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Abstract

Nowadays, exhaled breath analysis is gaining significant attention among researchers due to
its great potential in early diagnosis and disease monitoring in a non-invasive way. Volatile
organic compounds (VOCs) present in exhaled breath carry useful information about the
metabolic and biological processes occurring within the human body. Some VOCs in exhaled
human breath have been identified as biomarkers for various diseases, and excess amounts of
these VOCs compared to control levels are considered indicative of associated diseases. Gas
chromatography-mass spectrometry (GC-MS), proton-transfer-reaction mass spectrometry
(PTR-MS), selected-ion flow-tube mass spectrometry (SIFT-MS), and others are well-known
conventional techniques utilized for VOC monitoring. However, recent advancements in
sensing devices based on optical, electrochemical, and chemiresistive materials show
significant potential for replacing these conventional techniques without compromising
accuracy and integrity. This chapter aims to provide a basic understanding of VOCs and
conventional detection tools while moving toward the advanced detection technologies
reported over the past decade. Moreover, this chapter also include a summary table for each

detection tool, comparing their performance to provide in-depth information to the reader.

Keywords: Volatile organic compounds; sensor; breath analyser; optical; electrochemical;

chemiresistive.



Introduction

Volatile organic compounds (VOCs) are chemicals having high atmospheric and
vapour pressure at room temperature resulting them to be vaporized rapidly. In general, several
VOC:s such as esters, alcohols, alkenes, carbonyls, alkanes, ethers, and amides are released into
the environment from making a fire, house paint, cutting the grass, driving a car, building
materials, or just by breathing [1]. It has also been reported that almost every human activity
results in VOC emissions. To monitor and control VOC risks, several government agencies,
including the Environmental Protection Agency, the National Institute for Occupational Safety
and Health, and the European Agency for Safety and Health at Work, have issued strict

guidelines to limit human exposure to these VOCs in workplace air [2].

Gas chromatography-mass spectrometry (GC-MS), proton-transfer-reaction mass
spectrometry (PTR-MS), and selected-ion flow-tube mass spectrometry (SIFT-MS) are some
of the well-known conventional tools widely used in VOC sensing. However, their complex
operational procedures, bulky structures, and the requirement of the skilled technicians make
these tools less effective for real-time and onsite monitoring. The past decades have witnessed
immense growth in the field of VOC sensing technology, particularly using electrochemical,
chemiresistive, and optical-based sensors. These sensors can selectively detect multiple VOCs
and allow real-time, onsite, and rapid monitoring, making them a crucial equipment in the

medical and industrial sectors.

In general, the VOC sensing devices monitor the target VOC gases by identifying the
variation in the physical properties (e.g., conductivity, surface tension, and molecular weight)
as well as their chemical reactivity (e.g., hydrogen bonding, redox potential, Lewis
basicity/acidity) [3]. In past decades, various sensing materials such as metal oxides, carbon

based materials (graphene, activated carbon, multiwall carbon nanotubes, etc.), polymers and



composites (polypyrrole, poly(dimethylsiloxane), and molecularly imprinted polymer) have
been widely exploited to accurately monitor these variations [4]. Based on the working
principle, these VOC sensors can be classified into various categories. For example, the
electrochemical VOC sensor monitors the variation in the resistance generated by electric
current when it is exposed to a VOC environment [5,6], whereas optical sensors measure the
change in the properties of propagated light when the device is exposed to a VOC environment
[7-9]. Mass-based VOC sensors monitor the mass difference that occurs due to the loading of

gaseous molecules [10].

The basics of VOCs are covered in several articles published earlier [2,10—13]. Therefore,
this chapter begins with an introductory overview of VOC sensing in Section 1. Section 2
discusses the details of conventional methods used in VOC sensing, while Section 3 covers the
sensing mechanisms of various VOC sensors. Finally, Section 4 explores future prospects and

challenges, and Section 5 provides the conclusion of the chapter.

2. Conventional Methods for VOC Detection:

The selective VOC monitoring has always been a persistent challenge, especially in
mixed gaseous environments or exhaled breath. It has been reported that the VOCs present in
exhaled breath contain extremely low VOCs concentrations (e.g., the concentration of major
VOCs in healthy individuals includes acetone (1.2-1,880 ppb), isoprene (12-580 ppb),
methanol (160-2,000 ppb), ethanol (13—1,000 ppb), etc. [14]), making their real-time detection
challenging. There are several conventional tools are already available in the market that can
precisely detect multiple VOCs in mixed gaseous environments, even at their low
concentrations (ppmv, ppbv, and pptv). Among several tools, the most applicable VOC

detection methods are discussed in this section.



2.1. Gas Chromatography-Mass Spectrometry: Gas Chromatography-Mass
Spectrometry (GC-MS) is an analytical and non-invasive approach widely used in the early
diagnosis of various diseases, including diabetes, cancers, steroid hormones, and pulmonary
tuberculosis. In the GC-MS, the collected exhaled breath sample is carried by helium or
hydrogen (also known as the carrier gas) through a very thin metallic tube (i.e., the column),
which separates the molecules based on their molecular weight [15]. After the separation, they
are sent to the attached mass spectrometer for further analysis. [Insert Figure 1 here, Caption:
Block diagram of GC-MS] illustrates the simple schematic flow chart diagram of the GC-MS.
By utilizing a series of columns, Sanchez et al. identified 25 different types of VOCs in exhaled
human breath (LOD of 1-5 ppb), among which several important VOCs such as methanol,
ethanol, acetone, pentane, and isoprene were highlighted as potential disease biomarkers [16].
In 2002, Lord et al. reported the reduced moisture effect and selective detection of acetone and
ethanol in the 250 ml portion of exhaled breath via GC-MS [17]. Giardian and Olesik utilized
carbon-based solid-phase mass extraction microfiber along with GC-MS to successfully
identify five different types of cancer related VOC biomarkers from the Bellows Breath (or
stimulated breath) [18]. In 2017, Schnabel e al. utilized GC-Time of flight-mass spectrometry
(GC-TOF-MS) to demonstrate the non-invasive monitoring of ventilator associated
pneumonia in ICU patients by exhaled breath analysis [19]. In the reported work, authors
identified 12 important VOC biomarkers directly associated with pneumonia. These literatures
clearly demonstrate the capability of GC-MS in quantitative analysis of VOC biomarkers and

their potential in non-invasive disease detection [4].
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Fig.1. Block diagram of GC-MS. (Reprinted/Adapted from [4])

2.2. Proton-Transfer-Reaction Mass Spectrometry: Proton-transfer-reaction mass
spectrometry (PTR-MS) is known as an analytical technique which uses hydronium ions
(purity >99.5%) as source reagent. The major advantage of PTR-MS over GC-MS is that it
does not require any additional calibration, and it can identify absolute VOC concentrations as
low as pptv. A simple block diagram of PTR-MS is illustrated in [Insert Figure 2 here, Caption:
Block diagram of PTR-MS]. PTR-MS demonstrate superior selectivity and high sensitivity
which play a crucial role in quantitative analysis of exhaled human breath to track
pathophysiological and physiological states of healthy and unhealthy individuals. Amann ef al.
demonstrated the potential of PTR-MS in patients suffering from carbohydrate malabsorption
by successfully detecting variations in the concentration levels of various VOCs [20].
Carbohydrate malabsorption is a health condition in which the body suffers with difficulty in
digesting and absorbing carbohydrates. Kar et al. also utilize the PTR-MS technique to identify
cholesterol levels in the human body by analyzing variations in the concentration level of
isoprene in the exhaled breath [21]. Cholesterol is a waxy fat which can be found in the human
body and help in the production of hormones. Although its presence in the body is highly

essential, too much cholesterol can sometimes be life-threatening if left untreated. Several



researchers have well exploited the PTR-MS technique for the early diagnosis of various

diseases by selectively identifying the associated VOCs biomarkers [22,23].
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Fig.2. Block diagram of PTR-MS. (Reprinted/Adapted from [4])

2.3. Selected-lon Flow-Tube Mass Spectrometry: Selected mass flow tube mass
spectrometry (SIFT-MS) is an analytical tool identical to GCMS, which is utilized for
quantitative monitoring of VOCs [24]. This technique involves the ionization of VOCs
molecules via reagent ions e.g., NO*, O?*, H;0", etc., and analyzed by a quadrupole mass
spectrometer. [Insert Figure 1 here, Caption: Block diagram of SIFT-MS] exhibits a simple
block diagram of conventional SIFT-MS. In general, the SIFT-MS was first proposed for two
main applications: (i) a better understanding of pathophysiological and physiological
conditions and (ii) a breath analyzer to determine the presence of VOC traces for the prognosis
of various diseases. In 1996, Smith et al. utilized SIFT-MS in order to identify the level of
ammonia concentration in the exhaled breath of a known Helicobacter pyroli (H. pylori)
infected individual, which was observed to be increased by ~4 ppm after consuming
nonradioactive urea [25]. H. pylori is a type of spiral-shaped bacterium that infects the stomach
lining and damages stomach tissues and the small intestine, resulting in severe pain and
inflammation. In 1999, Spanel et al. reported a quantitative detection of isoprene using SIFT-
MS and O?" as reagent ions [26]. In 2002, Diskin et al. utilized SIFT-MS to conduct a 30-day

study on healthy individuals to investigate the fluctuations in the concentration levels of various



common VOC biomarkers, such as isoprene, ammonia, acetaldehyde, ethanol, and acetone
[27]. In the same year, Abbott et al. utilized SIFTMS to identify the concentration level of
acetonitrile in the breath and urinary samples of smokers and non-smokers individuals [28].
The obtained results indicated that the concentration of acetonitrile varied from 17 to 124 ppb
in the breath sample, while in urine, the same VOC was found within a range of 0 to 150 pg/L.
The use of SIFT-MS has also been investigated in studies by other researchers, who employed

it to measure the concentrations of various VOCs and assess the stages of associated disorders

