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1. INTRODUCTION

Rapidly increasing environmental pollution has been recognized as a major concern, and its 

monitoring has become a priority area for human health.1–4 This fact has led efforts to find 

new and user-friendly techniques for the detection of gases hazardous to the environment 

and human health.5 Gas sensors (Figure 1) have become one of the key technologies for 

rapid, selective, sensitive, and efficient detection of gases (at ppt level), chemical vapors 

(at ∼1 ppb), and explosives (at ∼5 ppm).6,7 The commercialization of gas sensors for 

environmental and personalized health monitoring is growing rapidly.8 The field of gas 

sensing device development remains an area of active research interest due to the urgent 

need for reliable, miniaturized, low-cost, and portable sensing systems for health care 

and security.9 The current state of the art in chemical sensors for gas detection has been 

discussed in reviews by Janata,10 Korotcenkov,11 and Stetter.12

Gas sensors based on organic conducting polymers (such as polyaniline (PANI),13,14 

polypyrrole (PPy),15 polythiophene (PTh),16 etc.) of desired functionality and conductivity 

continue to improve gas sensing performance.17–24 However, due to the high affinity of 

conducting polymers toward volatile organic compounds (VOCs) and moisture present in 

the environment, they are sometimes unstable and exhibit poor sensitivity.25,26 On the 

other hand, gas sensors made from inorganic metal oxides, such as tungsten oxide (WO3), 

zinc oxide (ZnO), tin oxide (SnO2), titanium oxide (TiO2), iron oxide (Fe2O3/Fe3O4), 

silicon oxide (SiO2), etc., show improved sensing characteristics due to changing oxygen 

stoichiometry and electrically active surface charge.27–31 However, these gas sensors usually 
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operate at very high temperatures (∼300–400 °C), frequently leading to baseline drift and 

oxidation of analytes.32 In spite of the high sensitivity, the use of such gas sensors for 

practical applications is very limited.

Issues related to low conductivity and poor stability of organic materials, and the high-

temperature operation and complicated processability of inorganic materials, hinder their 

use in gas sensor fabrication. The use of hybrid nanocomposites of these two classes of 

materials may result in gas sensors with improved and efficient gas sensing characteristics. 

It has been predicted that host−guest chemistry combined with the use of organic 

and inorganic counterparts in hybrid nanocomposite forms may help to eliminate their 

particular drawbacks due to synergetic/complementary effects, leading to development 

of improved gas sensing devices. These nanocomposite materials have recently aroused 

extensive interest in gas sensing applications. This review focuses on organic−inorganic 

hybrid nanocomposite-based gas sensors for environmental monitoring. Additionally, efforts 

have been made to discuss the gas sensing mechanism of organic−inorganic hybrid 

nanocomposites and humidity sensing applications. However, better control is required for 

commercialization of nanostructure-based gas sensors.33,34

2. ORGANIC−INORGANIC HYBRID NANOCOMPOSITES: SMART 

ADVANCED FUNCTIONALZED MATERIALS FOR GAS SENSING

The field of organic−inorganic hybrid nanocomposites is a rapidly growing area 

of research in advanced functional materials science (Figure 2). These materials 

are made of nanoscaled organic and inorganic counterparts, wherein the interaction 

at molecular level generates unique properties at the interface. In nanocomposites, 

inorganic nanostructures can be three-dimensional, two-dimensional, one-dimensional, or 

zero-dimensional nanomaterials. Since 1995, the research group of Sanchez has been 

exploring the origin, fundamentals, advancements, prospects, and possible applications 

of organic−inorganic hybrid nanocomposites.35–47 This group has explored transition-

metal-based hybrid organic−inorganic structures and proposed this area of research as 

a multidisciplinary field.35,36 Design of organic−inorganic hybrid nanocomposites using 

fundamental nanobuilding blocks (NBB), studies of their properties (i.e., optical, electrical, 

mechanical, and electrical) along with their nanophotonics application have also been 

explained.38,39,48–50 The controlled and improved properties generated at the interfaces 

via molecular and supramolecular dynamics of hybrid organic−inorganic nanocomposites 

and formation of various mesoporous hybrid nanocomposites have been studied by this 

research group.41,42,47,51 In 2005, the various applications of hybrid organic−inorganic 

nanocomposites were reported by Sanchez et al.43 These authors proposed a number 

of organic−inorganic composite systems and advanced hybrid platforms along with 

their prospects from laboratory to market.45 The molecular and surface engineering of 

organic−inorganic hybrid nanocomposite systems in order to improve the properties needed 

for various applications has also been highlighted by this research group.44–47

The properties of hybrid nanocomposite materials depend not only on the properties of their 

individual constituents, but also on their morphology and interfacial characteristics.52–56 
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Comprehensive studies of organometallic compounds have led to increased interest in 

understanding the interactions of organic and inorganic moieties, and have generated 

unique properties at interfaces. Further, heterogeneous or homogeneous mixing, suspension, 

and cross-linking of organic and inorganic components produce interesting composite 

materials with commercial prospects. Significant efforts have been focused on the 

ability to obtain nanostructures of desired shape, size, and properties using innovative 

synthesis approaches.57 The surface modification and functionalization of nanoparticles, 

covalent attachment, self-assembly, and ease of organization on the surfaces provide a 

means to generate nanocomposite materials with tunable surface properties.52,57 Efforts 

are continuing toward the preparation of new nanocomposite materials to obtain novel 

properties.53,57–59 There is a strong interest in using nanometal or metal oxides as 

additives in the functionalization of polymers (conducting/biopolymer), and significant 

research has been undertaken in nanocomposite science for device applications.60,61 

Experimental studies have shown that incorporation of inorganic nanomaterials into polymer 

matrices leads to organic–inorganic nanocomposites with enhanced and improved properties. 

Nanocomposites offer diverse properties that are absent in their precursors materials, e.g., 

flexible-mechanical and superconducting properties due to interfacial interactions between 

the two phases.39,62–68 Therefore, nanocomposites have been predicted to have a wide range 

of applications, e.g., high-energy radiation shielding materials, microwave absorbers, optical 

limiters, polarizers, and hydrogen storage systems.57,63–68

A promising and demanding area of research relates to the utilization of organic−inorganic 

hybrid nanocomposites as gas sensing materials.69,70 Many reports pertaining to adsorption 

of gas molecules onto mesoporous ordered organic−inorganic nanocomposite frameworks 

have been explored since 1990.68 The effects of parameters such as surface area, pore 

volume, and pore size on the properties of these materials are still a matter of considerable 

interest, in order to achieve selective and sensitive detection. Other than interfacial 

interactions, control of nanostructure morphology is an important aspect that influences 

the nanocomposite performance. Hence, in a nanocomposite development effort, a long-term 

goal is to develop new synthetic strategies to control the size, shape, morphology, and 

composition. This control allows the tuning of nanocomposite properties.61 The adopted 

methods to synthesize hybrid nanocomposites of desired properties and application are 

discussed below.

2.1. Preparation Methods of Organic−Inorganic Nanocomposites

Depending on the nature of the metal or metal oxide and polymer structure, these processes 

are likely to result in the incorporation of inorganic nanomoieties into the polymer backbone 

via different electrostatic interactions.61 Recently, it has been demonstrated that it is possible 

to develop suitable techniques for these materials, which are often sufficient to yield 

high-quality nanocomposite films.61,63,65 The hybrid nanocomposite thin films containing 

metal or semiconductor nanocrystals and polymers exhibit porous structures.64 This enables 

gaseous molecules from the environment to readily penetrate into the polymer matrix and 

be adsorbed onto the nanocrystals of the nanocomposite film, resulting in strong sensing 

behavior.52,58,61,68
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Many techniques such as sol−gel, self-assembly, evaporation deposition, chemical and 

electrical techniques can be used to fabricate organic−inorganic hybrid nanocomposite thin 

films.71–74 Sanchez et al.40 have described in detail the various strategies (A−E, Figure 3) to 

synthesize organic−inorganic hybrid nanocomposites of desired architecture and properties 

for a variety of applications with possible commercial market prospects. Well-defined 

nonaggregated nano-objects/NBBs were synthesized using path A via controlled reactivity 

of molecular precursors (metal alkoxides, metal−organic or organometallic compounds, 

inorganic salts, etc.). The controlled reactivity allows the understanding of nucleation, 

growth, and aggregation among precursors in water, organic solvents, inorganic molten salts, 

ionic liquids, gels, xerogels, etc. NBBs are nanoparticles, nanolamellar compounds (clays, 

layered double hydroxides, lamellar phosphates, oxides, chalcogenides, etc.) with strong 

molecular interactions. The composition of NBBs can be fully inorganic or hybrid with 

organic moieties either included in the framework or located at the nano-object surface. 

