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Detecting volatile organic compounds (VOCs) is imperative in healthcare, industrial 
safety, and environmental monitoring due to their potential harm to human health and 
the environment. Addressing the challenges in VOC detection, research has focused on 
creating sensors with rapid response and high selectivity, notably through surface 
functionalization of metal organic semiconductors. Metal organic semiconductors offer 
advantages over standard metal oxide semiconductors (MOS), demonstrating superior 
sensitivity and selectivity even at low temperatures and concentrations. Notably, 
conductive particle-polymer hybrids and conjugated polymers as metal organic 
semiconductors show promise for VOCs detection. This review comprehensively 
explores surface functionalization in metal organic semiconductors, covering principles, 
mechanisms governing gas sensing behavior and the pivotal role of surface 
functionalization in enhancing selectivity and performance. Additionally, various 
surface functionalization options, such as nanoparticles, nanostructures, and organic 
ligands, are discussed. 
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1. Introduction 
 

Volatile organic compounds (VOCs) refer to a collection of organic chemicals that readily vaporize 
at room temperature and normal atmospheric pressure. They are categorized as volatile because of 
their high vapor pressure, allowing them to transition easily from solid or liquid states into the gas 
phase. VOCs encompass a broad spectrum of chemical compounds, including hydrocarbons, 
aldehydes, ketones, alcohols, ethers, aromatic compounds, halogenated compounds, and various 
others. These compounds primarily consist of carbon and hydrogen atoms, often combined with 
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other elements like oxygen, nitrogen, sulfur, or halogens. Some of the more familiar VOCs include 
benzene, formaldehyde and toluene. 

VOCs can be found in the air indoors and outdoors [1]. VOCs are commonly found in various 
everyday products and materials, including solvents, paints, adhesives, cleaning agents, fuels, 
varnishes, cosmetics, building materials, and household products [2,3]. They can also be emitted 
from natural sources, such as vegetation, and from certain industrial processes [4]. Additionally, VOCs 
can be generated as byproducts of combustion and vehicle emissions [5]. Figure 1 represents various 
products of VOCs according to their sources.  

 

 
Fig. 1. Various products of VOCs according to their sources 

 
While many VOCs are considered harmless, certain types can have detrimental effects on both 

human health and the environment. When exposed to high concentrations of specific VOCs over a 
short period, individuals may experience irritation of the eyes, nose, and throat, as well as symptoms 
like headaches, dizziness, and respiratory issues [6,7]. On the other hand, prolonged exposure to 
certain VOCs has been linked to more severe health consequences, such as liver and kidney damage, 
as well as central nervous system disorders [8,9]. Moreover, some VOCs are identified as potential 
carcinogens, posing a risk of cancer development. Table 1 represents the type of common volatile 
organic compounds, their source of emission and potential risk.  

Detecting volatile organic compounds (VOCs) in the environment is essential to evaluate air 
quality, identify pollution sources and monitor the impact of human activities on the ecosystem. 
Various methods and technologies are employed for VOCs detection in environmental settings, 
including gas chromatography (GC), coupling gas chromatography with mass spectrometry (GC-MS), 
portable gas detectors, optical sensors, electronic noses, passive sampling methods involving the use 
of specialized sorbent materials and remote sensing techniques, such as differential optical 
absorption spectroscopy [10].  

Portable gas detectors for VOCs detection often utilize various sensor technologies. Two 
commonly employed sensor types are MOS sensors and Photoionization Detectors (PID). Metal Oxide 
Semiconductor Sensors work by detecting changes in electrical resistance when exposed to VOCs. 
The resistance varies based on the concentration of VOCs in the air. These sensors are cost-effective 
and can detect a broad range of VOCs. Whereas, PID detectors operate by ionizing gas molecules in 
the presence of ultraviolet light. VOCs absorb the UV light and become ionized, producing a 
measurable current that corresponds to the VOC concentration. PID detectors are sensitive and 
provide real-time readings. These portable gas detectors are commonly used in industrial settings, 
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environmental monitoring, and occupational safety to identify and quantify the presence of VOCs in 
the air. 