[29-31].
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Fig.3. Block diagram of SIFT-MS. (Reprinted/Adapted from [4])



2.4. Advantages and Limitations of Conventional VOC Detection Methods:

Although these conventional tools possess several advantages, including accurate monitoring,

target selectivity, and multiple VOC detection, they also suffer from various challenges,

including offsite analysis, expense, and time-consuming procedures, which limit their real-time

applications. Additionally, these tools also require skilled technicians in order to perform

critical measurements, making it challenging to implement them in every location. Some of the

major advantages and limitations of these conventional tools are listed in the following Table.

1.

Table 1. Advantages and limitations of conventional VOC detection tools

(Reprinted/Adapted from [4]).

Technique

Advantage

Limitations

1. Identification of organic components

through separating complex mixtures

2. Quantitative analysis

1. Non-volatile matrices require
additional preparation such as extraction,

outgassing, etc.

GC-MS 2. Target compounds must either be
3. Trace detection of organic contamination | yglatile
as low as ppb level for liquid matrices and
3. Atmospheric gases such as N, CO»,
nano-gram level for solid matrices
O,, CO, Ar, HO are challenging
1. Only molecules with a proton affinity
1. Quantitative monitoring
higher than water can be detected
PTR-MS

2. Absolute concentrations can be

determined without previous calibration

2. Cannot provide as much information as

GC-MS




3. Fast analysis, i.e., within milliseconds and
online, which allow the real-time monitoring

of exhaled breath

1. Quantitative monitoring 1. This technique uses three reagent ions,

. + + 2+ . :
2. Absolute concentrations can be i.e., NO'", H30", and O”', which makes it

determined without pI'CViOUS calibration suitable for detection of volatiles with

SIFT-MS .\
lower proton affinities than water.

3. Fast analysis, i.e., within milliseconds and

online, which allow the real-time monitoring 2. Cannot provide as much information as

of exhaled breath GC-MS

3. Emerging strategies: Classification and working principle:

To make human life easier and replace the conventional VOC sensing tool, researchers have
put lots of effort into realizing portable, cost-effective, and real-time VOC sensors. This section
provides a detailed overview of these technologies, which includes, but not limited to,
electrochemical sensors, chemiresistive sensors, and optical sensors, (including colorimetric,
fluorometric, and optical fiber-based sensing devices), laser absorption spectroscopy (LAS)

based sensors, and artificial intelligence (AI) based sensor.

3.1. Electrochemical Sensors

Electrochemical based VOC sensors are known as the most potential detection tool to identify
VOCs concentration in ambient environments as well as in medical applications. Generally,
the electrochemical sensor operates on the redox reactions, where the target analytes undergo

chemical changes at the surface of the electrode, producing detectable signals in such a way




that the variation in the current or voltage appears with the variation in the VOC concentrations.
A simple schematic diagram illustrating the working principle of a standard electrochemical
sensor is shown in [Insert Figure 4 here, Caption: Schematic diagram of the standard
electrochemical sensor]. The electrochemical sensors have gained significant attention in
wearable sensing due to their simple fabrication, small size, rapid response, wide detection

range, high accuracy, and low power consumption
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Fig. 4. Schematic diagram of the standard electrochemical sensor.

Nowadays, several portable electrochemical sensors are available in the market to
detect aldehydes, alcohols, isoprene and acetones. The portable halimeter (dimensions 114 x
254 x 267 mm?®; weight 3.6 kg) is the most popular and widely used VOC detection tool to
identify volatile sulfur compounds, e.g., methyl mercaptan, hydrogen sulfide, dimethyl sulfide,
and thiols in chronic halitosis. In general, the electrochemical based VOC sensors are found
to be appropriate for the detection of organic substances in liquid media. These electrochemical
sensors find interesting applications in the analysis of various biomolecules in biofluids such
as urine, blood, and saliva. In 2013, Xu et al. reported nanoporous PtNi alloy coated
electrochemical sensor to detect hydrogen peroxide [32]. In the reported work, author
integrated Pt and Ni to form a nanocomposite in order to exploit the properties of both

materials. The nanocomposite structure was synthesized using dealloying a ternary PtNiAl



alloy, leading to the formation of 3D bicontinuous structure, which significantly improves the
mass transport and electron conductivity. The sensor exhibited a linear response for the
concentration ranging from 0.01 to 0.18 mM, along with a low LOD of 1 uM. In addition,
conducting polymers (CPs) and metal-organic frameworks (MOFs) have also gained great
attention in the development of electrochemical-based VOC sensors due to their unique
material characteristics, which allow them to respond rapidly while maintaining good
sensitivity and superior selectivity [4]. Later, in 2015, Obermeier et al. reported an
electrochemical breath analyzer to selectively identify aldehyde from exhaled breath [33]. The
fabricated sensor was tested in vivo by utilizing gas samples from spontaneously breathing
patients and those under mechanical ventilation in an animal model, as well as in vitro with
standard gaseous mixtures. The sensitivity of the sensor towards the aldehydes was observed
to be increased due to humidity and achieved an average response time of 22 seconds, with a
standard deviation of <5% along with the LOD as low as ppbV. In 2020, Rahman reported Cu
dopped ZnO (CZO) nanoparticles (NPs) based electrochemical sensor to detect formaldehyde
[34]. The CZO was synthesized via the wet chemical method, resulting in a particle size of
140 = 15 nm. [Insert Figure 5 (a) here, Caption: modified electrode by the CZO/GCE]
demonstrate the schematic representation of fabricated sensors whereas [Insert Figure 5 (b)
here, Caption: oxidation of HCHO at the CZO/GCE] shows the oxidation mechanism on the
surface of CZO and [Insert Figure 5 (c) here, Caption: voltammetric responses with and without
HCHO using the CZO/GCE at a pH value of 7.0] illustrates the sensing performance of the
device with and without formaldehyde exposure. This CZO/GCE sensor showed an excellent
sensitivity (5.427 pAuM ! cem?), extremely low LOD (4.1 +0.1 nM; S/N=3), limit of
quantification (LOQ: 13.67), long-term stability, and acceptable repeatability. In the
investigation, author observed a linear calibration plot (r>=0.9982) for a wide range

concentrations of formaldehyde varying from 0.002 pM—6000 uM. The response value for



CZO NPs toward 2.25 uM of formaldehyde was ten-fold higher than the bare ZnO NPs and

CuO NPs.
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Fig. 5. Schematic representation of reaction activity of HCHO molecules at the
CZO/GCE (a) modified electrode by the CZO/GCE, (b) oxidation of HCHO at the
CZO/GCE, and (c) voltammetric responses with and without HCHO using the CZO/GCE at a

pH value of 7.0. (Reprinted/Adapted from [34])

In another investigation, Li et al. reported selective detection of acetone by using nickel oxide
(N1O) nanosheets coated electrochemical sensors [35]. In the reported work, authors achieved
optimized device performance based on the composition of NiO by precisely tuning the ethanol
and deionized water content during the synthesis process. Out of various compositions utilized,
NiO-75 (i.e., 75% ethanol based NiO nanosheets) showed superior selectivity towards acetone,
along with the rapid response time and a low LOD. The improved performance of the device
was attributed to its material porosity, crystal facets and large surface area compared to the
other NiO compositions. In 2023, Kailasa et al., combined metal oxide and conducting polymer
to exploit the properties of both materials in order to detect acetone [36]. The work exploited
the property of TiO, nanoparticles along with the polyaniline forming a TNCP nanocomposite

via sol-gel method and in-situ polymerization. The synthesize TNCP nanocomposites were



utilized to functionalize the surface of screen-printed carbon electrodes to detect acetone in a
0.1 M of sodium hydroxide solution. The result demonstrated that the fabricated sensor
achieved an extremely high sensitivity of 2869.76 pA mM ! cm 2 and a low LOD of 0.002 uM
for the acetone ranging from 1 to 1000 uM. This improved sensing performance was achieved
due to the high surface area of TiO», while polyaniline provides remarkable conductivity,
enhanced electron transfer kinetics, and tuneable material characteristics. Recently, Cowen et
al. synthesized molecularly imprinted polymer-carbon nanotube (MIP-CNT) for selective
detection of methanol vapor [37]. In general, MIP exhibits excellent material properties for
target-selective detection, owing to the presence of nanocavities on its surface that are precisely
tailored in shape and size to capture molecules with matching geometries. The sensitivity of
the device was significantly improved by utilizing multiwall carbon nanotubes (MWCNTs),
leading to an LOD of 10 ppm. The performance of the device was investigated in the presence
of various VOCs, including ethanol, methanol, isopropanol, and n-propanol. The obtained
results suggested that the sensor exhibited 12.1 times higher selectivity towards methanol
compared to ethanol at a concentration of 2 mmol dm™3, whereas at a concentration of 1 mmol
dm™, the same device showed 4.2 times greater selectivity for methanol than for ethanol. In
addition to these electrochemical sensors, several other sensors have been reported in past

decades, as listed in Table 2.