For the last two decades, nanosized metals, metal oxides, metal chalcogenides, metal 

phosphides, and their hybridized associated derivatives with controlled shape, size, and 

tailored morphology have been synthesized by adopting path A.39,45,46,51

Soft chemistry based routes such as sol−gel chemistry have been followed using specific 

bridged and poly functionalized precursors such as silsesquioxanes X3Si-R′-SiX3 (R′ being 

an organic spacer, X = Cl, Br, −OR) for the synthesis of hybrid nanocomposites (path B). In 

this method, “sol” is prepared by dissolving an inorganic precursor in an appropriate solvent 

(e.g., various alcohols) and controlled addition of water under acidic or basic conditions to 

initiate the condensation reactions leading to oligomeric molecules or colloids that form a 

three-dimensional network by chemical reaction.37,56,73,75–78 The condensation reactions, 

evaporation of a solvent, and aggregation of a species in the sol result in the formation 

of a gel that transforms into films on the desired substrate via spin coating, dipping, or 

spraying techniques. Next, the deposited film is cured at low temperature or annealed. The 

heat treatment is designed to remove any organic residues and water through evaporation, 

pyrolysis or combustion, as well as to provide densification. The tunable supramolecular 

chemical interactions yield hybrid materials with higher degrees of polymerization. For the 

deposition of an organic−inorganic hybrid film, care must be taken to heat the film below the 

decomposition point of the organic component.

Path C corresponds to hydrothermal or solvothermal synthesis routes generally performed 

in polar solvents to obtain crystallized material. In this method, the utilization of organic 

templates results in microporous hybrid materials such as organically templated zeolites.34 

These materials have already led to extensive applications in the fields of adsorbents and 

catalysts.34 Recently, metal organic frameworks (MOFs), crystalline hybrids of polymers 

built from telechelic or polyfunctional spacers that coordinate metallic centers or metal-

containing small oligomers have been developed.51

NBBs predicted to provide nanostructured hybrid networks with better structural definition 

can be synthesized using assembly or intercalation and/or dispersion (path D). The step-

by-step preparation of nanobuilding components that are nanometric, monodispersed, 

and have well-defined structures and shapes, usually allows for a high level of control 

over their structure and properties. The NBB molecules retain their integrity in the 

Kaushik et al. Page 5

Chem Rev. Author manuscript; available in PMC 2023 May 31.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



hybrid nanocomposites, wherein these can be preserved or capped using polymerizable 

ligands or connected through organic spacers of telechelic molecules, polymers, or 

functional dendrimers. Different assembling methods were used to synthesize various 

organic−inorganic hybrids of tunable electrical and optical properties which depend on the 

nature, structure, and functionality of the nanobuilding blocks.51

Path E explores the template-assisted organization and assembly of inorganic or hybrid 

networks grown using micelles, lyotropic liquid crystals, latex, or silica beads for 

the fabrication of mesostructured organic−inorganic hybrid composites. In practice, self-

assembly of molecular or polymeric amphiphilic components coupled with sol−gel 

polycondensation reactions or with other colloidal-chemistry-based approaches can be used 

for growth. Periodically organized mesoporous hybrid silica with organic functionality 

within the walls was synthesized using path E, and exhibited a high degree of order. 

The presence of mesoporosity is an added advantage for further organic functionalization. 

These hybrids can be synthesized by the combination of self-assembly and NBB 

approaches.45,46,51 Due to the use of NBBs, a large variety of organic−inorganic hybrid 

nanocomposites of tunable functionalities and properties can be synthesized via various 

chemical/molecular interactions (Figure 4). The synthetic approaches discussed above allow 

control of the shape, size, and properties of the organic–inorganic hybrid nanocomposites. 

The hybrid nanocomposites are currently being patterned or integrated in devices for 

applications that demand easy and effective synthesis and processing pathways (Figure 5).

Organic−inorganic hybrid films have recently been prepared via deposition under 

vacuum conditions, e.g., thermal evaporation and pulse polymerization techniques. The 

vacuum-deposited hybrid nanocomposite films can be used for fabrication of novel 

optoelectronic devices due to good repeatability and identical optical, electrical and 

molecular properties.52,58,79–82 Organic−inorganic hybrid nanocomposite thin films are 

fabricated by the aforementioned techniques and can be used as sensing materials for 

various sensor configurations.61,83,84 However, the problems pertaining to nanostructure 

fabrication using expensive sophisticated tools and thermal or temporal incompatibility 

between the organic and inorganic components during evaporation are still unresolved 

issues.

Electrical polymerization (Figure 6) is a widely used technique for thin film fabrication 

of conducting polymer (PANI, PPy, etc.)-metal (Au, CNT, Pt, graphene, etc.)/metal oxide 

(ZnO, TiO2, ZrO2, etc.) hybrid nanocomposites.85 The heterogeneous electrochemical 

polymerization of monomers in the presence of an oxidant, dopant, and metal oxide 

nanoparticles has been performed using cyclic voltammetry.86 During polymerization, 

the presence of metal oxide nano-particles inhibits the polymer-related oxidation process 

and diminishes the degradation products in the composite materials. Good adhesion of 

composite materials on the conducting substrate results in superior electro-active repetitive 

properties compared to that of a pure polymer. However, the problem pertaining to 

variation in optical and electrical properties continues to exist. To overcome this limitation, 

the electrophoretic deposition technique (two-step process) has been used, wherein the 

charged particles in a liquid first migrate toward an electrode under an electric field 

(electrophoresis).80,87 In the second step, the particles are deposited on the electrode 
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surface from a homogeneous film via coagulation. The electrophoretic technique has 

recently gained prominence. It has been found to yield uniform, dense, and pinhole-

free conducting polymer−metal/metal-oxide-based nanocomposite films. Electrochemically 

deposited nanocomposite films have been utilized for fabrication of organic light-emitting 

diodes, display devices, artificial fingerprint devices, photovoltaic applications, sensors, 

etc.88,89

The preparation of a hybrid nanocomposite sensing material with desired properties is 

dependent on the selection of the synthesis method. Thus, selection of an appropriate 

preparation technique is crucial to prepare a 3S, i.e., a stable, selective, and sensitive 

gas sensor. Optical,90–94 field effect transistor (FET),95,96 surface acoustic wave 

(SAW),97–99 quartz crystal microbalance (QCM),100 and electrochemical92,101–104 (i.e., 

chemoresistor,105,106 potentiometric,107,108 and amperometric12,109) based gas sensors have 

contributed significantly to the state-of-the-art of environmental monitoring. The selection of 

sensor fabrication method and transduction technique is crucial to achieve desired sensing 

abilities. For example, electrochemical gas sensing techniques are suitable for miniaturized 

and wearable sensor fabrication.

It has been found that the electrical, optical, and molecular properties of organic−inorganic 

hybrid nanocomposites can be changed or tuned using an appropriate synthetic route and 

varying precursors/operational parameters. Moreover, these nanostructures have potentially 

been used for various technological applications. We herein focus on the gas sensing 

applications for environmental monitoring. Figure 7 illustrates the organic−inorganic 

hybrid nanocomposites used to detect gases. The next section focuses on the gas sensing 

mechanism of the organic−inorganic hybrid nanocomposites.

3. GAS SENSING PRINCIPLE OF ORGANIC−INORGANIC HYBRID 

NANOCOMPOSITES

The gas sensing behavior of organic−inorganic hybrid nanocomposite sensors obtained 

by estimating time dependent change in the magnitude of resistance as a function of 

gas concentration at room temperature is illustrated in Figure 8. It has been found that 

exposure of reducing/oxidizing gas molecules onto nanocomposite film results in a change 

of resistance. Simultaneously, gas flow is cut off and fresh air is introduced into a test 

chamber, thus leading to restoration of the original resistance value.52 The observed change 

in the resistance is due to physical adsorption of the gaseous molecules onto the surface of 

the nanocomposite film. The interaction of gaseous molecules with a π electron network of 

a polymer that has embedded metal/metal oxide nanoparticles results in capture/donation of 

electrons, depending upon the nature of gaseous molecules, leading to the decrease/increase 

of the resistance.

The n-type metal oxide nanoparticles form a barrier layer with a polymer matrix leading 

to the formation of the depletion region. The interaction of the nanocomposite film surface 

with target gas molecules causes a change in the width of the depletion region (W0) and 

therefore modulates the conductivity of the sensing element. The space charge region (Wgas) 

varies with the decrease or increase of electrons (by adsorption of gas molecules) in the 
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polymers, which in turn results in a conductivity change.52 The modulation of the space 

charge region at the interface of the metal oxide nanoparticles with the polymer matrix 

results in enhanced sensitivity for the desired gas. On the basis of the energy band gap 

diagram (Figure 8), the gas sensing behavior of organic−inorganic nanocomposites can be 

understood with respect to the analyte.52,110 The next section focuses on the application of 

these hybrid nanocomposites to detect toxic gases for environmental monitoring.

4. ORGANIC−INORGANIC HYBRID NANOCOMPOSITE-BASED GAS 

SENSORS FOR ENVIRONMENTAL MONITORING

The gas sensing potential of organic−inorganic hybrid nanocomposite sensors is discussed 

in this section. Advancement in sensing materials science and improvement in gas 

sensing parameters, such as detection limit, sensing range, response/recovery time, 

repeatability, and stability, are also briefly and critically discussed. Sensor fabrication using 

organic−inorganic systems for commercial prospects to improve environmental monitoring 

are also highlighted.

