx MXene and the interfacial interaction between 

Ti3C2Tx and KWO not only can lower the signal noise, but also can further enhance the charge 

transfer within the material. In other words, Ti3C2Tx MXenes have been used as an efficient 

charge transfer aid material for biosensors. Herein, it is believed they play a similar role in the 

KWO/Ti3C2Tx material sensing acetone. While they likely do not contribute much to the 

interaction with acetone, the Ti3C2Tx MXenes help to lower the baseline resistance of the sensor 

film and provide an improved signal to noise ratio. In other words, the Ti3C2Tx MXenes work as 

a type of electron collector which can help KWO more efficiently transfer charge while 

interacting with acetone. More study into the mechanism at contact between the two materials 

should be studied to fortify this theory. 

The KWO/Ti3C2Tx (2:1) nanocomposite is a new functionalized sensing material with 

great potential for application in the breath acetone sensor device. This device can deliver a low-

cost, non-invasive, highly accurate, and portable device with little interference of humidity for 

early and rapid diabetes detection and long-term health monitoring with extreme high signal-to-

noise ratio (SNR). 

4.2.2. In-Situ Growth of KWO Nanorods Using Colloidal MILD Solution 

To try and achieve a higher interface between KWO and Ti3C2Tx MXene, KWO was 

grown in the presence of colloidal MXene nanosheets made by the MILD etching method. The 

MILD MXene was made using the standard room-temperature MILD etching procedure 

discussed in chapter 2. The composite was synthesized by a precursor solution containing 

Na2WO4·2H2O (95%, Alfa Aesar, Haverhill, MA, USA), oxalic acid dihydrate (>99%, VWR, 

Radnor, PA, USA), K2SO4 (>99%, VWR, Radnor, PA, USA) and HCl (36%–38%, Aqua 

Solutions Inc. Deer Park, TX, USA). This solution was then put into a 30 ml autoclave for 
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synthesis with varying amounts, 0.1, 0.2, 0.3, 0.4, and 0.5 g, of as-synthesized MILD Ti3C2Tx 

MXene. Samples were then grown at 225 °C for 24 hours, then collected via centrifuge. Samples 

were then characterized using XRD, SEM, and tested for acetone response. 

4.2.2.1. X-Ray Diffraction 

Figure 50 shows the results of the XRD taken of KWO/MILD nanocomposite samples 

grown with 0.1, 0.2, 0.3, 0.4, and 0.5 g of MXene. Immediately, it is easy to see how expressed 

the (002) facet of KWO in samples grown with 0.1, 0.2, and 0.3 g of MXene. This effect 

becomes more prevalent with increasing MXene up to 0.3 g. On the other hand, little KWO 

shows on samples grown with 0.4 and 0.5 g of MXene. Also of note, characteristic MXene peaks 

are not visible within samples grown from 0.1 to 0.3 g. This is likely due to the MXene sheets 

breaking into smaller pieces as the growth process of KWO happens leading to little observable 

MXene within the composite but can be seen in the SEM later. Overall, more work should be 

done to better define the growth of KWO when in the presence of colloidal MXene to better 

understand the resulting product and the interfacial zone of the two materials. 
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Figure 50. XRD of KWO/Ti3C2Tx MILD MXene nanocomposite synthesized hydrothermally 

with 0.1, 0.2, 0.3, 0.4, and 0.5 g of MILD MXene. 

4.2.2.2. Scanning Electron Microscopy 

Figure 51 shows the SEM images of KWO/Ti3C2Tx MILD MXene nanocomposite 

synthesized hydrothermally with 0.1, 0.2, 0.3, 0.4, and 0.5 g of MILD MXene. In agreement with 

the XRD we see little nanorods present in the samples grown with 0.4 and 0.5 g of MXene. The 

samples grown with 0.1 to 0.3 g of MXene show a change in morphology with longer nanorods 

as MXene content is increased. The last piece to note is small MXene flakes can be seen in the 

sample grown with 0.3 g of MXene helping fortify the theory that this material breaks apart into 

smaller pieces over the course of hydrothermal synthesis. 
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Figure 51. SEM of KWO/Ti3C2Tx MILD MXene nanocomposite synthesized hydrothermally 

with (a) 0.1, (b) 0.2, (c) 0.3, (d) 0.4, and (e) 0.5 g of MILD MXene. 