Table 2. A comparative table showcasing various electrochemical-based VOC sensors.

Ref. | Target VOC Sensing Sensitivity LOD Sensing range
Material
[32] Hydrogen PtNi alloy N/A 1 uM 0.01 t0 0.18

peroxide mM




[34] | Formaldehyde Cu doped ZnO 5.427 41+0.1 0-12000 pM
pApM ! em™ nM
[35] Acetone Nickel oxide N/A 0.8 ppb 10-400 ppb
[37] Methanol Molecularly N/A 10 ppm | 1-2 ppm
imprinted
polymer-carbon
nanotube
[38] | 2-Aminophenol | Tp-COF@Cu- N/A 0.597 0-200 uM
BDC uM
[39] Ammonia Pt NPs@MIL- N/A 0.58 ppm | 0.7-600 ppm
101-NH»
[40] Methanol MoS2/MoOx 1 MHz/1000 52 ppm 0-8000 ppm
NFs ppm
[41] Acetone Co304 -56 0.05 ppm 1-20 ppm
nanofoams mV/decade
[42] Ammonia UIO-66- N/A 2.1 ppm 5-500
NH@MoS>
[43] | Formaldehyde | Nio.75Zno25Fe204 —29.08 N/A 1-50 ppm
Spinel Oxide mV/decade




3.2. Chemiresistive sensors

Nowadays, chemiresistive based gas sensors have gained huge attention and are widely utilized
in various sensing applications because of their unique characteristics, including simple
fabrication, miniaturization, ease of operation, and cost-effectiveness. Chemiresistors work as
resistive chemical sensors based on the chemical interaction between the analyte and the used
gas sensing material. The interaction generally involves hydrogen bonds, covalent bonds, or
molecular recognition mechanisms. A simple schematic diagram of chemiresistive sensors is
illustrated in [Insert Figure 6 here, Caption: Schematic diagram of the standard chemiresistive
sensor]|.

Gaseous
molecules ® O

P O
® O O Surface

Sensing Material

Electrode
Electrode

Interface

Substrate

Fig. 6. Schematic diagram of the standard chemiresistive sensor.

The first chemiresistive sensor array was reported by Seiyamaet ef al., using a thin layer of zinc
oxide [44]. Most of the devices reported in the 1960s primarily focused on changes in the
conductivity of semiconductor thin films, which occurred through the adsorption and
desorption of gas molecules on the film's surface at high temperatures (i.e., >500°C). During
the 1980s, several research efforts turned toward the utilization of other metal oxides (e.g., tin
oxide, zinc oxide, and cobalt oxide), piezoelectric materials like quartz crystal, and noble

metals such as platinum in order to lower the operating temperature of the sensor [45]. For



example, in 1986, Stetter et al. reported a portable sensor capable of detecting hazardous gases
and VOCs [46]. In this work, the author fabricated a platinum and rhodium filament sensor
array to identify multiple VOCs, including nitrogen dioxide, benzene, cyclohexane, and carbon
monoxide. In 1990, apart from using metal oxide sensor arrays, a significant effort has been
made to utilize polymer-based sensor arrays to improve the sensitivity of gas sensors [47].
While the polymer-based sensor exhibited excellent sensitivity and target selectivity [48], it
suffered other drawbacks such as low stability and high-power consumption. In 1998, Wit et
al. introduced a sensor array based on poly(2,5-thienylene vinylene) to distinguish between
different VOCs using normalization techniques [49]. The performance of the sensor array was
investigated at room temperature in the presence of various common VOCs, including acetone,
toluene, acetic acid, ethanol, and methanol. In the 2000s, efforts were made to explore other
materials, such as CNTs, and to combine polymers with various doping materials in MOS, to

reduce some of the limitations of MOS sensor arrays.

Most of the efforts were focused on incorporating various dopants into materials to
create composites, such as combining carbon nanotubes with polymers, to overcome challenges
like high operating temperatures while achieving enhanced sensitivity, improved selectivity,
and faster response times. In 2006, Star ef al. introduced a silicon chip array decorated with
single-walled carbon nanotubes doped with metals like platinum, palladium, and silver, to
improve the sensitivity of the device towards methane, carbon monoxide, hydrogen, and
hydrogen sulfide [50]. Over the past two decades, significant progress has been made in
improving the performance of chemiresistive VOC sensors. This advancement primarily
focused on real-time analyses of VOCs for food quality, environmental, and health monitoring
[51,52]. In 2020, Chen et al. fabricated a flexible E-nose by utilizing graphene oxide doped
with various metallic ions including Cu**, Fe?", Co**, and Ce*" [53]. The reported sensor array

consists of eight sensing elements, each of which exhibited a cross-reactive response to lung



cancer-related VOC biomarkers. The performances of the sensors were studied in clinical trials
on healthy individuals and lung cancer patients. This case study involved 106 individuals, and
the use of algorithms such as artificial neural networks provided a superior sensitivity of 95.8%
along with a specificity of 96%. In 2022, Bhandari ef al. proposed a mechanical lung ventilation
system comprising a sensor array to identify severely infected COVID-19 patients [54]. The
sensor array was equipped with multiple sensors which can potentially monitor pressure,
temperature, relative humidity, and an array of chemiresistive metal oxide gas sensors. The
proposed sensor facilitates stable data gathering for up to several weeks, recorded for 10
patients, based on the storage capacity. The device's performance was evaluated for multiple
VOCs, including 2,4-octadiene, methylpent-2-enal, and 1-chloroheptane, and compared with
the breath of healthy individuals. In addition to these sensors, other types of chemiresistive

sensors are listed in Table .3.

Table 3. A summary of various chemiresistive based VOC sensors along with their sensing

performance.

Ref. | Target VOC Sensing Material LOD Sensing range

[55] Carbon monoxide, Methane, | Modified single-walled | 0.1 ppm 1-30 ppm

Sulfur dioxide, carbon nanotubes

[56] | Formaldehyde, Ammonia Metal oxide-modified | 100 ppm 100-500 ppm
graphene (tin oxide and

copper oxide)

[57] | Benzene, Toluene, Ethanol | Pure and Fe-doped | 0.1 ppm 0.5-10 ppm

In>O3 nanofibers

[58] Acetone, Chloroform, | Gelatin with | N/A N/A

Ethanol imidazolium  ionogel




doped with iron oxide

to Phytophthora infestans

graphene oxide

nanoparticles
[59] Ammonia, Acetone, Toluene | Flexible nanocomposite | 0.5 ppm 2-10 ppm
polyaniline film-based
sensor array
[53] Ammonia, Acetone Metal ion-induced | 50 ppm N/A
assembly of graphene
oxide
[60] | Ethanol, Nonanal, Reduced graphene | 25 ppm 50-125 ppm
Ethylbenzene oxide functionalized
with amine ligands
[61] | Acetone CuO/Cu0/Cu 5 ppm 10-100 ppm
nanoparticles covered
nanowires
[62] Ammonia, Ethanol, Single-walled  carbon | 50 ppm 100-500 ppm
Formaldehyde nanotube and
multiwalled carbon
nanotube
[63] | VOCs that are released due | Modified reduced | 5 ppm 10-100 ppm

3.3. Optical Sensors

Among various VOC detection tools (as discussed above), optical sensors are considered the

most promising approach for identifying a wide range of VOCs. These sensors have gained

significant attention due to their remarkable capabilities, including on-site monitoring, rapid




response, immunity to electromagnetic interference, wide dynamic range, cost-effectiveness,
and ability to operate in hazardous environments. Based on the numerous available methods,
optical sensors can be categorized into fluorescence, colorimetry, interferometry, fiber optics,
and photonic crystals. In this section, we provide a brief discussion of the various types of VOC

optical sensors, along with a summary table offering a quick overview of the devices discussed.

3.3.1. Fluorescence sensors: Fluorescent materials are one of the popular sensing materials

being used in VOC detection due to their high sensitivity and low LOD. Fluorescent-based
VOC sensors identify VOC molecules by converting their interactions into variations in
fluorescence emission spectra. These types of sensors generally produces four different types
of responses, i.e.: (i) shifts in emission peaks, (ii) fluorescence quenching, (iii) fluorescence
enhancement or activation (turn-on fluorescence), and (iv) resonance energy transfer (RET),
which arises due to the electronic interactions between the sensor and the VOCs [10]. In
general, fluorescent-based sensors offer multi-variability and high flexibility by providing
information over multiple parameters, including anisotropy, fluorescence intensity, lifetime,

fluorescence decay, excitation and emission spectra, and quantum yield.