4.1. Organic−Inorganic Hybrid Nanocomposites for Volatile Organic Compounds (VOCs)

The evaluation of indoor air quality is presently a widespread environmental issue.111,112 

Indoor pollutants consisting of VOCs may cause environmental illness.113,114 The effect 

of VOCs on human health was brought to the fore during 2007–2009, due to illnesses 

caused by poorly made residential/commercial dry walls.115–118 However, the presence 

of low concentrations and the large diversity of VOCs has made their detection a 

challenging task.2,3 Thus, there is increased demand for the development of a continuous 

real-time technique to monitor indoor VOCs. Recently, nanocomposites fabricated using 

electrochemical or self-assembly of metal/metal oxide nanoparticles on top of functionalized 

conducting polymer film surfaces, has enabled the selective sensing of VOCs.119 In 

these hybrid nanocomposites, the selectivity is achieved by assembling different metal 

nanoparticles on the same conducting polymer film. This eliminates the need to develop 

different polymer chemistries and device configurations for each specific analyte. The 

utilization of organic−inorganic nanocomposite-based VOC sensors are described briefly in 

this section. The aspects of nanocomposite material science resulting in sensing performance 

and the related sensing mechanism are also discussed.

For the detection of hydrocarbon vapors, Li et al.120 used a PANI-MWCNT (mass ratio 4:1) 

hybrid nanocomposite prepared by an in situ electrochemical polymerization technique. This 

sensor exhibited a response in the 200–1000 ppm range of aromatic hydrocarbon vapors due 

to an increase in conductivity, and the maximum response (0.31%) was measured at 1000 

ppm. The increase in conductivity of PANI after gas exposure has been attributed to physical 

interactions due to dipole−dipole interactions that uncoil the polymer chain and decrease 

the hopping distance for the charge carriers. Electrochemically fabricated PANI/aluminum 

(Al) nanocomposite-based Schottky barrier diodes have been used by Campos et al.121 to 

detect methanol (CH3OH). The current−voltage (I−V) and capacitance−V characteristics of 

the diodes were studied with different concentrations of gas for different time intervals 

at room temperature. The presence of CH3OH resulted in a decrease in the forward 
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and reverse-bias current and an increase in the barrier height, i.e., increase in resistance. 

However, the effects of different concentrations and sensitivity were not explained and 

thus need more investigation. An optical CH3OH sensor has been fabricated by Stevens 

et al.93 using a mesoporous coumarin 481 (C481) dye-doped hybrid composite film of 

nonionic surfactant Pluronic P123 and silica by sol−gel methods. The composite films were 

found to be capable of CH3OH detection at a concentration of ∼150 ppm via changes 

in the fluorescence intensity. An energy transfer complex formed via interaction between 

dye and nanocomposite exhibited enhanced response to methanol vapor, but only for the 

first few sensing cycles. The observed decrease in fluorescence intensity is attributed to an 

excited state interaction between methanol and C441. However, key parameters of these 

films, such as sensitivity, long-term photostability, and specificity to methanol, need further 

optimization to fabricate commercially viable optical sensors. Sadek et al.122 described a 

surface acoustic wave (SAW)-based gas sensor to detect H2 using a nanocomposite film 

of PANI-WO3 nanofiber fabricated onto a layered ZnO/64°YXLiNbO3 SAW transducer 

via chemical oxidative polymerization. It was observed that, during sensing, the analyte 

adsorbed onto the WO3 surface and generated free electrons, resulting in a decreased 

depletion region and leading to increased surface conductivity. The sensor response was 

found to be 7 kHz toward 1% of H2 in synthetic air at room temperature with a response 

time of 40 s, recovery time of 100 s, and repeatability in a stable baseline condition. A 

hybrid nanocomposite of plasma-polymerized acrylonitrile (PP-AN)-ZnO nanobelt (NB) has 

been used to detect O2, and its sensing characteristics have been compared with bare ZnO 

nanobelt based sensors.123 The nanocomposite showed better O2 sensing than bare ZnO-NB. 

The obtained sensing performance enhances on UV exposure. UV exposure increases the 

conduction in the nanocomposite due to generation of a photocurrent, resulting in a direct 

increase of electron−hole pairs. Moreover, desorption of charge species with a related 

reduction in the electron depletion region near the ZnO-NB surface leads to modified 

surface potential. It was observed that nanocomposite-based sensors exhibited response 

enhancements from 0 to 25.3% (minimum sensitivity at 150 °C is 16.6 ppm in 300 s) at 

low temperature. Also, the sensor can avoid structural deterioration and caused stability in 

the obtained response. However, the effects of O2 desorption/adsorption in PP-AN on the 

electron depletion region in the ZnO were significant for sensing phenomena.

Solvents such as propanol (CH3CH2CH3OH), toluene (C6H5CH3), ethanol (CH3CH2OH), 

hexane, (C6H14) and chloroform (CHCl3) were detected using array-based gas sensors 

using hybrid composite films of polyvinyl butyrl (PVB), Fe2O3 and manganese dioxide 

(MnO2) by Arshak et al.124 The response of the sensors ΔR = {(Rgas – Rair)/Rgas} × 

100 (Rgas and Rair are the magnitude of resistances in the presence of target gas and air, 

respectively) was seen to increase with increasing gas vapor concentration and was found 

to be dependent on film compositions and the number of layers. The PVB containing 1.5 

wt % carbon black exhibited a response to CH3CH2OH (43.27%) and C6H5CH3 (19.43%) 

at 5000 ppm. In contrast, the response of a sensing layer comprised of Fe2O3/MnO2 to the 

same concentration of CH3CH2CH3OH and C6H5CH3 at room temperature was found to 

be 62.57% and 45.95%, respectively. Further, authors investigated the application of nickel 

oxide (NiO)/Fe2O3 (75/25, 50/50, and 25/75) and PVB nanocomposite films for gas sensor 

a p plications to detect CH 3 OH, CH 3 CH 2 OH, CH3CH2CH2OH, C6H5CH3, acetone 
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(CH3COCH3), and tetrahydrofuran (THF, C4H8O) at room temperature (25 °C).125 For each 

composition tested, the highest response was displayed for C6H5CH3 and CH3CH2OH. The 

fastest response and recovery times of each device were recorded after their exposure to 

4000 ppm of C6H5CH3 and CH3CH2OH at room temperature. Sensors fabricated using 

composition 75/25 M wt % of NiO to Fe2O3 showed response/recovery times of 30/45 s for 

CH3CH2OH and 40/48 s for C6H5CH3.

The detection of acetone (CH3COCH3) and C6H5CH3 at ppm level is achieved by covalent 

assembly of Ni and Pd metal nanoparticles on top of poly(3,4-ethylenedioxythiophene-

co-thiophene-3-acetic acid), poly(EDOT-co-TAA), films using 4-aminothiophenol linker 

molecules (Figure 9).126 These authors explained the effect of Ni/Pd-poly(EDOT-co-TAA) 

hybrid film thickness on the sensitivity to C6H5CH3 and CH3COCH3. The initial changes 

in resistance of Pd/poly(EDOT-co-TAA) and Ni/[poly(EDOT-co-TAA)] hybrid films (50 

nm) were at 10 ppm with a response time of 60 s to CH3COCH3 and at 2 ppm with 

a response time of 200 s to C6H5CH3, respectively. The observed enhanced performance 

was attributed to the improved interactions between precursors due to covalent binding. 

However, Pd/poly(EDOT-co-TAA) films were found to be selective for CH3COCH3, and 

Ni/poly(EDOT-co-TAA) films were shown to be selective for toluene. The observed sensing 

was thickness-dependent, and the optimized thickness of the sensor was estimated at ∼50 

nm.

A SAW gas sensor (Figure 10) based on nanocomposites of MWCNT with 

polyepichlorohydrin (PECH) and polyetherurethane (PEUT) as sensitive layers was 

investigated to detect octane (C8H18) and C6H5CH3. The effect of MWCNT concentration 

on the response of sensors has been studied.127 It was observed that the introduction of 

small percentages (∼1%) of MWCNT into the polymer increased the adsorption of toluene, 

but no change has been observed for C8H18 (Figure 10A). The fabricated sensor shows no 

response on exposure of nitrogen dioxide (NO2), ammonia (NH3), H2, or carbon monoxide 

(CO), confirming its selectivity. The detection limits of C8H18 and toluene were found to 

be 7.4 and 1.7 ppm, respectively (Figure 10B). The stability and repeatability of the sensor 

responses have been confirmed by testing the sensors periodically for 5 months.