 
Table 1 
Type of common volatile organic compounds, their source of emission and potential risk 
Type of VOC Source of emission Effect Reference 

Benzene tobacco smoke, vehicle emissions, 
industrial processes 

headaches, dizziness, drowsiness and 
unconsciousness in humans 

[11,12] 

Formaldehyde building materials and household 
products (plywood, glues, and adhesives) 

severe respiratory tract and skin 
irritant and may cause dizziness or 
suffocation 

[13] 
 

Toluene paint thinners, nail polish, adhesives, 
vehicle emissions 

headaches, dizziness, and respiratory 
issues; long-term exposure may lead to 
liver, kidney, and nervous system 
damage 

[14,15] 

Ethylene Glycol antifreeze, hydraulic brake fluids, and 
some paints. 

dermal irritation, Nasal and or throat 
irritation 

[16] 
 

Acetone nail polish remover, paints, and cleaning 
agents 

irritation of the nose, throat, trachea, 
and lung 

[17] 
 

Chloroform chlorinated water and used in the 
production of refrigerants and solvents. 

May cause damage to organs (Liver, 
Kidney) through prolonged or repeated 
exposure. Harmful to aquatic life 

[18] 
 

Xylene printing, rubber, and leather industries. It 
is also found in vehicle exhaust 

irritate the eyes, nose, skin, and throat. 
Xylene can also cause headaches, 
dizziness, confusion, loss of muscle 
coordination, and in high doses, death 

[19,20] 
 

Methylene 
Chloride 

paint strippers, adhesives, and aerosol 
sprays 

mental confusion, lightheadedness, 
nausea, vomiting, and headache 

[21] 

 
Semiconductor metal oxide-based materials have garnered considerable interest for volatile 

organic compound (VOC) sensing, owing to their remarkable sensitivity, signal characteristics, ease 
of measurement and cost-effective fabrication [22,23]. MOS are extensively employed as sensing 
materials in gas sensors designed for VOCs detection. They exhibit high sensitivity, low cost, and 
compatibility with microfabrication techniques. MOS-based gas sensors typically operate by 
measuring the change in electrical conductivity of the semiconductor material when exposed to 
VOCs. Over time, significant advancements have been made to enhance the performance of MOS-
based gas sensors for VOC detection. Researchers have focused on various aspects to improve the 
sensing capabilities of MOS-based gas sensors. These include material development, surface 
functionalization, nanostructuring and thin film techniques, sensor array and signal processing 
methods, as well as the development of low-power and portable devices (Figure 2). Through these 
efforts, the performance and applicability of MOS-based gas sensors for VOCs detection have been 
significantly enhanced. By continuously exploring and advancing these areas of research, scientists 
aim to further improve the sensitivity, selectivity, and overall performance of MOS-based gas sensors, 
paving the way for more efficient VOCs detection technologies. 
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Fig. 2. Research on metal oxide semiconductor 
characteristics 

 
Therefore, this review article is focused on the surface functionalization of MOS for the detection 

of VOCs. In recent years, researchers have made progress in developing surface-functionalized MOS 
materials for VOCs detection. Surface functionalization of MOS as sensing materials includes 
methods like doping with metals or non-metals, coating with organic molecules, and creating 
nanostructures. These techniques enhance sensitivity and selectivity by modifying surface 
properties, enabling better interaction with target analytes, and improving detection capabilities. 

 
2. Metal Oxide Semiconductor 
 

Metal oxide semiconductors are a unique class of materials that exhibit distinct electronic charge 
transport properties when compared to traditional covalent semiconductors. These semiconductors 
are composed of valence compounds characterized by strong ionic bonding. The conduction band 
minimum (CBM) and valence band maximum (VBM) of metal oxide semiconductors are primarily 
composed of the metal (M) ns orbital and oxygen (O) 2p orbital, respectively. The interaction 
between these metal and oxide orbitals leads to significant differences in charge carrier transport.  