In 2020, Yang et al. reported nicotinamide adenine dinucleotide (NAD") functionalized
over standard red carbon dots (RCDs) in order to selectively detect isopropanol in exhaled
breath. The transfer of electrons from isopropanol to NAD™ exhibits a blue emission of NADH,
which displayed variation in the color from red to light blue. Under optimized conditions, the
fabricated sensor demonstrated a selective response towards isopropanol along with a low LOD
of 4.45 nM. In 2023, Saikia et al. introduced cetyltrimethyl ammonium bromide (CTAB)-
passivated CsPbBrs; as a fluorescence-based sensor, functioning as a turn-off probe for alcohols
and, more notably, as a turn-on probe for ethanol [64]. In this work, the author investigated that

CTAB passivated CsPbBr;3 can precisely differentiate ethanol from methanol vapor owing to



its different modes of interaction with ethanol and methanol. The performance of the sensor
was investigated for VOCs ranging from 0 ppm to 46 ppm. The exceptional optical properties
of halide perovskites enabled ethanol detection with an ultra-low limit of detection (LOD) of

7.3 ppb.

Recently, Feng et al. utilized Rhodamine 6G (R6G) integrated hydrogel coated on the
tip of optical fiber to detect multiple VOCs ranging from 0 ppm to 6825 ppm [65]. The
fabricated sensor successfully identified various VOCs, including ethanol, methanol,
isopropanol, acetone, toluene, and acetophenone. Among the tested VOCs, the sensor
demonstrated low LODs of 32 ppm, 28 ppm, and 22 ppm for ethanol, isopropanol, and
methanol, respectively. In addition to these sensors, other reported fluorescence-based VOC

sensors are summarized in Table 4.

Table 4. A comparative table showcasing various fluorescence-based VOC sensors

Ref. Target VOC Sensing Material LOD Sensing range

[66] Isopropanol NAD® modified red | 4.45 nM 0-1 uM

carbon dots

[67] Acetone Calcium coordination | 3.12 mM 0-50 uM
polymer

[68] Acetone Coordination - 1-195.1 uyM
polymer

[69] Benzaldehyde [Eu(SIP)(H20)4]n 1 ppm -

[70] Benzaldehyde [Cdos(TBC)]a 6.6 x 10° ppm | 0-300 uL




[71] Formaldehyde Ag(1)-Eu(iii1) 51 ppb 0-1 ppm
functionalized metal—
organic framework
[72] Benzaldehyde, APGF@ZIF-8/CS 0.001 ppm, 0.18 | 0-50 mg.g™!
Glyoxal, and APOF@ZIF- | ppm, 0.012
Formaldehyde, 8/CS ppm, 0.11 ppm
Acetaldehyde
[64] Ethanol CsPbBr3 7.3 ppb 0-46 ppm
[65] ethanol, PVP- Rhodamine 6G | 32 ppm, 28| 0-6825 ppm
isopropanol, and ppm, 22 ppm
methanol

3.3.2. Colorimetric sensors: Colorimetric sensors are a known type of optical sensor that

undergoes color variation in the presence of external stimuli. Any variation in the chemical or
physical environment can act as such stimulus. Colorimetric sensing is considered as simple
and convenient to be utilized in portable devices, specifically in the development of universal
digital color imaging [10]. Colorimetric sensors are a simple and effective tool for sensing, as
they can be easily analyzed with the naked eye or through low-cost smartphone cameras.
Additionally, they do not require specialized expertise for performance analysis. To improve
target-specific detection, several researchers have also demonstrated the integration of
conventional colorimetric sensing materials (e.g., porphyrins and pH indicator dyes) with
specialized composite dyes [73]. Additionally, to realize in-vivo detection, researchers have

also reported minimalized and integrated wearable devices [74].

In 2021, Darder et al. fabricated cost-effective 3D printed optical waveguides based

colorimetric sensor for in-situ monitoring of formaldehyde [75]. The fabricated waveguide was



deposited with a LF-doped Nafion perfluorosulfonated to form a cladding layer. The
performance of the device was studied using a custom-built optoelectronic device and achieved
the LOD ranging from 0.03 to 0.20 ppmv along with 67-33% relative humidity. In 2023, Zhan
et al. reported a colorimetric label-free sensor array integrated with metal organic frame (MOF)
based on Fabry Perot interference (FPI) to selectively detect VOCs and food spoilage [76]. A
reversible shift takes place in photonics patterns, when the FP-MOF films are exposed to
various VOC concentrations. The amount of this shift was highly influenced by various factors
including the type of VOCs, concentration, as well as the structure of the MOF. Recently, Nah
et al. reported extremely sensitive colorimetric VOC sensor arrays fabricated from dye-
incorporated colloidal photonic crystals (dye-cPhCs) [77]. In the reported work the cPhCs are
fabricated on a 4-inch of silicon wafer by uniformly depositing silica nanoparticles mixed with
triacrylate monomer. During the deposition process, the gradient shear flow along the thickness
of the film leading densely packed square arrays of silica nanoparticles on the top layers,
whereas the bulk region demonstrates a quasi-amorphous structure comprising large
periodicities. The broadened reflection peak enables augmented dye absorption originating
from the overlap between the photonic bandgap edge of the cPhC and the dye absorption peak,
resulting in a significant change in color under exposure to different VOCs. The fabricated
sensor array generates distinct colors for various tested VOCs, including acetone, acetaldehyde,
and acetic acid. The sensor demonstrated a low LOD for acetaldehyde, acetone, and acetic acid,
which was obtained of 1, 0.1, and 0.02 ppm, respectively. In the same year, You et al. fabricated
an eye readable colorimetric VOC sensors array utilizing various gas-sensitive composites
which include eight different types of dye and MOF composites which selectively respond to
several VOCs at the same time [78]. Author also reported Pd*"/dye/MOF composites which
can selectively identify ethylene concentrations. In addition to these sensors, other reported

colorimetric based VOC sensors are summarized in Table.5



Table 5. A comparative table illustrating various colorimetric based VOC sensors.

Ref. Target VOC Sensing Material LOD Sensing range
[79] 16 Common VOCs Dye functionalized | 1-50 ppm | -
AuNPs, sol-gel

silica, MoS2, and GO

[80] p-Xylene, styrene, | Chemically 50 ppb 50 ppb to 500
isoprene, and hexanal responsive dyes ppb

[81] decane, undecane, | AuNR-modified 250-1000 | 0.75ml-3 ml
hexanal, heptanal, | MTPP and dyes ppm

benzene and 1,2,4-

trimethylbenzene
[82] 20 Common VOCs Chromic acid loaded | - -
on Silica gel
[83] Tetrahydrofuran Polydiacetylenes - 100%
[84] Ethanol Porous Photonic | - 0-100%

crystals

3.3.3. Optical fiber based sensor: The optical fibers generally comprise two main
components i.e., core and cladding made of high and low refractive indices, respectively,
enabling the total internal reflection (TIR) inside the core. To implement optical fiber as a
selective VOC sensor, it needs to be deposited with appropriate sensing materials. When
exposed to different VOCs, the sensing material undergoes physical and/or chemical changes,
resulting in variations in the properties of the light propagated through the fiber in terms of
intensity, wavelength, polarization, and phase which can be further analyzed to evaluate sensor

performance. [Insert Figure 7 here, Caption: Schematic diagram of the optical fiber sensor]



demonstrates a simple schematic diagram of optical fiber-based sensors. Over the past decades,
significant advancements have been made in optical fiber based VOC sensors, utilizing various
techniques to achieve compact size, rapid responsiveness, and enhanced selectivity and
sensitivity [2]. The optical fiber based VOC sensors can be categorized based on their working
principle and types of optical fiber. This section will cover different types of optical fiber

sensors reported in past decades.

inlet outlet

L]

Optical fiber Optical fiber
Light source Sample chamber Detector

Fig. 7. Schematic diagram of the optical fiber sensor.

3.3.3.1. Conventional fiber based VOC sensors: The conventional optical fiber sensors (OFS)
have gained great attention in VOC sensing [2]. The sensing performance of OFSs is typically
improved by using appropriate sensing materials, shaping the sensing configuration (tapered,
etched, D-shape, etc.), or forming cavities within the design to support interference. In the past
decades the OFS have witnessed notable and impactful advancements in the field of VOC
sensing by creating FPI on the end face of optical fiber. In 2017, Yu et al. reported a highly
sensitive and ethanol-selective FPI coated with a thin film of polymethyl methacrylate
(PMMA) [85]. In the presence of VOCs, the PMMA layer experiences a swelling effect,
causing a change in its refractive index. The swelling of PMMA can significantly affect the
cavity length, leading to a detectable shift in the resonant dip, which was later measured on an
optical spectrum analyzer. The fabricated sensor exhibited an excellent sensitivity of 2.7

pm/ppm for ethanol and 2.17 pm/ppm for acetone, while remaining insensitive to other VOCs.