Chloroform (CHCl3), one of the most widely used solvents, has been detected using 

quantum dot (QD) nanocomposite-based gas sensors. QDs of cadmium selenide/zinc sulfide 

(CdSe/ZnS) were added and encapsulated within polystyrene (PS)−polystyrene-co-maleic 

anhydride (PSMA); PS−PSMA polymer nanofibers using electrospinning techniques to 

fabricate nanocomposite sensing films to detect chloroform and THF.128 Change in electrical 

conductivity due to interactions between the QDs and the PSMA side-chains were used to 

detect organic solvents with a response time of less than 1 s and with high durability. The 

fabricated sensor exhibited a shelf life of 6 months and was found to be more sensitive 

to chloroform (0.001% to 0.99%) than to THF. Olive oil capped QDs of CdSe (∼6 nm) 

and poly(3-hexylthiophene) nanocomposite sensors have been used for selective detection 

of chloroform at room temperature.129 This nanocomposite sensor exhibited a linear range 

from 100 to 1200 ppm and a detection limit of 100 ppm. The sensor was found to be 

selective to chloroform vapors in comparison to VOCs such as toluene, propanol, and 

acetone with concentrations of 1000 ppm. The recovery time of the sensor improved from 
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8 to 4 min on illumination with monochromatic light (600 nm), due to photoinduced 

enhancement of charge transfer in the nanocomposite under the incident light.129 Sharma 

et al.130 reported Cu-PANI nanocomposite-based gas sensors for chloroform detection at 

the ppm level, wherein the response time in terms of increase in DC electric resistance 

on exposure to chloroform vapor was observed. In comparison to the pure PANI, the 

nanocomposite exhibited good, reversible response for a comparatively low concentration of 

chloroform (CHCl3, ∼100 ppm) with a relative sensitivity range of 1.5–3.5. This gas sensing 

mechanism mainly involves the adsorption−desorption of CHCl3 on a Cu nanocluster 

surface. Chemisorption of the analyte vapor induces charge redistribution in the metal 

nanoparticles and changes their work function. The conjugated linker molecule responds to 

the change in the work function of the embedded nanoparticles and reflects the changes in 

the electronic states of the underlying conducting polymer films, resulting in a measurable 

change in the resistance of the hybrid nanocomposite.

Ma et al.131 deposited nanocomposite thin films of PANI-TiO2 onto interdigitated 

carbon paste electrodes via a spin-coating and immersion method for detection of 

trimethylamine at room temperature. This nanocomposite film exhibited gas-sensitivity to 

trimethylamine [N(C2H5)3, 5.14 × 10−7 mol mL−1], which increases further by 3–5 orders 

of magnitude within 3 min and was selective to analogous gases. The sensing film exhibited 

reproducibility, stability, and easy recovery with high-purity N2 at room temperature. The 

nanocomposites of polysiloxanes containing 3-heptafluorobutanoyl camphorates of metal 

ions, e.g., Zn(II), Ni(II), and Eu(Ill), have been used by Hierlemann et al.132 as sensitive 

layers for thickness-shear mode resonators (TSMRs) for the monitoring of various VOCs. 

Sensing layers provided pronounced selectivity in detecting VOCs in the gas phase and 

in particular analytes containing heteroatoms, such as O and N. The selectivity resulted 

from coordinative binding between the electronically unsaturated metal complexes and the 

heteroatom-containing analytes. The detection of analyte in the concentration range 60–100 

ng L−1 or 20–40 ppb and a detection limit of 1 ng L−1 were achieved for p yr idin e ( C 5 H 5 

N) and n -bu tylamine (CH3CH2CH2CH2NH2). The drawback of long response and recovery 

times can perhaps be compensated by applying an evaluation method based on the response 

slope.

Wang et al.133 reported fabrication of nanocrystalline antimony-doped tin oxide (ATO ∼ 5 

nm) with an amphiphilic block copolymer [poly(ethylene-co-butylene)-block-poly-(ethylene 

oxide] template via the sol−gel method. It was found that polymers not only provide 

favorable sites for the growth of the particulate assemblies, but they also influence 

the formation process, including the nucleation, growth, coagulation and flocculation. 

Formaldehyde (HCHO, 10–50 ppm) gas sensing devices were fabricated using ATO 

nanoparticles on alumina tubes with Au electrodes and Pt wires, and showed quick response 

to HCHO gas (0 to 10%) at an operating temperature of 136 °C. This sensor exhibited 

a sensitivity coefficient of 3.44 and a low detection limit of 130 ppb. However, there is 

considerable scope to improve the sensing parameters of this sensor. To detect aldehydes 

at room temperature, Wang et al.134 explored ion-exchange reactions between PANI 

and MoO3 to prepare (CH3CH2CH3)-(PANI)xMoO3 nanocomposite films. The fabricated 

nanocomposite film exhibited an increase of 8% in electrical resistivity for 500 ppm 

formaldehyde and a change of 3.8% for 500 ppm acetaldehyde within 600 s at 30 °C. 
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However, no response was observed for toluene and xylene. Authors suggested that, in the 

nanocomposite, PANI amplified the signal and the analyte affected the charge conduction 

between the host and guest.

Itoh et al.135,136 explored layered organic−inorganic hybrid nanocomposite films of 

molybdenum oxide (MoO3) with poly(N-methylaniline) (PNMA), PANI, and poly(o-

anisidine) (PoANIS) formed by a modified intercalation process to investigate the effect 

of aldehyde such as HCHO and acetaldehyde (CH3CHO). The (PNMA)xMoO3 hybrid 

nanocomposite thin film exhibited increased resistivity (S = 2.8%) to approximately 1–10 

ppm for aldehyde gases with reproducibility. However, (PANI)xMoO3 and (PoANIS)xMoO3 

hybrid thin films exhibited enhanced response magnitude (S = 6%) as a function of 

resistance when exposed to HCHO and CH3CHO in the range of 25–400 ppb at 30 

°C.136 The obtained high sensitivity and low quantity detection using (PANI)xMoO3 and 

(PoANIS)xMoO3 nanocomposite-based sensors is due to the modified sensor fabrication 

approach used, which removes insoluble polymer content and enhances interlinking between 

polymer and MoO3 nanoparticles. Additionally, the sensitivity of the (PNMA)xMoO3 

hybrid thin film was found to be suitable and selective for CH3CHO. It was reported that 

(PNMA)xMoO3 hybrid composites possess interlayer spaces equal to the size of methyl 

group, which assist in adsorption of CH3CHO.135

Lu et al.137 fabricated a layer-by-layer nanocomposite film of PANI nanoparticles and 

multiwall carbon nanotubes (MWCNT) onto interdigitated electrodes for fabrication of 

stable chemiresistive sensors for CH3OH, CH3CH2OH, and C6H5CH3 detection with 

reproducible response upon chemical cycling. Double percolated conductive networks 

in PANI (1%)-MWCNT (0.005%) hybrids resulted in both higher sensitivity (relative 

amplitude ∼1.1%) and selectivity than other formulations, demonstrating a positive synergy. 

These features make them attractive for integration with electronic noses to balance the 

stability and sensitivity. The present report was mainly focused on the effect of precursor 

concentrations on sensing characteristics. Hence, efforts should be made to improve 

selectivity and sensitivity of this sensor.

Optical gas sensors based on Au-polyimide nanocomposite films fabricated by glow 

discharge vapor deposition polymerization for CH3OH and CH3CH2OH detection using 

the SPR technique have been reported by Fernandez et al.138 It was observed that a pure 

polyimide film does not show any absorption change in the presence of alcohol vapors, 

but good response was observed in the case of Au-polyimide (5 × 1016 Au+/cm2), which 

exhibited a dynamic optical absorption sensing response for CH3OH (6000 ppm) and 

CH3CH2OH ethanol (6000 ppm) in the spectral range corresponding to the SPR peak of 

the Au nanoparticles. The SPR technique has been found more suitable for gas sensing; 

however, limitations regarding the suitable film thickness for SPR excitation are yet to be 

overcome. The reported sensitivity is low and shows low selectivity. Nanocomposites of 

MoO3 and PPy have been prepared using the vapor polymerization technique for application 

to CH3CH2OH sensing.139 It was observed that at room temperature the MoO3−PPy 

composite exhibited an improved sensing response when compared to that of a MoO3 or 

PPy based system. The magnitude of the resistance of the composite was found to decrease 

with increasing concentration of CH3CH2OH (0.3%), and this was due to catalytic reaction 
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of CH3CH2OH on the MoO3 surface. A hybrid nanocomposite of PANI-silver (Ag, ∼15 nm) 

prepared using ultrasound-assisted in situ mini-emulsion polymerization has been used for 

ethanol sensing by recording changes in electrical conductivity.140 The sensing ability and 

response time of the PANI-Ag nanocomposite-based sensor was found to be dependent on 

addition of the Ag nanoparticles into the polymer matrix. This nanocomposite exhibited a 

detection range of 50–225 ppm, a response time of 2100 s, and a maximum response at 100 

ppm.