Generally, the M ns orbitals have high dispersion, while the O 2p orbital is localized, resulting in 
a smaller effective mass for electrons compared to holes. Metal oxide semiconductors possess wide 
band gaps, which can be tailored to achieve desired electrical properties. They also exhibit high 
stability, making them suitable for use in chemiresistive gas sensors. MOS can be categorized into 
two types: n-type MOS and p-type MOS. Due to the difference in charge carriers within the n and p 
type semiconductors, each type behaves differently when exposed to reducing or oxidising gases [24-
26]. Figure 3 shows the schematic diagram of the sensing mechanism for n-type and p-type MOSs. 
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Fig. 3. Schematic diagram for sensing mechanism 
of n-type and p-type MOSs. Reproduced from [27] 

 
Gas sensing research predominantly focuses on n-type semiconductors, although investigations 

into p-type semiconductors have also been conducted. The n-type oxides exhibit a decrease in 
resistance when exposed to reducing gases, making them compatible with measurement systems 
[28]. Due to their high sensitivity and rapid response time, n-type semiconducting materials have 
been predominantly utilized in MOS-based chemiresistors. Although the sensitivity of current p-type 
MOSs is lower than that of n-type MOSs, they offer several advantages in gas sensing applications. 
The p-type MOS demonstrate a unique oxygen adsorption property, enabling the design of high-
performance gas sensors with fast recovery kinetics and independence from humidity [29,30]. 
Additionally, their conduction in the high-temperature range is less temperature-dependent 
compared to n-type MOSs. Several metal oxides, both p-type and n-type, such as SnO2, WO3, TiO2, 
ZnO, Fe2O3, and Cr3O4, have been extensively studied as sensing materials due to their ease of 
synthesis and acceptable response to various VOCs, along with favorable response and recovery 
characteristics [31,32]. Figure 4 illustrates the progress in sensor research using MOS as sensing 
materials. 

 

 
Fig. 4. Advancements in the research and development of metal 
oxide semiconductors (MOS) as sensing materials from 2013 to 
2023. (Based on SCOPUS database from 2013 until 2023) 
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3. Type of MOS Functionalization  
 

Functionalization methods provide possibilities to modify the surface properties of metal oxide 
semiconductors, enabling better interactions with target analytes and enhancing the performance of 
sensors. The selection of a functionalization technique depends on the specific needs of the sensor 
application and the desired alterations to the metal oxide semiconductor's surface. Various 
techniques can be employed to improve the selectivity, sensitivity, and stability of MOS-based VOCs 
gas sensors. 
 
3.1 Metal Site Modification 
 

Metal site modification in VOCs sensing materials involves introducing metal species onto the 
material's surface, influencing its catalytic activity and adsorption properties. This modification 
enhances sensitivity, selectivity, and response time, crucial for applications in environmental 
monitoring and industrial safety. As a way to increase the activity of catalysts or the sensitivity of 
sensors, functionalization of metal oxides by noble metals (gold (Au), platinum (Pt), silver (Ag), and 
palladium (Pd)) has been utilized extensively in previous work [33-36]. Tuning metal concentration 
allows for fine-tuning sensitivity, while synergistic effects from combining different metals contribute 
to superior performance. Careful modification ensures stability, reusability, and selective detection, 
making metal-modified sensing materials pivotal in advancing gas sensing technologies for diverse 
practical uses. 