Similarly, Ning et al. also reported the use of poly(dimethylsiloxane) (PDMS) coated on the
end face of optical fiber to form FPI for identifying ethanol and 2-propanol [86]. In 2019,
Rajesh et al. reported a negative axicon tip filled with PDMS to selectively identify multiple
VOCs including isopropanol, methanol, hexane, toluene, acetone, and chloroform [87]. Among
several VOC:s, the fabricated sensor exhibited an excellent sensitivity of 21.6 pm/ppm and 23.7
pm/ppm for toluene and chloroform, respectively. Recently, Shao et al. reported Michelson
interferometer based ethanol sensor by combining the properties of seven-core fiber (SCF) and
multimode fiber (MMF) [88]. The sensing head comprises SCF stubbed between single mode
fiber (SMF) and MMF. With the SCF, multiple high-order modes are coupled into MMF, while
the fundamental mode and high-order modes are reflected back at the end face of the MMF
and recoupled to the SMF through SCF. The fabricated sensor exhibited a maximum sensitivity

of —0.041 dB/% for the ethanol concentration ranging from 0 to 90 %.

With the emerging technology, several researchers also explored tapered OFS to
improve the performance of the devices and achieve rapid response. In 2020, Huadan et al.
utilized D-shaped OFS to detect chloroform and other alcohol mixtures by controlling the
thickness of the polished end [89]. The fabricated sensor was used to monitor the evaporation
of the mixture of chloroform and alcohol mixture (refractive index 1.44). The obtained results
demonstrated a clear redshift in the output spectra during the evaporation of chloroform in
30 min and then showed a moderate blue shift around 1450 nm in the next 2 h. Recently,
Viphavakit and her group reported a series of works on VOC sensing based on ZnO and
molecularly imprinted polymer (MIP) coated over no-core fiber (NCF) [7-9,90]. Among
several works, most recently, they reported ZnO nanoparticle decorated NCF for highly
sensitive, selective, and real-time detection of acetone biomarkers [7]. The sensing head
comprises a small segment of no-core fiber decorated with a thin layer of ZnO nanoparticles,

stubbed between two SMFs. The fabricated sensor was examined for six different types of



VOCs, including methanol,

acetone,

ethanol, toluene, isopropanol, and xylene, at

concentrations ranging from 1 to 10 ppm. The sensor exhibited excellent selectivity towards

acetone, along with a rapid response (~26s) and good sensitivity of 0.116 nm/ppm. In addition

to these sensors, several other optical fiber-based VOC sensors have been reported over the

past decades, with more details provided in Table 6 [2].

Table 6. Summary of various conventional optical fiber based VOC sensors along with their

sensing performance (Reprinted/Adapted from [2]).

Ref. | Target VOCs Sensing Material Sensitivity LOD Sensing range
[91] | Methanol, Norland  adhesive | 3.53 pm/ppm | Ippm -
Hexanol, and | (NA) and | for methanol | with PEG
acetone Polyethylene using PEG and
10 ppm
Glycol (PEG) 01 pm/ppm with NA
using NA
[92] | Toluene, PDMS and PEG 4.75 mV/ng for | 50 pg | -
methanol, decane and 77 | (105.6
decane, mV/ng for | ppb)
And DMMP
Dimethylmethyl
phosphonate
(DMMP)
[86] | Ethanol and 2 | PDMS 9.02 x 107* to | N/A 0-6800 ppm
propanol 5.14 x 104




nm/ppm  for
ethanol and

2.71 x 107 to

778 x 107

nm/ppm for

2-propanol

[93]

Isopropanol

Zeolite

0.91 nm/ppm
in range of 0 to

70 ppm

N/A

0-90 ppm

[94]

Formaldehyde
(FM) and
isopropanol

(IPA)

Zeolite

For
formaldehyde:
281.9 pm/ppm
and for
isopropanol:

4.99 pm/ppm

N/A

IPA: 0-70 ppm

FM:  0-1000

ppm

[85]

Acetone and

ethanol

PMMA

For acetone:

2.17 pm/ppm,

For ethanol:

2.7 pm/ppm

N/A

0-1800 ppm

[95]

Isopropanol

PDMS

1.03 pm/ppm
in range of 0-

6000 ppm

19.3 ppm

0-6000 ppm




[87] | Chloroform, PDMS 23.7, 8.8, 17.8, | 0.84, 0-200 ppm
Isopropanol, 9.1, 3.2, 21.6|2.26,1.11
Hexane, pm/ppm , 2.19,
Acetone, 6.10,0.92
Methanol  and ppm
Toluene.
[89] | Chloroform and | Based on residual | RI ~ of the | N/A 1.430-1.444 RI
ethanol thickness mixture of 99%
chloroform and
1% ethanol is
measured to be
~1.44. the
evaporation
has been
evaluated with
the shift in
wavelength.
[96] | Benzene and | No sensing film 0.006 N/A Ethanol:1611-
ethanol pixels/ppm for 32210 ppm

ethanol

0.015
pixels/ppm for

benzene.

Benzene: 964-

19290 ppm




[97] | Pentane, Polysiloxane, 1000 ppm for | 100 ppm | Few ppm-1000
hexane, octane, | ) heptane. ppm
dimethylpolysiloxan
heptane,
e 104 ppm for
chloroform,
DMPS perfluroethylen
trichloroethane, ( )
e
Tetrachloroethe
ne, 2600 ppm for
Dichrolomethan TCE
e
[98] | Methanol (Me), | PDMS 0.14 nW/ppm | 1500 0-24,000 ppm
ethanol (Ev), for PA ppm
ropanol (Pp),
prop ) 0.12 nW/ppm
octane  (Oct),
for Oct
heptane (Hep),
methyl acetate 0.04 nW/ppm
(MA), Propyl for Hep
acetate (PA) 0-0.02
nW/ppm  for
rest
[99] | Isopropanol PDMS 20pm/ppm N/A 0-500 ppm
[100] | Acetone, Graphene/PMMA 3.574+0.001 5.6 uL/L | 5-200 puL/L
ethanol, pm/ (uL/L),

isopropanol,




methanol,

toluene

2.81+0.0004

pm/(uL/L)

3.62+0.0008

pm/(uL/L),

6.14+0.0004

pm/(uL/L),

1.86 = 0.0007
pm/(uL/L)
1.76+0.00008p

m/(puL/L)

For methanol,
acetone,
chloroform,
ethanol,
toluene and
1sopropanol,

respectively

[101]

Acetone,
ethanol,

methanol

Liquid crystals

-83  pm/ppm-

methanol

-31  pm/ppm-

acetone

N/A

0-2000 ppm




-101.4

pm/ppm-
ethanol
[102] | Xylene Carbon nanotubes 8.3 x10“ppm™ | N/A 3-39 ppm
xylene
Toluene 54-93 ppm
3.5 x10* ppm™!
toluene
[103] | Toluene Carbon nanotube N/A N/A 0-160 ppm
[104] | Methanol AuAgy(CeFs)a(CeH | Sensitive  of | N/A 21.5 mmol/l
sN)2 methanol
Ethanol 43 mmol/l
Isopropanol 86 mmol/l
[105] | Acetone Polyvinyl alcohol 43.9 0.45 0-80 uL/L
pm/(uL/L) uL/L
[106] | Ethanol ZIF-8 41 pm/ppm—1 | 740 ppb | 600-1000 ppm
[107] | Ethylene Copper (I) 60 pm/ppm ~4.7 ppm | 0-140 ppm
[108] | Toluene SU-8 and PDMS 2900 V/ng for | 202 ppm | 0-800 ng
toluene using | for
acetone
PDMS. toluene




4 u V/ng for | 2336
acetone using | ppm for
SU-8 acetone
[109] | Methanol, Polypyrrole N/A 10-30 1-286 ppm
ethanol, ppm
acetone,
toluene,
chloroform,
isopropyl
alcohol
[110] Methanol, organometallic 0.520nm/ppm, 4 ppm | 0-180 ppm
Ethanol, compound 0.417 nm/ppm | 16 ppm
Isopropanol [AuzAga(CeFsh(Ce 263 nm/ppm 10 ppm
HsC= CCesHs)2] n
[111] | Benzene Nile red and | 7.79 ns/ppb N/A 0-100 ppb
polyvinylpyrrolidon
e
[112] | Dimethylamine, C20H14N4O Highly 1 ppb 0-15 ppb
benzene, malononitrile dye sensitive for
ethanol, acetic ethanol
Reichardt’s dye
acid, toluene
Highly
sensitive  for




Dimethylamin

€

[113]

Acetone

Ethanol

cholesteric ~ liquid

crystal film

8.435

nm-*L/mmol

and 14.867

nm-L/mmol to

acetone

14.586

nm-L/mmol

and 29.303

nm-L/mmol to

ethanol

N/A

0-2.98 mmol/L

0-1.798

mmol/L

[114]

Acetone

Nanocrystalline

copper bromide

(y-CuBr)

Acetone
exhibits 14.3%

superior

Sensitivity to
ammonia gas,
and 7.4% then

ethanol gas

N/A

800 ppm

[115]

Ethanol

Magnesium  cobalt

oxide (MgCo020s4)