For CH3OH sensing, the layer-by-layer technique has been used by Kumar et al.141 

to fabricate conductive bionanocomposites of chitosan (CH)-CNT with good chemical 

and electrical properties. CH−CNT nanocomposites exhibited a chemical nanoswitching 

mechanism in promoting tunneling conduction. Using this bionanocomposite, the authors 

described the chemical and electronic behavior of the nanocomposite after diffusion of a 

gas molecule, resulting in enhanced tunneling conductance. This hybrid bionanocomposite-

based transducer showed high sensitivity toward water and CH3OH (0 to 100%) and 

showed low response to C6H5CH3. Athawale et al.142 prepared a PANI-palladium (Pd) 

nanocomposite using oxidative polymerization to fabricate a chemiresistive gas sensor to 

detect different aliphatic alcohol vapors such as CH3OH, CH3CH2OH, and isopropanol 

[(CH3)2CHOH]. Due to its high polarity, the fabricated sensor showed higher selectivity 

and sensitivity (8.9 × 105 Ω ppm−1) to CH3OH (10 ppm) vapors than that of CH3CH2OH 

and (CH3)2CHOH, which causes more efficient interaction on sensing surfaces. However, 

these sensors exhibited high response time (∼2 s) due to the competition arising between 

the different molecules adsorbed over the nanocomposite surface, wherein the presence 

of bulkier molecules resulted in a barrier diffusing toward the sensor, compared with the 

smaller CH3OH molecules. A flow-through sensor was designed by Han et al.143 Authors 

fabricated a SWCNT-poly(methyl methacrylate) (PMMA) nanofiber hybrid composite onto 

IDE using electrospinning techniques, which was used as a flexible sensing material to 

detect CH3OH (600–3500 ppm). Ag contacts printed on nanofiber structures using printing 

techniques were used for measurements. It was observed that this flexible flow-through 

sensor design shows 1 order of magnitude higher sensitivity than that of a nanofiber 

deposited on a conventional IDE (Figure 11).

A 3D sensing platform has been developed by Feller et al.144 via assembling MWCNT 

onto PMMA microbeads using spray-coated layer-by-layer (LBL) techniques to fabricate 

a chemiresistive VOC (CH3OH, H2O, C6H5CH3, and CHCl3) sensor.144 It was found that, 

in this hybrid nanocomposite, the system had an original hierarchical architecture with a 

segregated network of MWCNT bridging PMMA (Figure 12, inset A). The sensors showed 

an increase in resistance when exposed to vapor stream, i.e., with target gases adsorption, 

and also showed a decrease in resistance when exposed to dry nitrogen, i.e., desorption 

of analyte. This behavior was attributed to the fact that the diffusion of solvent molecules 

results in disconnection of the conducting network of CNTs, because the energy required 

for electron circulation by tunneling increases exponentially with the CNT-CNT junction 

gap. The MWCNT-PMMA hybrid nanocomposite exhibited selective response on exposure 

to CH3OH (Figure 12A). The effect of analyte concentration on MWCNT-PMMA response 

amplitude for CH3OH, H2O, C6H5CH3, and CHCl3 vapors were studied (Figure 12A), 

and the curves were fitted with the Langmuir−Henry clustering (LHC) electro-sorption 
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model described in the inset of Figure 12 B. The outcome of sensing results showed that 

the sensitivity of 3D assemblies of the MWCNT network increased by a factor of 2 and 

selectivity for CH3OH vapor by a factor of 5 relative to other VOCs. This sensor can be used 

as an “electronic nose”, which requires a balance between stability and sensitivity.

To detect 1-butanol, Lvova et al.145 utilized SWCNTs modified with porphyrin (Pr) 

hybrid composites as sensing materials in quartz microbalance (QMB) sensors with an 

integrated preconcentration unit. A CNT-Pr hybrid composite was fabricated following 

two different strategies (Figure 13). Two methodologies were adopted to prepare QCM 

sensing materials. First, the electropolymerization of pyrrole-substituted Pr monomers, 

wherein negatively charged carboxylic acid (COOH)-functionalized SWCNTs acted as a 

dopant. Second, SWCNT−Pr composites were synthesized chemically and then entrapped in 

PPy/SWCNT-COOH films. SWCNT-Pr was utilized both as the preconcentrator adsorbing 

phase and QMB coating f or sensitive detection of 1-butanol (CH3CH2CH2CH2OH), in 

concentrations close to the odor threshold. Five different QMB sensors were fabricated 

using preconcentration procedures to detect low concentrations of CH3CH2CH2CH2OH. 

QMB 1 (PPy/SWCNT-COOH), QMB 2 (PPy/PPy-Porph-2/SWCNT-COOH), and QMB 3 

(PPy/SWCNT-COOH/SWCNT-TPP) exhibited higher responses than QMB 4 (PPy-Porph-1/

ClO4) and QMB 5 (PPy-Porph-2/ClO4) due to the presence of SWCNTs (Figure 13). The 

results exhibited detection of 1-butanol from 46 to 500 ppb using the QMB 3 sensor.

4.2. Organic−Inorganic Hybrid Nanocomposites for Hydrochloric Acid (HCl) Detection

Hydrochloric acid (HCl) is known to be a level III hazardous air pollutant. HCl is the most 

commonly used acid in the semiconductor and chemical industries.146,147 It is excreted in 

incineration plants, chlorofluorocarbon (CFC) atmospheres, and accidental emissions. HCl 

is a source of the well-documented pollutants acid rain and dioxin, and has also been 

identified as a workplace hazard with a short-term exposure limit of 5 ppm. The toxic nature 

of HCl in both gaseous and aqueous forms has led to increased demand for detection of 

HCl at ppm levels.1 It is therefore essential to fabricate sensors to monitor the presence of 

HCl at site using a fast, user-friendly, safe, and economical method.146,147 Recently, there 

has been remarkable growth in the development of electro-active semiconducting polymer 

thin-film-based sensors for detection of HCl gas.

Nanocomposite polymeric combinations have been found to play an important role in the 

development of efficient sensors for detection of HCl and other hazardous gases. Jang 

et al.148 fabricated carbon nanofiber (CNF ∼50 nm)-PPy (∼22 nm) coaxial nanocables 

(∼75 nm) via one-step vapor deposition polymerization (VDP) to detect ammonia (NH3) 

and HCl. The PPy-coated CNF exhibited an enhanced response signal (from 1 to 3.5, 

estimated using ΔR/Ro) due to the presence of the thin and uniform conducting polymer 

layer. The observed response was found to be dependent on the PPy layer thickness. The 

electrical conductivity of the sensor was found to decrease upon NH3 exposure due to an 

increase in the fraction of neutral polymer chains through electron donation to oxidize the 

polymer chain. The conductivity increased after HCl exposure because Cl− ions embedded 

in the polymer backbone lead to the formation of polarons/bipolarons. The response of the 

PPy-coated CNF upon interaction with NH3 (10 ppm) and HCl (20 ppm) was reversible and 
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reproducible. However, there is scope to improve the selectivity, sensitivity, and detection 

limit of these materials. An optically transparent nanocomposite thin film of tetracationic 

porphyrin (TMPyP) and TiO2, fabricated using glancing-angle physical vapor deposition 

techniques, exhibited direct monitoring of HCl.149 The fabricated sensor had a recovery 

period of 300 s, a response time of 50.7 s, a detection limit (0.1 ppm), and a shelf life of 

30 days. The obtained detection of 0.1 ppm is remarkable; however, this fabricated sensor 

operates at 80 °C.

A selective, rapid and sensitive HCl gas sensor was fabricated by Mishra et al.82 using 

nanocomposites of copolymers of aniline and formaldehyde synthesized with a metal 

complex of Fe−Al (95:05) via thermal vacuum evaporation deposition techniques. This 

sensor detects HCl (0.2 to 20 ppm) within 8–10 s. These nanocrystalline composite films 

exhibited high sensitivity (400–800) and a response time of 10 s (Figure 14). During 

sensing, exposure of HCl reduces the barrier height at the metal−polymer interface, which 

increases the charge transport across the interface and enhances output current. The 

selectivity was achieved by suitable doping of PANI during synthesis (Figure 14). The 

sensor was reusable, as there was no chemical reaction between PANI film and the gas. 

Furthermore, the sensor operated at room temperature and possessed an extended lifetime.

4.3. Organic−Inorganic Hybrid Nanocomposites for Ammonia (NH3) Detection

Ammonia (NH3) is an important gas to be monitored when studying air pollution. High 

dosages of NH3 are easy for humans to detect due to the strong odor of the gas. However, 

small quantities need to be determined using highly sensitive and selective sensors. Some 

traces of NH3 found in drinkable water indicate decomposition of organic matter that may be 

harmful to human health.150 In contrast, farmers frequently use ammonia-based fertilizers, 

which at high doses alter the acidity of the soil, creating an ecological imbalance.151,152 

These factors have motivated researchers to expand their efforts for the development of a 

selective and sensitive gas sensor to monitor NH3 at room temperature.