Postica et al., proposed a potential method for developing gas sensor materials using Ag-ZnO 
nanocolumnar films to improve metal oxide surfaces by doping and noble nanoparticle 
functionalization. After doping the ZnO columnar films with Ag, the ethanol, acetone, n-butanol, 2-
propanol, and methanol vapors' gas sensing characteristics were enhanced. It was discovered 
experimentally that surface functionalization with Ag with diameters between 6 and 12 nm improved 
the sensing characteristics of the Ag-doped ZnO columnar films towards VOC vapors, which is 
consistent with the computer models. Also, boosting the Ag amount had no discernible effect on the 
p-type behavior. Indicating at high dopant concentrations, the Ag atoms prefer to occupy the 
interstitial sites (Agi

*), where they produce neutral defects or separate at the grain borders. The 
electrical resistivity of the columnar Ag-doped ZnO film is decreased due to the significant amount of 
electron-rich dopant atoms present. Ag dopant atoms and Ag clusters have a synergistic impact on 
ZnO columnar films, which is shown to be very advantageous for the response to the detection of 
VOC vapors [37]. 

Zhou et al., demonstrated Pt-SnO2 nanoneedles through a facile hydrothermal process. From the 
FESEM analysis, 3.12 a.t% of Pt-SnO2 nanomaterials indicate that synthesised material possesses long 
and thin needle-shaped morphologies grown in high density. The average length and diameters are 
∼5.5 ± 0.5μm and 150 ± 50 nm, respectively. The shape and aspect ratio of the SnO2 nanomaterials 
is strongly influenced by the molar ratios of [Sn4

+] and [OH-] as well as by the pH of the growing fluid 
[38]. The creation of well-crystalline Pt-SnO2 nanoneedles with a tetragonal rutile crystal phase was 
validated by morphological and structural characterizations [39].  

Studies by Cho et al., on the Au-doping process's modification of the MoS2 have shown the effect 
of charge concentration toward VOC detection. Gold (Au) nanoparticles were incorporated into 
chemically exfoliated layers of MoS2 using a simple solution-mixing technique. It was discovered that 
the n-doping effect of Au nanoparticles promoted the transport of electron charge from Au to MoS2. 
MoS2 can be tuned to sense hydrocarbon-based VOCs and compounds with oxygen functionalized 
attributable to the regulated n-doping effect. Eventually, early detection employing multichannel 
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sensing systems that have various sensitivities and can recognize patterns for target analytes will 
leverage this controlled chemical doping technique to tune the VOC-sensing capability of MoS2 [40]. 
Figure 5 shows a schematic illustration of the controlled process of decorating Au onto MoS2.  

Au nanoparticle-modified porous TiO2 (Au@TiO2) nanospheres synthesized using a hydrothermal 
method followed by liquid reduction demonstrated high sensitivity to 100 ppm formaldehyde, 
acetone, ethanol, and isopropanol at 220 °C with response values of 45.2, 55, 29, and 50, respectively.  
The Au nanoparticles (~12 nm) were well anchored on porous TiO2 nanospheres through epitaxial 
growth. The response/recovery times for 100 ppm acetone vapor were 12 s and 13 s.  Work by Ren 
et al., suggests that Au@TiO2 nanospheres are promising for detecting toxic volatile vapors [41]. 
 

 
Fig. 5. (a) The fluctuation in resistance of the Au-doped MoS2 sensor when exposed to acetaldehyde 
at a concentration of 1000 ppm; (b) Real-time changes in resistance; (c) The normalized response 
(∆R/Rb) of both pristine MoS2 and Au-doped MoS2 sensors when exposed to different VOCs.; (d)-(e) 
SEM images Au-doped MoS2 and (f) A photograph of pristine MoS2 and Au-doped MoS2 solutions and 

films. Reprinted (adapted) with permission from [40]Copyright 2017 American Chemical Society 
 
Another work by Yang et al., reported that under moderate circumstances, Au-WO3 composite 

nanofibers (NFs) were electrospun to create a highly sensitive and selective gas-sensing material. The 
surface of the WO3 nanofibers was then coated with uniformly sized Au nanoparticles (5–10 nm) to 
serve as catalysts and enhance the sensing response. The gas-sensing findings show the great 
responsiveness of the WO3-Au composite NF sensor, especially the WO3-Au-0.1M sensor, which has 
a response that is around ~60 times higher than the pure WO3 sensors and much better selectivity 
towards n-butanol. The excellent catalytic activity of Au nanoparticles, which boosts the rate of an 
oxygen molecule to ion conversion, and the presence of multiple depletion layers at the surface of 
the WO3-Au composite nanofibers, which results in a greater change in resistivity upon exposure to 
n-butanol, may be responsible for the enhanced response of the WO3-Au composite nanofiber sensor 
towards n-butanol [42].  