81 x 103 k/Pa

for Ethanol

N/A

0-500 ppm




[116] Ethanol Silica based Nile red | —0.130 nm/pp | ~77 ppb | 0-18 ppm
m for ethanol | ~281 ppb
Methanol
—0.036 nm/pp
m for methanol
[117] | Methanol Epoxy/Au/MoS» —0.0184 N/A N/A
pm/ppm
[118] | Isopropanol Ag/P-TiO; 1.35 nm/% N/A 0-100%
composite concentration
[119] Acetone, 2D nanosheet of | 0.0195nm/ppm | 0.51 ppm | 0-1000 ppm
MoS: - acetone
Ethyl acetate 0.70 ppm
0.0143nm/ppm
Cyclohexane 1.39 ppm
- ethyl acetate
Isopropanol 1.72 ppm
0.0072nm/ppm
- cyclohexane
0.0058nm/ppm
-Isopropanol
[120] | Ethanol quantum-dot gel -3.3%/ppm N/A 0-30.6 ppm
[121] | Ethanol WO; and | 62.5/counts N/A 0-500 ppm
WOs3/gC3Ny

Composite




[122] | Ammonia, samarium oxide 7x103 N/A 0-500 ppm

ethanol, (Sm203) counts/kPa for
methanol ethanol
4x103

counts/kPa for

methanol

483 counts/kPa

for ammonia

[123] | Tetrahydrofuran | cholesteric  liquid 7.08 N/A 0-14 mmol/L
crystal film nm-L/mmol,
Acetone
3.46
Methanol

nm-L/mmol

0.52

nm-L/mmol

[124] | Ethanol polypyrrole- 3.89 N/A 0-10 ppm
polyethylene oxide
[125] Methanol Nanocrystalline 212x1073/kPa | N/A 400 ppm

bismuth oxide
Ethanol 109x103/kPa

Ammonia 15x1073/kPa




3.3.3.2. Fiber Bragg grating based VOC sensors:

Fiber Bragg Grating (FBG) is considered one of the emerging types of optical fibers used in
sensing technology due to its high sensitivity and easy multiplexing (i.e., the ability to integrate
multiple sensors on the same fiber). Generally, FBGs are fabricated by introducing a
periodically varied refractive index inside the core of the standard optical fiber, which resonates
at a desired wavelength, also known as the Bragg wavelength. Since the 1970s, when the FBG
was introduced to the optical fiber family, it has been widely exploited in the fabrication of
numerous fiber-based sensing devices, including refractive index sensors, temperature sensors,
and gas sensors. Depending on their grating period, these fibers can be categorized as (i) short-

period gratings, commonly known as FBGs, and (ii) long-period gratings (LPGs).

In 2010 Toplissa et al. reported calixarene coated LPG based VOC sensors relying on
wavelength interrogation method [126]. Calixarene exhibited good sensitivity towards
aromatic compounds, e.g., toluene and benzene, while being insensitive to aliphatic
hydrocarbons such as hexane. Calixarene contains nanoporous cavities along the coating area,
allowing gaseous molecules to be entrapped when exposed to VOC gases. This results in a
significant variation in its refractive index, which affects the transmission spectrum of the LPG.
The fabricated sensor exhibited a maximum sensitivity of 231 ppmv for toluene along with a
rapid response time of 15s. Later in the same year, Park ef al. coated PDMS on a small segment
of FBG to detect various VOCs [127]. The fabricated device was based on the wavelength
interrogation method and utilized the adsorption phenomenon of PDMS under various VOC
exposures. The adsorption of VOCs induced a swelling effect in PDMS, which exerted tensile
force on the FBG. The amount of tensile force on the FBG depends on the swelling ratio of the
PDMS. Hence, the concentration and characteristics of the exposed VOCs can be determined

accurately and selectively by analyzing the shift in the Bragg wavelength. The performance of



the device was tested under various concentrations of methanol, 2-propanol, acetone, and 1-
propanol. The sensor exhibited the highest response to acetone compared to the other VOCs.
In 2012 Maria et al. utilized zinc oxide (ZnO) nanorods decorated over the cladding of LPG to
detect ethanol vapor [128]. Due to the high surface to volume ratio, the ZnO nanorods
demonstrated high sensitivity in comparison to ZnO thin film [4]. Exposure to varying ethanol
concentrations changes the optical properties of ZnO, particularly its refractive index, resulting
in a visible shift in the resonance spectra. These variations in the optical properties can be
analyzed to understand the performance of the sensor. In the reported devices, authors have
observed that the variation in the grating strength of ~0.5 dB is easily measurable from the
fabricated sensor, which enables it to monitor even the small ethanol concentrations. However,

other key aspects, including LOD, target selectivity, and response time, have not been explored.

In 2018, Jiri et al. reported ZiF-8 coated LPG as a highly sensitive VOC sensor [129].
ZIF-8 was obtained from the zeolite imidazolate framework family. In the reported work, the
author fabricated two different types of FBG comprising grating periods of 109.0 and 109.5
pum and referred them as sensor A and sensor B, respectively. The reported sensor utilized the
wavelength interrogation technique to monitor the VOC concentrations. The sensor was tested
in the presence of various VOCs, including acetone, ethanol, and methanol, ranging from 50
to 550 ppm. The maximum sensitivity from the fabricated sensor was achieved when the LPG
operates accurately at the phase matching a turning point in which the bandwidth of the U-
shaped attenuation band is measured. Through the optimization process, the calculated LOD
for ethanol was improved, dropping from 163 ppm to 5.6 ppm. The optimized sensor exhibited
a high sensitivity of 0.018 + 0.0015 nm/ppm for ethanol and 0.015 = 0.001 nm/ppm for acetone,
along with LOD of 5.56 ppm and 6.67 ppm, respectively. In 2020, Konstantin et al. reported a
methanol vapor sensor based on silk fibroin coated LPG optical fiber [130]. The fabricated

sensor comprises a very thin layer of fibroin coated on LPG via drop-casting method. The



reported sensor operates on the basic principle of wavelength modulation technique and takes
place in the presence of various concentrations of methanol, leading to the variation in its
intermolecular hydrogen bonds. The sensor exhibited a high sensitivity of 0.22 nm/mbar for
methanol concentrations varying from 80 to 100 mbar. It has been reported that the sensing
performance of optical fiber based sensors can be improved by reducing the diameter of FBG.
Reducing the diameter is observed to be an effective way to achieve high sensitivity and rapid
response time [131]. Recently, Thirunavakkarasu et al. reported etched FBG coated with thin
gold layer over the etched section in order to improve the sensing performance of the device
for ethanol concentrations [132]. Author utilizes wet chemical etching method to reduce the
diameter of FBG from 125 um to 30 um. Later the tapered region was deposited with 45 nm
thin gold layer to facilitate plasmonic phenomenon and enhance sensitivity by improving the
evanescent field around the etched region. The sensing performance of the device was
investigated by analyzing the shift in the output spectra after interacting with various ethanol
concentrations in an aqueous solution ranging from 0 to 100 %. The sensor exhibited a
maximum sensitivity of 20 pm/RIU. A summary of other reported FBG-based VOC sensors,
along with tested VOCs, sensing material, and the sensing performance, is provided in Table.

7.

Table 7. Comparative table showing various grating-based VOC sensors

Ref. Target Type of Sensing Sensitivity LOD Sensing
vVOC Grating Material range
[126] | Toluene, LPG Calixarene N/A N/A 0 to 80
cyclohexan kppmv
e, hexane




and

benzene
[127] | methanol, FBG PDMS 1.63x10—3 nm/% at N/A 0-1
- Ap=2.25 mm? relative
propanol, 2.9x10-3 nm/% at volume
ratio
). Ap =4 mm?
propanol,
acetone
[129] | Ethanol, LPG Zeolite 0.015+0.001 6.67 ppm 987-
Acetone, imidazolate nm/ppm for for 19,700
and framework Acetone and acetone | ppm for
methanol (eIFS) 0.018+0.0015nm/ | 5.56 ppm acetone
ppm for ethanol for 1240 to
ethanol 24,800
ppm for
ethanol
[133] | Methanol FBG Diphenilala (-7:3+0:8) N/A
nine pm/(%v/v)
nanotubes
[130] | Methanol LPG Fibroin 0.22 nm/mbar N/A




[134] | Xylene and LPG PDMS 19 nm/50% for 300 ppm
cyclohexan xylene for
e Xylene
[135] | cyclohexan LPG Copolymer N/A Xylene:1
e, m- 34ppm
PDMS/poly PP
xylene, )
methyl- Trichloro
trichloroet )
octylsiloxan ethylene:
hylene, and
e (PMOS) 3300
commercia
ppm
1 gasoline
Cyclohe
xane:
1850
ppm
Gasoline
10500pp
m
[136] | Acetone LPG PDMS 9.4 x10*ppm™ | 170 ppm
[137] Toluene LPG calix [4] N/A ~100 1-400
resorcin ppm ppm

arenc




[128] Ethanol LPG ZnO Measure in RI N/A 100 min
nanorod variation exposure
time
[138] Ethanol TFBG Molecularly 0.44 pm/ppm Few ppm | 0-17 ppm
imprinted
Acetone 0.38 pm/ppm
polymer
Toluene 0.28 pm/ppm
[139] | Hydrocarb 4 FBG hydrophobi N/A N/A N/A
ons c siloxane
co-polymer
[140] Ethanol FBG PMMA Linear response for N/A N/A
3% concentration
[141] | Dichlorom | D shape PDMS 4000 ppm N/A 0-90000
ethane FBG ppm
6000 ppm
Acetone

3.3.3.3 Microstructured optical fiber VOC sensor

In addition to conventional fibers and FBGs, microstructured optical fibers (MOFs) are among

the most attractive types of optical fibers, offering several unique features and structural

advantages for VOC sensing [142—144]. The major difference between conventional fibers and

MOFs lies in their configuration. Conventional fibers consist of a core and cladding to guide

the launched light whereas the MOFs guide light through air holes running along the length of

the fiber [145]. The MOFs comprise multiple holes, as shown in [Insert Figure 8 here, Caption:




Schematic diagram of MOF] [146]. The refractive index difference between silica glass and air
results in the confinement of light within the MOF's core or forces it to travel along the cladding
or air holes. The MOF can be categorized based on the dimensions, shape, as well as the

distribution of the air holes [147,148].