Ammonia, along with VOCs, has been detected using an organic−inorganic hybrid 

nanocomposite based gas sensor. A hybrid nanocomposite of PANI and 3-mercapto-1-

propanesulfonate-functionalized Au nanoparticles has been prepared using a new and 

facile method based on osmosis. The PANI and Au NPs were dissolved together in 

dimethylformamide (DMF) in a dialysis bag and immersed in water.153 The nanocomposite 

has been tested for sensing of NH3 and other VOCs. The sensitivity toward H2O was 

0.00055% ppm−1, whereas it was 1.9% ppm−1 for NH3. The doped PANI-Au NPs 

nanocomposite shows a low detection limit of 10.8 ppm at room temperature. The NH3 

gas sensing properties of five PANI based materials were studied by Lobotka et al.: thick 

and thin PANI films, PANI-MWCNT and PANI-SWCNT nanocomposite films, and PANI 

nanogranules embedded in a polyvinylpyrrolidone matrix fabricated onto an Au integrated 

microelectrode.154 These sensing systems were tested for NH3, H2, ethanol, methanol, and 

acetone. It was observed that, at low concentration, PANI thin films (∼100 nm thick) showed 

sensitivity to NH3 below 0.5 ppm, which is higher than that of nanocomposite films. A 

nanocomposite thin film of PANI-TiO2 was fabricated via the self-assembly method by Tai 

et al.155 onto a silicon substrate covered with IDE for NH3 (23–141 ppm) and CO gas 
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sensing applications at 60 °C. The results have shown that the response, reproducibility, 

and stability of the PANI-TiO2 thin film to NH3 is superior than CO gas with a much 

smaller effect of humidity on the resistance of the PANI/TiO2 nanocomposite film. Further, 

sensing parameters of PANI-TiO2 nanocomposite thin films have revealed faster response 

(30 s) and recovery rates (40 s), with stabilities of 30 days. This may be due to the 

presence of TiO2 nanoparticles, which influence the morphology of the nanocomposite film, 

resulting in variation of the sensor response-recovery behavior. This group also fabricated 

hybrid nanocomposites of PANI with TiO2, SnO2, and indium oxide (In2O3) using the 

in situ self-assembly technique for NH3 sensing (23–141 ppm).156 The results of sensing 

studies showed that all PANI-based nanocomposite systems had faster response (2–3 s) and 

recovery (23–50 s) times with better reproducibility (4 cycles) and long-term stability (15 

days). The effect of humidity on the response of all these sensors was also investigated. 

However, PANI-TiO2 nanocomposite-based sensors showed optimum NH3 gas-sensing 

characteristics, due to the compatible energy band gap.

The NH3 sensors discussed above have limited selectivity and poor detection limits. To 

fabricate an efficient NH3 sensor, A PPy-SWCNT hybrid nanocomposite synthesized via 

chemical polymerization has been used to fabricate a sensitive NH3 gas sensor.157 These 

authors also studied the effect of film thickness, annealing temperature, and SWCNT 

concentration on the gas sensing characteristics of nanocomposite thin films. Sensors under 

optimized conditions exhibited a response of 26–276% upon NH3 exposure ranging from 10 

to 800 ppm, with response and recovery times of 22 and 38 s, respectively. Thermal dynamic 

refluxing and vapor-phase polymerization techniques have been used to encapsulate Pd 

nanoclusters with PPy to fabricate a nanocomposite film for rapid (14 s) NH3 sensing.158 

The optical, electrical, and gas sensing properties of a PPy-Pd nanocomposite system have 

been found to be dependent on the Pd nanoparticle size (15–35 nm), Pd concentration, 

reaction time, and the morphology of the nanocomposite film. The fabricated sensor 

exhibited a reversible and reproducible electrical signal with response and recovery times of 

14 and 148 s for 1000 ppm. The magnitude of sensor response was 13.9–58.9% for detection 

from 50 to 2000 ppm at room temperature. The obtained sensing characteristics were better 

than those of PPy-based NH3 sensors. The fabricated sensors were also tested for various 

VOCs and were found to be very selective.

Lim et al.159 investigated the electrical and NH3 gas sensing properties of PANI−SWNTs 

using temperature-dependent resistance and FET transfer characteristics. The sensing 

response due to the deprotonation of PANI was found to be positive for NH3 (25–200 

ppb) and negative to NO2 and H2S. This sensor exhibited sensitivities of 5.8% (NH3), 1.9% 

(NO2), and 3.6% (H2S) with lower detection limits of 50, 500, and 500 ppb, respectively. 

However, the poor selectivity of this fabricated sensor limits its further application. Jian 

et al.160 reported poly(3,4-ethylenedioxythiophene)/poly-(styrenesulfonate) (PEDOT/PSS) 

and O2 plasma-treated SWCNT nanocomposite films as materials of high gas sensing 

capability at the ppb level. The sensor has been prepared through dielectrophoretic assembly 

of nanostructured layers of PEDOT/PSS-(SWCNTs) on Au IDEs (Figure 15A,B). The π−π 
interactions and electrostatic attraction between PEDOT chains and the SWCNTs result 

in uniform dispersion of SWCNTs in the PEDOT matrix (Figure 15 C). This gas sensor 

showed stable and reversible response to NH3 in the range 2–300 ppm and trimethylamine 
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from 6 to 1000 ppb at room temperature (Figure 15D). The gas sensing properties were 

found to be dependent on the concentration and alignment of SWCNTs in the PEDOT 

matrix.

A 2D-ordered, large effective surface area, free-standing and patterned hybrid 

nanocomposite platform of PANI nanobowl-Au nanoparticles (15 nm) was self-assembled 

onto polystyrene (PS) spheres at the aqueous/air interface as a template and used for 

NH3 detection (0–1600 ppm) by Jiang et al.161 The sensor with a thickness of ∼100 nm 

exhibited a fast response time of 5 s with recovery time of 7 s at 100 ppm of NH3. 

A one-pot synthesis approach has been used to fabricate Au/CNT-PANI nanocomposites 

for online monitoring of NH3 gas.162 The fabricated Au/CNT-PANI nanocomposite-based 

sensors showed repeatability upon repeated exposure to NH3. The improved properties 

were attributed to fast charge transfer between the electron-donating molecule and CNTs, 

resulting in a change in conductivity of the system. The sensor exhibited a linear detection 

range from 200 ppb to 10 ppm, a mean sensitivity of 0.638 (at 25 ppm), a response time 

of 10 min, and a recovery time of 15 min. Zhang et al.163 prepared a camphorsulfonic 

acid (CSA)-doped PANI−SWCNT nanocomposite-based (diameter 17–25 nm) gas sensor 

using electropolymerization for the selective and sensitive detection of NH3. The sensor was 

fabricated using electropolymerization for 2 min. However, the sensor-to-sensor variability 

was found to be ∼±30% due to batch-to-batch processing. This sensor showed humidity-

independent NH3 sensing responses ranging from 10 to 80 ppb, while the relatively high 

sensitivity of the sensor to NH3 concentrations of 400 ppm was demonstrated. The obtained 

high sensitivity is due to the coordinating roles of the nitrogen atoms of NH3 gas and the 

nanocomposite and the deprotonation/protonation process due to the adsorption–desorption 

of NH3. The selectivity of the sensor was studied using 1 ppm of NO2, 3000 ppm of H2O, 

and 1 ppm of H2S. The resistance of SWCNTs increases upon H2O adsorption, because 

H2O molecules donate electrons to hole charge carriers of p-type SWCNTs. Contrary to 

SWCNTs, the resistance of CSA-doped PANI films decreased upon exposure to H2O, 

which was explained by the proton exchange-assisted conduction of electrons mechanism. 

Thus, the opposite electrical responses of SWCNTs and PANI(CSA) toward H2O made 

it possible to eliminate the effect of RH by having just the right balance of PANI(CSA) 

functionalization. These researchers demonstrated that the effect of cross-interference can 

be eliminated by accurate control of precursor concentration. Such novel nanoengineered 

sensing materials are capable of overcoming the shortcomings of conventional sensors.

A highly sensitive (at ppt level) NH3 sensor was fabricated by Gong et al.164 P-type 

conductive PANI nanograins were prepared onto an electrospun n-type semiconductive 

TiO2 fiber surface (Figure 16). The structure resulted in two p−n junctions at PANI/TiO2 

interfaces. The forward resistance R1 and bulk resistance R2 are very small compared to 

the reverse resistance R3. Due to the fact that PANI is much more conductive than the TiO2 

microfiber, the current flows preferably through the conductive PANI particle, when the 

electric field applied to the reverse bias of the p−n junction is higher than the breakdown 

voltage. When exposed to NH3, the bulk resistance of the PANI, R2, increases due to its 

dedoping, and the current flows solely through the TiO2 microfibers rather than the PANI 

nanograins. Therefore, the I−V response changes from nonohmic to ohmic after exposure 

to NH3. The resistance of the p-n heterojunctions combined with the bulk resistance of 
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the PANI nanograins can function as electric current switches when NH3 gas is absorbed 

by PANI nanoparticles. As a result, the sensor sensitivity can be significantly improved. 