Huang et al., explored the improvement of acetone-sensing capabilities to parts per billion (ppb) 
detection levels using Au/Pd-doped ZnO nanorods. The researchers successfully prepared ZnO 
nanorods doped with varying amounts of Au and Pd using a one-step microwave-assisted 
hydrothermal method. In particular, the sensor utilizing ZnO doped with 2.0 wt% Au demonstrates 

(d) (e)

(f)
(b)

(a)

(c)
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superior response rates, rapid response and recovery features, optimal selectivity, a low operating 
temperature, and excellent long-term stability when exposed to acetone. Following the introduction 
of 2.0 wt% Au, the detection limit of the Au-doped ZnO sensor decreases to 5 ppb, while the response 
surges to 17 under 1 ppm acetone at 150℃, surpassing the ZnO sensor's responses by more than 
threefold. The excellent sensing capabilities can be ascribed to the substantial levels of chemically 
adsorbed oxygen generated by the extensive surface area of the porous ZnO nanorods doped with 
Au, along with the Au spillover mechanism [43].  

 
3.2 Nanostructuring 

 
The past ten years have seen a significant increase in interest in metal oxide semiconductors 

(MOS) due to their numerous uses in the monitoring of air quality, gas leaks, food safety, and medical 
diagnosis [44-47]. Scientific and technological significance has been given to nanostructured MOS of 
the p-type (nickel oxide (NiO), copper oxide (CuO), cobalt oxide (Co3O4)) and n-type (indium oxide 
(In2O3), zinc oxide (ZnO), tin oxide (SnO2), titanium oxide (TiO2), and tungsten trioxide (WO3)), which 
are commonly employed to detect VOC chemicals such NOx, CO, ozone, ethanol, etc [48-54].    

Zhao et al., introduced a novel method utilizing poly(ethylene oxide)-block-polystyrene (PEO-b-
PS) as the template, SnO2 nanocrystals (NCs) as tin supply, and titanium butoxide (TBOT) as the titania 
precursor to incorporate SnO2 NCs into a 3D branching mesoporous TiO2 framework. The nano size 
(3-5 nm), good dispersibility, and abundance of hydroxyl groups in SnO2 NCs enable interaction with 
the PEO block. This interaction through hydrogen bonding, co-assembling with hydrolyzed TBOT to 
form a unique hierarchical branched mesoporous structure (SHMT). The resulting structure exhibits 
a three-dimensional flower-like morphology with mesoporous rutile TiO2 branches, featuring regular 
cylindrical mesopores (≈ 9 nm). The SnO2 NCs are evenly distributed within the mesoporous TiO2 
matrix, creating numerous n-n heterojunctions [55]. The sensor outputs exhibit an increase with the 
rise of operational temperature, reaching a peak at 350 °C. Whereas, a decrease in sensitivity at lower 
operational temperatures can be elucidated by the low activation energy required for the 
chemisorption of gas species on the surface. At higher temperatures, there is an increase of gas 
molecules desorbing from the surface, leading to a decrease in the response of the gas sensor as 
shown in Figure 6. 
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Fig. 6. (a) TEM images of the composites; (b) Illustration depicting the process of incorporating SnO2 
nanocrystals (NCs) into a 3D branched mesoporous TiO2 framework, (c)-(d) Sensor responses to 50 ppm 
ethanol at different operating temperatures (150–500 °C); (e) Dynamic response-recovery curve; and 
(f) Sensor responses of SHMT to various gases at 50 ppm, evaluating selectivity. Reproduced from [55] 