Air hole

Solid
core

Cladding

Fig.8. Schematic diagram of MOF [Reprinted/Adapted] with permission [146].

Photonic crystal fiber (PCF) is a type of specialized optical fiber that comprises
microstructures, primarily small air holes within the solid fiber made of fused silica. The PCF
term was initially introduced by Russell et al in 1997 [149], which includes periodic
distribution of multiple air holes along the length of the fiber. A detailed discussion of MOF
and PCF can be found in the previously published review articles [145,146]. It has been
observed that the structural configuration of MOF enables precise gas sensing without the need
for additional sensing material [150], as the MOF design allows gaseous molecules to diffuse
through air holes and directly interact with the guided light [151]. However, the application of
MOF in VOC sensing has not been explored on a large scale due to certain limitations including
target selectivity and response time. Nowadays, great scientific efforts have been dedicated to
improving the compatibility of MOFs in the development of VOC sensors. One of the key
differences between detecting VOC molecules and other gaseous molecules lies in their

absorption. The other gaseous molecule exhibits an absorption band within the



telecommunication range (i.e., 1300-1550 nm), whereas for VOC molecules it falls within the
ultraviolet region (i.e., 200-300 nm) [152]. Hence, the sensing mechanism of MOF-based VOC
sensors mainly depends on the monitoring of variations in the effective refractive index of the
surrounding environment.

In 2009, Villatoro et al. fabricated two-mode PCF interferometry to improve the light
coupling and enhance sensitivity towards tetrahydrofuran and acetonitrile [153]. The fabricated
device comprises a small section of PCF spliced with an SMF. The sensing performance of the
device exhibited a maximum shift of 820 and 150 pm for tetrahydrofuran and acetonitrile,
respectively. Later, in 2014, Kim et al. utilized hollow core PCF to detect acetone based on FPI
[154]. In this work, one end of hollow core PCF was spliced with self-phase modulation fiber,
and another end was spliced to a solid-core PCF. As the target VOC filled inside the micro-
cavity, the interference spectrum that arises from the light reflected at the silica-air interfaces
was altered, resulting in a noticeable shift in the output spectra. The sensitivity of the sensor
was estimated via the fast Fourier transform (FFT) method, which revealed a shift of 1.3
radians. In same year, Niu ef al. employed same approach of combining hollow core PCF (HC-
PCF) between with SMF to identify ethanol concentrations, utilizing the Rayleigh scattering
effect [155]. In the reported work, the author manually placed the HC-PCF between two SMFs,
leaving a small gap between each connection to allow VOC diffusion through it. When the
varying concentrations of ethanol was introduced, its molecules pass through the gap between
the SMF and HC-PCEF, interacting with the air holes of the HC-PCF. This interaction excites
Rayleigh scattering, resulting in a reduction in the intensity of the transmitted light. The
configuration was identical to Mach-Zehnder interferometer. The fabricated sensor exhibited a
maximum sensitivity of ~0.022 dB/ppm for ethanol concertation with a ~5.1 cm long HC-PCF.
Although the reported sensors were able to estimate VOC concentration, the challenges with

selectivity limit their real-world application.



To address the selectivity issue, Diego et al. reported ITO coated suspended core PCF
based VOC sensor [156,157]. The reported sensor comprises six Fabry-Perot heads, each
formed by splicing different lengths of suspended core fiber to the SMF to obtain specific
interferometric patterns for each device. Out of six heads, three were coated with a thin layer
of ITO to improve sensitivity for ethanol, while two were coated with SnO> to exhibit a
different response, and the last one was left uncoated for temperature sensing. The fabricated
device demonstrated a maximum phase shift of 0.31x rad for methanol. The suspended core
fiber with an air hole in the middle of its core demonstrated 5 times higher sensitivity as

compared to the other configuration.

Nowadays, the role of MOFs has not been fully explored yet for VOC monitoring in
terms of their selectivity and sensitivity. Even though the non-functionalized surface sensor
illustrates a good sensing response, there might be a selectivity issue when the device is placed
in a mixed environment. The air holes along the length of MOFs play a key role because the
holes allow the host gas or VOC molecules to pass through it and enhance the kinetics;
moreover, the interaction between guided light and gaseous molecules is improved, leading to
good sensitivity and resolution of the devices. The splicing of MOF with SMF requires the air
hole to collapse during the splicing which may distort the actual guided mode. Additionally, its
fabrication step itself has the limitations of difficulty in precisely controlling the length of the
MOF, specifically, the length of the FP cavity, which requires manual alignment during the
splicing of MOF with SMF. Another limitation of such devices might occur due to their hole
size, which needs to be optimized before the fabrication for the successful passing of VOC
gases through the holes, as each VOC molecule has a different size. In addition to these MOF-
based VOC sensors, several other sensors have been reported in past decades, as listed in Table

8.



Table 8. A comparative table showcasing various MOF-based VOC sensors.

Ref. Target VOC Type of fiber | Sensing material Sensitivity
[153] THF and PCF N/A N/A
Acetonitrile
[154] Allyl alcohol PCF N/A A shift of 1.3 rad
[155] Ethanol Hollow core N/A 0.022 dB/ppm
PCF
[158] Ethanol Hollow core N/A Shift 2.56 nm
PCF
[157] Methanol PCF N/A Shift 0.3x rad
[156] Ethanol Suspended core N/A Nearly 57 rad
[159] Ethanol Hollow core N/A Relative sensitivity
PCF 97.28%
[160] Ethanol Hexagonal PCF N/A 94.47% for water,
96.32% for ethanol,
Water
99.63% for benzene
Benzene
[161] Ethyl chloride Hollow core N/A N/A
PCF
[162] Ethanol Suspended core N/A 3.9 pm/wt.%




[163]

Hydrocarbons

Suspended core

N/A

1.20 0.04 dB/mol%




3.4. Laser Absorption Spectroscopy for VOC Measurement: Laser-based VOC detection
is gaining huge interest in a broad range of applications, including the industrial sector
[164], environmental monitoring [165], medical diagnostics [166], and scientific research
[167]. This technique is based on the analysis of the unique spectra of molecules, generally
referred to as tunable diode laser absorption spectroscopy (TDLAS) or tunable laser
absorption spectroscopy (TLAS). Laser absorption spectrometers (LAS) offer various
advantages over conventional VOC detection tools, including rapid response, non-contact
operation, high sensitivity and target selectivity, low maintenance, and a long life making
them highly suitable for real-time, in situ, and online monitoring. Detailed information
about the working principle and system configuration can be found in other articles

published in past years [168,169].

In 2000, Chen et al. detected benzene concentrations using difference-frequency laser
absorption spectroscopy [170]. This study utilized high-resolution laser absorption
spectroscopy, especially targeting the R(6) transition in the v4 fundamental vibrational band
close to the 676.6 cm™. The analysis was performed using a tunable continuous-wave mid-
infrared spectroscopic light source, which operates via difference-frequency mixing of two
Ti: sapphire lasers within a GaSe nonlinear optical crystal [170]. The reported approach has

achieved a low LOD of 11.5 ppm at a reduced pressure of 40 mbar.



In 2019, Lou et al. utilized TLAS to identify the presence of carbon dioxide in exhaled
human breath [171]. In the reported work author integrated tunable diode laser absorption
spectroscopy along with a vertical-cavity surface-emitting laser. From the reported
technique, the author was able to detect the lowest concentration of 0.769% for carbon
dioxide with 100 ppm of accuracy using 168s of integration time. In 2022, Nidheesh et al.
reported UV laser-based photoacoustic breath analysis to detect respiratory-related diseases
such as asthma [169]. The photoacoustic spectroscopy setup utilizing laser excitation of
266 nm and calibrated with acetone was utilized in order to collect the photoacoustic signals
received from 35 samples, which included 20 healthy and 15 asthma patients. It was
observed that the two sets of photoacoustic signal data could be distinguished from each
other by different clusters. A Match/No Match analysis, using Mahalanobis Distance and
Sum of Squared Differences of simulated and actual signal (Spectral Residual) using a
Calibration set of Asthma samples, gave a sensitivity of 89% and specificity of 93%. In
addition to these reported article, other reported laser-based VOC sensors are listed in Table
9.