4.3. Concluding Remarks and Future Work 

The combination of the two previous materials to improve the acetone sensing 

performance of tungsten oxide nanorods by greatly increasing sensitivity and mitigating the 

effect humidity has on these types of sensors. More work to understand the interfacial zone 

would allow for a clearer picture of the exact mechanism that has these two materials perform 

well when combined for acetone sensing. This can be done by first studying the content of –OH, 

-O, and –F surface groups these MXenes present. Synthesis of MILD/KWO nanocomposites has 

just recently become feasible, and to gain a better understanding of their nature sensing tests 

should be done to see if they improve upon the already excellent performance standard MXenes 

have added to acetone sensing. Testing alternate metal-based tungsten oxide nanorods, Li-, Na-, 

Cu-, and Cr-WO, with MXenes could also prove beneficial for the sensing of acetone. 
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5. CONCLUSIONS AND FUTURE WORK 

In this thesis, two major nanomaterials, KWO for application in diabetes and MXene for 

cancer management and further improvement of the KWO diabetes sensor, are intensively 

researched. KWO shows great potential as a breath acetone sensor, which can be utilized to 

monitor and diagnose diabetes. It also shows the unique ferroelectric property which allows for a 

room-temperature sensing operation. Synthesis methods and characterization are done to further 

the understanding of KWO as an acetone sensor and further improve its capability towards 

becoming the cornerstone of a handheld biomedical sensor which is non-invasive, portable, and 

easy-to-use. Ti3C2 MXenes are studied and characterized under various synthesis conditions to 

create both accordion-like structures with varying gap widths, and single-to-few layered 

nanosheets created by the intercalation of Li+ ions. Additionally, a new sensor based on 2D 

nanosheets, Ti3C2 MXene, has been designed and used for the sensing response to 8-HOA and 

PGE2 in lung cancer cells. The preliminary results indicate an important conclusion: this new 

Ti3C2-based sensor can provide a convenient and simple method for anti-cancer treatment 

guidance. Finally, a nanocomposite is synthesized using both KWO and Ti3C2 MXenes to 

improve the acetone sensor’s sensitivity and selectivity by majorly reducing humidity cross-

interference. 

First, a novel group of chemiresistive nanomaterials, metal doped tungsten oxide (MWO) 

nanorods, were explored for their ability to work as a sensor for breath-acetone. Tungsten oxide 

nanorods growth via the hydrothermal method was explained. The basics of the chemiresistive 

method were studied and applied to the development of multiple samples. First, KWO was 

studied for proper growth temperature, which was found to be 225 oC, to better express its 

crystallinity and ferroelectric phase, which in-turn improved sensing performance. Then varying 
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levels of potassium content along with synthesis using surfactant additives was studied to tune 

the material’s crystal facets and increase the ferroelectric property. Continuing, metals beyond K 

were studied using the same hydrothermal growing method. Initially, other alkali metals Li and 

Na were studied and compared to the original KWO. It was found that KWO had the best 

sensitivity, and this was likely due to it also possessing the ferroelectric ε-phase and the (002) 

facet. On the other hand, both LiWO and NaWO samples showed poorer performance than that 

of KWO. More study into the selectivity and longevity of these materials should also be done to 

better characterize their sensing properties. Hybrid metals of (K:Li)WO were also synthesized at 

1:1 and 3:1 ratios. Both samples presented ε-WO3 correlating to good ferroelectricity and had 

very expressed (002) peaks in the XRD. They ended up having higher sensitivity than KWO and 

more study can be done in the future to characterize why. 

Next, MXenes have been shown to be a very versatile material with numerous 

applications. This is due to the vast number of variables that can be altered to tailor the material 

for specific use. Here, it is shown that a knowledge of the precursor MAX phase is required to 

create this material for specific uses, and there are multiple etching methods that give varying 

results. The synthesis of Ti3C2Tx MXenes at high temperature was done using both the standard 

HF and MILD methods of etching. It was shown that this is a viable route of synthesis for 

MXenes and it can have the interesting effect, using standard HF method, of controlling the gap 

between sheets via etching temperature. Additional research should be done to see morphology 

of MILD MXenes and developing an experiment to see how hot-etching effects the surface 

functional group composition could also be done to better find how the material can be tuned. 