The detection of 50 ppt of NH3 gas in air were observed with a sensitivity of 0.004. The 

repeatability and recovery of the sensor was tested using 10 ppb of NH3. However, the 

selectivity of this sensor was not tested, and the observed sensitivity was very low.

4.4. Organic−Inorganic Hybrid Nanocomposites for Hydrogen Disulfide (H2S) Detection

Hydrogen sulfide (H2S) is a hazardous toxic gas. At low concentrations, it can lead to 

personal distress, whereas in a concentration higher than 250 ppm, it may result in loss 

of consciousness, permanent brain damage, and may cause death. Although a number of 

techniques have been reported for the estimation of H2S concentrations, new advanced 

techniques with high sensitivity, fast response, easy operation, and low cost are still 

desirable.165

Geng et al.166 prepared PPy/γ-Fe2O3 nanocomposites for NH3 and H2S gas sensing. It 

was found that the PPy exhibited maximum sensitivity of 48.5 for NH3 and 31.4 for H2S 

at room temperature. However, a PPy/γ-Fe2O3 hybrid nanocomposite annealed at 150 °C 

showed a maximum sensitivity of 68 for NH3 and of 406.8 for H2S, whereas PPy exhibited 

decreased gas sensitivity at this temperature. The results revealed that PPy/γ-Fe2O3 had 

higher sensitivity and stability than that of PPy, and the working temperature was lower 

than that of γ-Fe2O3. Furthermore, PPy/γ-Fe2O3 showed superior properties to those of 

pure PPy and r-Fe2O3. A CSA-doped PANI-CdS nanocomposite prepared using chemical 

polymerization was used for the selective detection of H2S (10–100 ppm). This sensor 

exhibited a maximum response of 76% at 100 ppm and 97.34% stability after 10 days for 

40% doping of CSA in the PANI-CdS nanocomposite. The CSA-PANI-CdS sensor exhibited 

negligible response (2–5%) to NO2, CH3OH, C2H5OH, and NH3. Unfortunately, however, 

this sensor possesses a high recovery time of ∼205–413 s.167

Due to the fact that PPy and oxide nanoparticles have lower conductivity, Shirsat et 

al.168 used metal nanoparticles to decorate synthesized polymer nanowires to achieve 

higher conductivity and higher sensing surface area. To prepare hybrid networks, PANI 

nanowires bridging the 3 μm gap between two Au IDEs were synthesized using a two-step 

galvanostatic electrochemical polymerization technique. These nanowire networks were then 

functionalized by controlled growth of Au nanoparticles of size ∼70–120 nm.168 The PANI-

based sensor exhibited a detection limit of ∼500 ppm due to lower conductivity. However, 

a PANI-Au nanocomposite chemiresistive sensor exhibited an enhanced detection range of 

0.1–100 ppb and a detection limit of 0.1 ppb with good selectivity and reproducibility. The 

improved sensing response has been ascribed to the formation of AuS by the reaction H2S + 

Au → AuS + H2+ and enhanced doping of PANI. The electron transfer from PANI (donor) 

to Au (acceptor) increases the conduction of PANI (Figure 17).

4.5. Organic−Inorganic Hybrid Nanocomposites for Detection of Nitrogen Oxides (NOx)

As a result of industrialization, harmful gases such as nitrogen oxides (NOx), carbon 

monoxide, and hydrocarbons are of serious concern because of increasing atmospheric 

pollution and increasing automobile density. The monitoring of these gases is important 
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in order to control their emission from automobiles and industrial plants. NOx is evolved 

during the formation of ground-level ozone in the atmosphere, contributes to acid rain, 

and is an active ingredient in global warming.52,169 It is also involved in various nitration 

processes with biomolecules, causing certain forms of cancer and other diseases. Among 

several oxides of nitrogen present in air, NO and NO2 are considered the most harmful in 

terms of both health risk and environmental damage. NO2 is produced together with NO 

by oxidation of nitrogenous compounds in fuel combustion.169 A NOx sensor that can be 

attached to the exhaust systems of automobiles could play an important role in monitoring 

the level of NOx.170,171 Therefore, there is an urgent need for efficient sensors to detect NOx 

in the ambient environment.

Kaushik et al.52 and Prakash et al.172 used WO3−PANI and hemin/ZnO-PPy nanocomposite 

thin film sensors, respectively, to detect NOx gases. The NOx gas sensing characteristics 

of the sensors were studied by measuring the change in resistance with respect to 

time. The studies suggested that hemin/ZnO-PPy/Pt electrodes exhibited 3-fold-enhanced 

electrochemical activity toward detection of NOx compared to hemin/PPy/Pt electrodes. 

This sensor exhibited a linear range of 0.8–2000 μM, a sensitivity of 0.04 μM−1, and a 

detection limit of 0.8 μM at room temperature. Geng et al.173 reported the application of 

PPy-ZnO nanocomposites for the sensing of toxic gases such as NH3, H2S, and NOx at 

different operating temperatures (30, 60, and 90 °C) at gas concentrations of 1000, 1500, and 

2000 ppm. PPy-ZnO nanocomposites showed superior selectivity and reversibility to NOx 

compared to PPy. Furthermore, the working temperature of the PPy-ZnO composites was 

much lower than the reported working temperature of ZnO (350–450 °C). PPy-ZnO (10%) 

showed the maximum sensitivity to NOx in identical experimental conditions.

The nanocomposites discussed above were prepared by mechanical mixing, which leads 

to inferior attachment and interaction at the interface. Xu et al.174 used in situ chemical 

oxidative polymerization methods to fabricate a SnO2 hollow sphere (20%)-polythiophene 

hybrid composite system for NO2 sensing (10–200 ppm). It was observed that a strong 

synergetic interaction existed between the SnO2 hollow spheres and polythiophene, resulting 

in higher sensitivity with good thermal stability. This gas sensing system showed enhanced 

sensor response (S = 6), selectivity and a short response time (2 min), but a longer recovery 

time (∼24 h) at a working temperature of 90 °C. These results were attributed to the high 

surface area of the hybrids and the p-n heterojunction formed between p-type polythiophene 

and n-type SnO2 hollow spheres. Sadek et al.175 used the highly sensitive SAW technique to 

fabricate sensors for the detection of toxic gases. Nanofibers of PANI/indium oxide (InO3) 

composites were deposited onto a layered ZnO/64° YX LiNbO3 SAW transducer. This 

sensor was tested to detect H2 (1.1% in 30 s), NO2 (500 ppm in 24 s), and CO (2.12 ppm in 

30 s) gases at 11, 2, and 2.5 kHz, respectively.175 The observed reproducibility was 1.12% 

for H2, 125 ppm for CO, and 510 ppb for NO2. The sensor exhibited repeatability for H2 

and CO. However, repeatability at higher concentrations of NO2 is presently an issue due to 

nanocomposite poisoning.

The deposition of in situ self-assembled LBL (layer-by-layer) films has been adopted 

by Ram et al.110 LBL assembly, based on electrostatic or molecular forces, is a unique 

approach for the formation of molecular architectures by adsorption of consecutively 
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alternating polyelectrolytes. The most substantial advantage of LBL is the accurately 

controlled layer thickness, wherein the macroscopic properties of the molecular film can 

be controlled by the size of the microscopic structure of the repeat unit. Ultrathin films 

of polyhexylthiophene (PHTh), regioregular PHTh (RRPHTh), (PEDOT), PHTh−PEDOT 

copolymer, sulfonated PANI, PANI−SnO2, PPy−SnO2, PEDOT-SnO2, PHTh−SnO2, and 

copolymer (HTh-PEDOT)−SnO2 were deposited using layer-by-layer self-assembly for 

NO2 gas sensing (Figure 18). The results of these studies suggest that the PHTh and its 

nanocomposite (6 layered films) provide good platforms for NO2 recognition (10–800 ppb). 

These nanocomposites were also studied for selectivity by exposing these films to two or 

more gases at the same time. Among these, the RRPHTh-SnO2 nanocomposite-based sensor 

was found to be the most suitable platform for NO2 gas sensing applications due to its 

excellent change in conductivity (ΔR changes from 0 to 120 KΩ at 200 ppm) at room 

temperature.

The sensing response of the nanocomposite can be enhanced by increasing the conductivity, 

which can be achieved by (i) replacing oxide nanostructures with metallic nanostructures 

of better conductivity, or (ii) doping of polymer or oxide nanostructures. Fabrication of 

a PANI/Au/Nafion hybrid nanocomposite film using the CV technique and its application 

to amperometric NO2 gas detection was reported by Doet al.176 NO2 diffusion into a 

porous polymer resulted in reduction of mass transfer resistance with increment in cathodic 

reduction of NO2. The sensor exhibited a sensitivity of 3.04 μA ppm−1 with a switching 

effect for 0 and 100 ppm concentrations. It was observed that nanocomposites with higher 

effective surface area and electrochemical activity could be obtained using electrochemical 

techniques. Hohercakova et al.177 prepared Au-PVC nanocomposite electrodes by dispersing 

Au nanoparticles in a highly plasticized PVC matrix containing a hydrophobic electrolyte, 

for application to solid-state electrochemical NO2 sensors. The fabricated Au-PVC 

nanocomposite electrode, in an array of microelectrodes, exhibited a high catalytic activity. 