Table.9. comparison of various LAS based VOC sensing.

Ref. Target VOC Approach LOD Sensing range
[172] NH; RR-DIAL, OPG/OPA 40 ppm 2m
211-215 nm

[173] NO, NO, SO2 RR-DIAL, UV and Visible | 20, 50, 10, | 500, 500, 1000,

Benzene, Toluene 10, 10 ppb 600, 600 m

[174] CH4 RR-DIAL, 3.3-3.5 pum OPO - 100 m

6 MJ pulsed laser




[175] CHa, CO2 IPDA, ECDL 1.60-1.65 pm - 2.75 km
[173] CHa4, C2Hg, CoHs, | RR-DIAL, MIR 3.3-3.4 um 80, 20, 600, 600, 600,
C2Hz, HGs, HCI 130, 30, 600, 600, 800 m

30, 15 ppb




3.5. Artificial intelligence (AI)-Driven VOC sensing: This section briefly

discusses how artificial intelligence (AI), deep learning (DL), and machine learning
(ML) contribute to the recent growth and automation of VOC sensing. The Al-powered
VOC sensors are widely utilized in several sectors including environmental monitoring,
remote sensing, industrial safety, and medical applications. Al, ML, and DL techniques can
process and analyze complex sensor data in order to achieve improved detection accuracy,
target selectivity, high sensitivity, rapid gas monitoring, and precise concentration
measurements through advanced multispecies and multiband sensor systems. As discussed
in the above section, the development of gas sensing technologies mainly comprises three
key factors, i.e., sensing principle, sensing materials, and sensor design [176]. Conventional
gas sensing methods generally face challenges due to their methods, materials, design, and
fabrication. These limitations typically include poor selectivity, limited sensitivity, material
degradation, and temperature-restricted performance [177]. Advancements in Al
technologies, along with improvements in the sensing materials and sensor technologies,
can significantly improve the performance of the gas sensor and also solve several of these
challenges. ML methods allow the electronic nose (E-Nose) to distinguish among multiple
types of odors with high precision. An E-Nose is an odor or breath analyzer that combines
mechanical and electronic components to mimic the human olfactory system [178]. Unlike
the human olfactory system, which relies on biological receptors, the E-Nose utilizes a gas
sensor array to transform gas molecular signals into electrical signals [178]. While it does
not utilize highly selective receptors, it can produce various patterns for different odors,
serving as a unique fingerprint. These patterns can further be utilized for future predictions
with the help of appropriate ML techniques. In 2015, Yan et al. reported that most
optimizations adopted by recent investigations for E-Nose systems mainly belong to one

of three categories, i.e., (i) material selection, (ii) feature extraction, and (iii) pattern



recognition [179]. Despite the significant progress that has been made in exploiting other
targets selective and sensitive materials for VOC sensing such as conductive polymer [180],
functionalized graphene [181], and sound acoustic wave gas sensor [182], enhancing the
performance of the sensors in terms of selectivity and sensitivity and maintaining long-term
signal stability in an E-Nose remains a challenge for ML and data processing.

Recently, Chen et al. reported an Al-driven wearable mask-inspired self-healing sensor
array (MISSA) designed to detect multiple VOCs in the exhaled breath [183]. The reported
MISSA sensor comprises three vertically placed breathable self-healing gas sensors (BSGS)
with linear response behavior, consistent repeatability, and reliable self-healing characteristics.
To make it portable and wearable, the MISSA sensor was integrated with a flexible printed
circuit board (FPCB) to form a mobile-compatible wireless system. Due to the multiple layers
of MISSA, it produces unique code bars corresponding to different VOCs. The reported MISSA
provides accurate gas identification and detection of concentration levels along with an

excellent accuracy of 99.77% and 98.3%, respectively.

4. Challenges and Future Prospects:

The major challenge associated with VOC sensors is mainly related to various factors,
including sensor configuration, sensing materials, and VOC analytes themselves. Regarding
sensor configurations, sensor aging is considered one of the most challenging factors, which
occurs due to low resistance to operational and environmental variations, as well as excessive
exposure to VOCs and other toxic atmospheres [10]. Sensor aging results in device
degradation, including photobleaching, bulk diffusion, poisoning, structural changes, and
phase conversion. Sensor degradation generally leads to false output, non-specific adsorption,
chemical changes, and hysteresis. Drift compensation can be considered one of the possible

solutions to overcome sensor degradation [184]. Additionally, all types of sensors naturally



suffer from inherent “trade-offs” between robustness and sensitivity due to the poisoning
process. To address this issue, advanced materials with anti-aging properties can be utilized to

improve sensor robustness and sensitivity.

In addition to the sensor, the sensing material plays a crucial role in sensing
performance [4]. For example, metal oxides (e.g., ZnO, TiO2, NiO, MoO:s, etc.) offer great
sensitivity toward several VOCs due to their unique characteristics and high surface-to-volume
ratio, allowing them to absorb VOCs and convert them into a readable signal. Similarly,
polymers and conducting polymers experience swelling and shrinkage in presence of VOC
gasses. Among various polymers, molecularly imprinted polymer (MIP) demonstrates
excellent selectivity toward target VOCs, even in a mixed gaseous environment. Although
these materials have achieved excellent performance when integrated with VOC sensors, they

still face significant challenges, particularly in clinical diagnosis.

For clinical applications, these materials are expected to achieve high sensitivity (even
for low concentrations such as ppb—ppt levels), accurate detection, and low LOD. However,
due to the presence of multiple VOCs in exhaled breath, these materials face several limitations,
including low selectivity, cross-sensitivity, and environmental interference. These limitations
can be addressed by utilizing functionalized or hybrid materials, multi-sensor arrays (to
improve target selectivity), and Al-driven signal processing. From the above summary, it is
clearly observed that most of the limitations associated with VOC sensors lie in the sensing
material and the sensor itself. These challenges can be addressed by selecting appropriate

materials and optimizing sensors for anti-aging properties.



Another key factor affecting the performance of VOC sensors is the quality of breath
samples, which can lead to false outcomes and misleading diagnoses [185]. Contamination
typically occurs during the collection and storage of exhaled breath, introducing unwanted
foreign elements and compounds, resulting in inaccurate measurements and compromising the
sensor's accuracy and reliability. To mitigate breath contamination, users can optimize the
collection procedure to obtain high-purity samples. Addressing this challenge requires
standardizing breath collection protocols by utilizing appropriate sample containers and
minimizing exposure to environmental contaminants. In 2017, Lawal et al. outlined various
breath collection methods that can be chosen based on specific requirements [186]. During
breath sampling, a choice is made regarding which portion of the breath to collect, broadly
categorized into late expiratory, end-tidal, and mixed expiratory. The mixed expiratory breath
collection method gathers the entire exhaled breath, including "dead space air," which consists
of air from the mouth and nose that has not participated in gas exchange. In contrast, other
breath collection methods focus on minimizing contamination from this dead space.
Additionally, real-time filtration techniques can play a crucial role in removing unwanted

contaminants before analysis.



Another promising approach to improve the sensing performance is to treat the obtained
signals from various gas sensors with pattern recognition methods [187]. With advancements
in the Internet of Things (IoT) and artificial neural networks (ANN), these gas sensors have
become a powerful tool for a broad range of applications by integrating big data analysis and
real-time monitoring, enabling their use in early disease diagnosis [ 188—190]. The resemblance
between biological structures and ANN has inspired the advancement of neuron-based optical
and mechanical sensing [191]. Olfactory neurons in the olfactory bulb of higher animals play
a crucial role in extracting and processing olfactory signals through gas sensing. When
olfactory receptors in the human body receive an appropriate amount of stimulation, they
induce changes in the cell membrane surface potential, triggering action potentials that
ultimately convert chemical signals into electrical ones. These signals are then transmitted via
nerve fibers to the central nervous system for further analysis. The presence of numerous
olfactory sensory neurons and rapid potential changes contribute to heightened sensory
sensitivity [188]. Inspired by this mechanism, designing an artificial neuron-like sensor model
distinct from conventional bulk-sensitive materials is highly valuable. Such a model, with
numerous adsorption sites, holds significant potential for the development of a real-time and

selective VOC sensor for real world applications.

5. Conclusion:

In conclusion, this chapter focuses on the most recent developments in the field of VOC
sensors. It discusses the role of various types of VOC sensors, including electrochemical,
chemo resistive, optical sensors, TLAS, and Al-based sensors, along with their design, working
principles, and sensing performance, in detail. It has been observed that researchers utilize
various sensing materials integrated along with various sensing platforms (electrodes, optical

fiber, MOF, etc.) to improve the sensitivity and selectivity of sensors in a mixed gaseous



environment. Each type of VOC sensor has significant advantages and limitations, which are

also outlined in the chapter, along with a brief discussion. The major limitations and new ideas

to improve sensing performance are further discussed in the challenges and prospects section
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