Additionally, a new sensor based on 2D nanosheets, Ti3C2 MXene, has been designed 

and used for the sensing response to 8-HOA and PGE2 in lung cancer cells. The preliminary 
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results indicate an important conclusion: this new Ti3C2-based sensor can provide a convenient 

and simple method for anti-cancer treatment guidance. In addition, the high sensitivity of this 

new sensor opens a potential application for early-stage cancer detection via monitoring variation 

of PGE2 and 8-HOA in cells. Future work should include testing the functional groups as a 

variable for sensitivity of PGE2 and 8-HOA in cells, as this could help identify a mechanism for 

sensing and allow for future optimization of the sensing material. Instead of using heavy, 

expensive, and time-consuming GC–MS to assist the anti-cancer treatment, the Ti3C2 MXene-

based sensor can provide a fast, simple, low-cost, highly efficient, and much less invasive 

assistant tool to detect and cure cancer. 

Finally, the combination of the two previous materials to improve the acetone sensing 

performance of tungsten oxide nanorods by greatly increasing sensitivity and mitigating the 

effect humidity has on these types of sensors. More work to understand the interfacial zone 

would allow for a clearer picture of the exact mechanism that has these two materials perform 

well when combined for acetone sensing. This can be done by first studying the content of –OH, 

-O, and –F surface groups these MXenes present. Synthesis of MILD/KWO nanocomposites has 

just recently become feasible, and to gain a better understanding of their nature sensing tests 

should be done to see if they improve upon the already excellent performance standard MXenes 

have added to acetone sensing. Testing alternate metal-based tungsten oxide nanorods, Li-, Na-, 

Cu-, and Cr-WO, with MXenes as a nanocompsite could also prove beneficial for the sensing of 

acetone. 
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APPENDIX 

 

Figure A1. XRD pattern of tungsten oxide samples grown with a Li, K, and mixed sources 

highlighting the peak shift from the (001) to (002) facets. 

 

Figure A2. XRD of collected LaWO samples synthesized at full and quarter molar equivalences. 
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Figure A3. XRD of collected SnWO samples synthesized at full and quarter molar equivalences. 

Table A1. Initial sensing data for eighth-molar equivalence CuWO and CrWO done at RH of 

30%. 

Sample Test # Initial Resistance 

(MΩ) 

Dry Air 

Resistance (MΩ) 

Final Resitance 

(MΩ) 

Sensitivity (%) 

CuWO 1 1.59 3.5 5.15 103.7 

 2 2.17 3.43 4.18 34.5 

 3 2.24 3.42 3.92 22.3 

CrWO 1 0.229 0.8 7.45 2903.9 

 2 0.56 1.48 11.32 1757.1 

 3 1.0 2.13 14.89 1276.0 

 

Table A2. Table showing the composition of each sample for BEAS2B used in Ti3C2 based 

cancer sensing. 

Sample Cell 8-HOA PGE2 BSA 

1 𝟏𝟎𝟔BEAS2B none none None 

2 𝟏𝟎𝟔BEAS2B 0.6 ug/mL none None 

3 𝟏𝟎𝟔BEAS2B none 6 ug/mL None 

4 None none none 1 mg/mL 
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Table A3. The composition of each sample for A549 cells treated by 8-hydroxyoctanoic acid (8-

HOA), Prostaglandin E2 (PGE2), dihomo-γ-linolenic acid (DGLA), delta-5-desaturase inhibitor 

(D5Di), and DGLA + D5Di. 

Sample Cell DGLA D5Di 8-HOA PGE2 
Estimated 8-HOA/PGE2 

level 

1 106 A549 none none none none Low 8-HOA; low PGE2 

2 106 A549 none none 0.6 ug/mL none High 8-HOA; low PGE2 

3 106 A549 none none none 6 ug/mL Low 8-HOA; high PGE2 

4 106 A549 100 uM none none none Low 8-HOA; high PGE2 

5 106 A549 none 10 uM none none Low 8-HOA; low PGE2 

6 106 A549 100 uM 10 uM none none High 8-HOA; low PGE2 

 