 
Hermawan et al., reported a simple method for making spherical n-type SnO2 uniformly 

decorated with p-type CuO nanoparticles for improving toluene gas detection. CuO-SnO2 was 
produced utilizing a simple non-hydrolytic solvothermal that allowed for easy morphological control. 
The surface charge of the oxide was significantly influenced by the organic solvents used in the 
synthesis, which was advantageous for a consistent electrostatic self-decoration between positively 
charged p-type CuO and negatively charged n-type SnO2. CuO was largely reduced to Cu metal under 
high concentrations of toluene exposure, damaging the p-n contact and creating a new metal-
semiconductor contact, or "ohmic junction," which led to highly responsive and selective toluene gas 
at 400 ºC. Additionally, it was discovered that sensor resistance and responsiveness were affected by 
the quantity of particle decorating [56]. 

Zito et al., synthesized a bicone-like ZnO structure using a rapid template-free microwave-
assisted hydrothermal method. According to the results of the VOC-sensing experiments, the ZnO 
structure responded to butanone more strongly than it did to other VOCs like benzene, toluene, m-
xylene, acetone, ethanol, acetaldehyde, and isopropanol. From the morphology analysis, the 
development of bicone-like ZnO structures indicates that each structure is made up of two cones 
(Figure 1(a)). The bicone structure has an average length of 1 μm and a diameter of ~400 nm (Figure 
1(b)). Additionally, the ZnO-based sensor demonstrated improved butanone detecting performance 
at 400 °C, with a response of 29.4-100 ppm of butanone, high sensitivity to detect low butanone 
concentration (2 ppm), and a low detection limit of 0.41 ppm [57].  

Fabrication of a room temperature resistive acetone gas sensor using MoS2-CuO nanocomposite 
as a sensing layer was reported by Roy et al., [58]. The sensor's responses for acetone gas 
concentrations of 10 ppm and 500 ppb, respectively, and a detection limit of 93 ppb were found to 
be 16.21 ± 0.32 and 4.35 ± 0.13. Acetone molecules absorb oxygen species from the CuO surface as 
they come into contact with it and give off electrons in the process. The charge concentration at the 
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junction is significantly increased. As a result, charges are reorganized, and the depletion zone in the 
CuO domain continues to grow, increasing the overall resistance through the CuO surfaces.  

 
3.3 Polymer Coatings 

 
The application of polymer coatings on MOS is a widely adopted strategy to enhance the sensing 

properties and selectivity of VOCs sensors. This technique involves the deposition of a thin layer of 
polymer onto the surface of the MOS. Various methods, such as spin-coating, dip-coating, spray-
coating, or layer-by-layer deposition, can be employed to apply polymer coatings. The choice of an 
appropriate polymer depends on the specific target VOCs and their interaction with the metal oxide 
semiconductor. Recently, there has been considerable interest in utilizing nanomaterials based on 
conducting polymers (CPs) for constructing sensing devices that enable the swift and specific 
detection of various chemicals, gases, and vapors under ambient conditions. Among these, 
polythiophene and its derivatives stand out as extensively employed conducting polymers in gas 
sensing applications, showcasing high sensitivity to analytes [59-62]. 

Husain et al., [63] successfully synthesized PTh and PTh/molybdenum oxide nanocomposites 
(PTh/MoO3) using an in-situ chemical oxidative method (Figure 7). The materials' thermal stability, 
assessed through conductivity retention under isothermal and cyclic aging conditions, revealed that 
PTh/MoO3 exhibited significantly higher conductivity retention compared to pristine PTh. At room 
temperature, PTh/MoO3 demonstrated 18.22 times greater electrical conductivity than pristine PTh. 
Sensing experiments against ammonia, methanol, and acetone vapors at room temperature showed 
that the PTh/MoO3 sensor outperformed the PTh sensor in terms of percent sensing response and 
reproducibility, with notable enhancements for all analytes. 

 

 
Fig. 7. (a) Conductivity and sensing experiments setup; (b) SEM images illustrate PTh, MoO3 NPs, and 
PTh/MoO3; (c) conductivity change of PTh and PTh/MoO3-based sensor at 1 M, 0.5 M, in vapor and 
air; (d) sensing response and percent reproducibility of PTh and PTh/MoO3 sensors for various 
analytes. Reproduced from [63] 
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In a recent publication, Khan et al.,  [64]synthesised polymeric composite electrodes utilizing 
carbon nanotubes (CNTs) and copper oxide nanoparticles (CuO NPs) with the aim of detecting volatile 
organic compounds (VOCs). The CNTs underwent functionalization and opening through the reflux 
method, followed by impregnation with CuO NPs to form the CNTs/CuO nanocomposite. For the 
construction of the polymeric composite electrode, the CuO NPs-functionalized CNTs were dispersed 
in polyvinylidene difluoride (PVDF). The study also investigated the voltage response to various VOCs, 
including acetone, formaldehyde, ethanol, and spirit, using a multimeter setup. Over time, the 
voltage generated by each VOC displayed fluctuations, with distinct time intervals yielding the 
highest voltage for each compound. For example, the highest voltage was observed at 0.2 minutes 
for acetone, 6 minutes for formaldehyde, 0.1 minutes for ethanol, and 0.8 minutes for spirit.  

Whereas Foronda et al., [65] investigated the development of gas sensors utilizing a 
Polyaniline/Zinc oxide (PANI/ZnO) composite capable of detecting various VOCs such as ammonia, 
acetone, formaldehyde, methanol, and ethanol, as illustrated in Figure 8. The conductivity of these 
sensors was assessed at room temperature until saturation. PANI/ZnO composites with different 
additive ratios were drop-cast to form sensors, and their formability and mechanical behavior were 
examined. Exceptional selectivity for ammonia, with an average sensor response of 3496.67 mV 
across all sensors, was achieved using various matrix-additive ratios, surpassing the selectivity of 
Pure-PANI sensors limited to methanol and ethanol. The resistance patterns of PANI/ZnO revealed 
that formulations with fewer pores exhibited higher resistance. The inclusion of ZnO in the PANI 
matrix enhanced stability against methanol exposure. A radar plot was employed to illustrate 
distinctive sensor response patterns towards ammonia, acetone, formaldehyde, methanol, and 
ethanol. 

 

 
Fig. 8. Diagram of gas sensing set-up schematically and cycle run time (a); Average response of both PANI 
and PANI/ZnO sensors to all analytes (b); SEM images of PANI/ZnO (c); Schematic of the gas sensor 
substrate and reference sample (d); Reproduced from [65] 
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Farea et al., [66]conducted a study utilizing polypyrrole/TiO2 nanocomposites to develop a carbon 
monoxide (CO) gas sensor operating at room temperature. Gas sensors were created by depositing 
Ppy/TiO2 nanocomposites onto interdigitated electrodes through drop-casting. The nanocomposites 
were synthesized using a chemical oxidation method. Compared to the pure Ppy sensor, the Ppy/TiO2 
sensor showed a substantial four-fold increase in sensitivity over a broad range of CO concentrations, 
spanning from 1 to 320 ppm. Moreover, the sensor exhibited a rapid response time of 36 seconds 
and a quick recovery time of 38 seconds. It demonstrated prolonged stability, excellent repeatability, 
and satisfactory reproducibility. These experimental findings clearly highlight the significant role of 
incorporating TiO2 into the Ppy matrix in enhancing the gas sensor's overall performance. 

 
3.4 Ligand Modification 

 
Ligand conjugation with metal-organic semiconductors involves the attachment or bonding of 

ligand molecules to a metal-organic semiconductor material. This process can significantly influence 
the electronic and optical properties of the semiconductor, leading to tailored functionalities and 
improved performance in various applications [67]. The term "ligand" typically refers to molecules or 
ions that can bind to a central metal atom in coordination compounds.  

Kim et al., [68] (Figure 9) have successfully developed a tunable sensor for volatile organic 
compounds (VOCs) through thiolated ligand conjugation on MoS2. They introduce a highly sensitive, 
stable, and cost-effective chemiresistor using MoS2 bulk films, which can be functionalized by 
thiolated ligand conjugation through a straightforward solution mixing process. This process is 
followed by vacuum filtration to create sensing films from both primitive MoS2 and 11-
mercaptoundecanoic acid-conjugated MoS2 (MUA-MoS2) solutions. Both films exhibit remarkable 
sensitivity (detectable down to 1 ppm) and selectivity towards various VOC groups, including toluene, 
hexane, ethanol, propionaldehyde (propanal), and acetone. The MUA-MoS2 film demonstrates a 
decrease in resistance (negative response) when exposed to oxygen-functionalized molecules (such 
as ethanol, propanal, and acetone), while other VOCs (toluene and hexane) induce a similar but 
diminished positive response compared to the primitive MoS2 sensor. 
 

 

Fig. 9. The schematic depicts the preparation of MoS2 chemiresistor. Reprinted with permission from 
reference [68]. Copyright 2014. American Chemical Society 

 
Research conducted by S. Yuvaraj and colleagues [69] has demonstrated the suitability of hybrid 

nanostructures formed by functionalizing ZnO nanorods with macromolecules similar to porphyrin, 
specifically pyrene-based tetratopic ligands (PTL) terminated with four carboxyl (COOH) groups, for 
adsorbing volatile organic compounds (VOCs). The electrical resistance of ZnO-PTL is influenced by 
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the absorption of various VOCs, including ethanol, n-hexane, trimethylamine, and triethylamine. The 
response to these VOCs is significantly affected by illumination. To understand the interaction 
mechanism between PTL and VOCs, experimental studies have been complemented by first 
principles calculations. Both experimental and computational findings indicate that amines exhibit a 
higher affinity for binding to PTL compared to ethanol and n-hexane. The combined use of optical 
dyes and chemical ligands presents an innovative approach to designing chemical sensors. 

 
4. Conclusion 

 
In conclusion, the surface functionalization of metal-organic semiconductors offers promising 

avenues for enhancing the performance of resistive gas sensors, particularly in the detection of 
volatile organic compounds. Key strategies include metal site modification with noble metals such as 
Ag and Pt, nano-structuring, polymer coatings, and ligand modification. Metal site modification, as 
exemplified by Ag-doped ZnO columnar films and Pt-SnO2 nano-needles, demonstrates improved 
sensing characteristics and electrical conductivity, highlighting the potential of noble metal 
functionalization in MOS-based sensors. Nano-structuring, involving the use of nano-structured MOS 
materials, enhances sensitivity to a wide range of VOCs. Methods such as incorporating SnO2 
nanocrystals into a 3D mesoporous TiO2 framework and creating p-n junctions in CuO-SnO2 
nanomaterials contribute to improved gas sensing capabilities. Polymer coatings on MOS surfaces 
offer a versatile approach for tailoring sensor selectivity. Conducting polymers like polyaniline, 
polypyrrole, and polythiophene, when used as coatings, enables highly sensitive and selective 
detection of VOCs even at room temperature. Ligand modification, as demonstrated with thiolated 
ligand conjugation on MoS2 and the use of pyrene-based tetratopic ligands on ZnO nanorods, 
presents a novel approach. These hybrid systems show high sensitivity and selectivity toward various 
VOCs, offering the potential for cost-effective and stable chemiresistors. In summary, the 
functionalization of metal-organic semiconductors through diverse techniques holds great promise 
for the development of advanced gas sensors capable of detecting and monitoring volatile organic 
compounds, addressing critical needs in indoor air quality, industrial safety, and healthcare 
applications. These strategies open doors to improved sensor performance, selectivity, and 
reliability, paving the way for enhanced environmental and safety monitoring. 
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