The fabricated sensor showed a linear detection in the 0.6–2.6 ppm (v/v) range with a 

sensitivity of 400 nA ppm−1, a detection limit of 50 ppb, and a response time of 50 s. The 

obtained sensing performance was better than that of the Nafion-only NO2 sensor.

Cha et al.109 fabricated an amperometric sensor for direct real-time detection of NO 

produced by cells cultured within the microdevices. The electrochemically deposited Au-

hexacyanoferrate layer on the ITO substrate was used to catalyze NO oxidation to nitrite at 

lower applied potential (0.65–0.75 vs Ag/AgCl) and to obtain a stable current output. The 

stepwise fabrication of gas sensing architecture is shown in Figure 19A.109 Furthermore, 

use of a gas-permeable membrane to separate internal sensor compartments from the sample 

phase imparts NO selectivity over common interfering agents present in culture media and 

biological fluids, such as ascorbate, NH3, etc. (Figure 19B). This reversible amperometric 

sensor exhibited a linear range of 0–250 nM, a detection limit of ∼1 nM (in stirred buffer), a 

sensitivity of ∼10 pA/nM, and stability of 4 weeks. The amperometric response studies as a 

function of NO concentration were performed using a flow rate of 50 μL min−1 at 350, 100, 

200, and 40 nM of NO (Figure 19C).109 This sensor has applications in mechanistic studies 

and drug testing.
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Nguyen et al.178 prepared an interpenetrated network of MWCNT-poly(1,5-DAN) on IDE 

for NO2 sensing (Figure 20). The MWCNT dispersed in Nafion was drop-coated onto Pt-

IDE, followed by electro-polymerization of poly(1,5-DAN). Three interpenetrated networks 

of MWCNT-poly(1,5-DAN) were obtained by operating the electrochemical process voltage 

between 0.1 and 0.95 V at a scan rate of 50 mV s−1 for 5, 10, and 15 cycles. Under 

NO2 exposure, the polymerized MWCNT network showed large resistance change while the 

non-polymerized MWCNT network showed no significant change.

The gas sensing mechanism has been attributed to the removal of unoccupied electrons from 

the NH2 groups in the poly(1,5-DAN) backbone by NO2 gas molecules. The removal of 

electrons induces the formation of NO − ions and polarons on the polymer which in turn 

leads to the formation of new double bonds in neighboring positions. The formation of 

polarons and bipolarons assist charge migration across the backbone, resulting in decreased 

resistance. It was observed that the sensitivity and selectivity improves with an increase 

in polymer film thickness, but the response and recovery time is better for films of lower 

thickness. The observed drawback in this work is that the resistance change did not recover 

fully in the observed recovery time period. Thus, more efforts are required to obtain 

improved response-recovery times.

4.6. Organic−Inorganic Hybrid Nanocomposites for Carbon Dioxide (CO2) Detection

Detection of carbon dioxide (CO2) concentration has been recognized as very important 

to preserve a clean environment in an airtight room to control agricultural and biological 

processes.179,180 In this context, infrared spectroscopic and gas chromatographic techniques 

have been found to be unsuitable because the available apparatus is expensive and large in 

size. Hence, a number of simplified CO2 sensors have been proposed that permit the routine 

measurement of CO2 gas. The principle of CO2 sensing depends mainly on the basis of the 

change in the electrical response of sensing materials as a function of CO2 concentration; 

e.g., the electromotive force and capacitance were measured in electrolyte and capacitance 

type CO2 sensors, respectively.181

Kim et al.182 studied the gas-sensing properties of organic–inorganic hybrids of 

poly(amide-6-β-ethylene oxide) (PEBAX) and silica (SiO2) prepared via in situ 

polymerization of tetraethoxysilane (TEOS) using sol−gel processes. Gas permeation 

measurements were conducted at various temperatures with helium, CO2, O2, and N2. The 

activation energy of CO2 and its permeation through the hybrid membranes was found to be 

decreased due to the large contribution of the heat of sorption, while that of N2 increased 

resulting from the increase of tortuosity and restricted chain mobility. This was attributed to 

the strong interaction between CO2 molecules and SiO2 domains, which resulted in blocking 

of additional sorption sites of the polyamide in PEBAX and the organic/inorganic interface. 

The PEBAX-SiO2 composite membrane exhibited higher gas permeability coefficients and 

permselectivity than those of PEBAX, particularly at an elevated temperature: αCO2/N2 = 

72 at 25 °C with PCO2 = 205 bar and αCO2/N2 = 44 at 85 °C with PCO2 = 507 bar for 

P8S2. There is considerable scope to prepare organic−inorganic hybrid nanocomposites for 

application to rapid, sensitive, and selective detection of CO2.
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Moreover, organic−inorganic hybrid nanocomposites were used to separate CO2 from gas 

mixtures for practical applications.183,184 A membrane of a metal−organic framework 

consisting of copper 1,4-benzenedicarboxylate based on a bottom-up approach was prepared 

to separate CO2 from CO2/CH4 gas mixtures (Figure 21).183 A free-standing membrane 

of polysilsesquioxanes (PSSQs), an organic/inorganic hybrid, was also developed for gas 

separation (He, H, CO2, O2, N2, and CH4) applications.184 These membranes were found to 

show maximum permeability for CO2 only.

4.7. Organic−Inorganic Hybrid Nanocomposites for Carbon Monoxide (CO) Detection

Carbon monoxide (CO) is a colorless, odorless, and tasteless gas that can inhibit the 

transportation of oxygen in human blood. CO is one of the most common and dangerous 

pollutants present in the environment due to its emission from automated vehicles, aircraft, 

natural gas emission, industrial waste, sewage leaking, mines, etc.185 Its deleterious effect on 

human life is well-known.186 When the level of CO rises beyond the minimum level in the 

environment, it becomes life-threatening and hazardous.4 It is thus essential to continuously 

monitor the CO level in the surroundings and places of work in real time.

The currently available techniques such as gas chromatography, chemical analysis, 

infrared absorption, electronic noses, and semiconducting oxides, which depend upon 

sample drawing and analysis using light sources, laser beams, etc. are sophisticated, 

time-consuming, temperature dependent, and expensive. Recently, several selective, cost-

effective, and stable gas sensors using nanocomposites have been reported for CO detection. 

For CO sensing (7.8 to 1000 ppm), Densakulprasert et al.187 measured the electrical 

conductivity of PANI-zeolite nanocomposites as a function of precursor concentration, 

pore size, and the ion exchange capacity of zeolite. The highest electrical conductivities 

and sensitivities were obtained with the 13X zeolite, followed by the Y zeolite, and the 

AlMCM41 zeolite. Zeolite AlMCM41 exhibited poor sensitivity due to large pore size and 

the lowest Cu2+ exchange capacity. Y zeolite and 13X zeolite, however, are known to 

have similar pore sizes; however, the latter has a greater pore free volume and appropriate 

location distribution of the Cu2+ ions. The observed response time was found to increase 

with the amount of zeolite in the composites but was inversely related to the amount of 

ion-exchange capacity. A stable resonance of +C≡ O− with the positive charge at the carbon 

atom withdraws a lone pair of electrons at the amine nitrogen: −NH−. The positive charge 

at the carbon atom then becomes neutral, and the amine nitrogen then possesses a positive 

charge and becomes a polaron −NH•+−. This amine-to-polaron conversion results in a net 

increase of the number of positive charge carriers and, therefore, an increase in conductivity.

Ram et al.188 and Jin et al.189 have reported improved lower detection limits of 1.7 and 

1 ppm for CO, respectively. PANI-MWCNT-based nanocomposites have been used to 

fabricate an electrochemical gas sensor for CO detection. This sensor works on the basis 

of bifunctional catalysis and shows enhanced catalytic oxidation and reduction of CO. 

The observed results revealed detection of CO in the linear range 0.01 to 0.7 mM (Pt/PAN-

MWCNTs/WGE) and 10–50 μM (Pt−Ni/PAN-MWCNTs/WGE), respectively, along with a 

detection limit of 1.7 ppm and 0.1 mM at a scan rate of 50 mV s−1. A response time of 90 

s was observed (Figure 22).189 The ultrathin conducting PANI-SnO2 and PANI-TiO2 hybrid 
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nanocomposite films were deposited onto interdigitated electrodes for CO gas (0–1000 

ppm) detection, as a function of resistivity change at room temperature. The sensor showed 

response and recovery times of 20 and 250 s, respectively, at 1 ppm of CO gas.

The rapid and selective detection of CO at ppb level was reported by Mishra et al.81 

using vacuum-deposited PANI-Fe:Al (80:20) nanocomposite thin films. Using these sensors, 

CO could be detected in the range 0.006 to 0.3 ppm at room temperature. These sensors 

showed very high sensitivity of the order of 400–600, and response times of 10 s at 

room temperature. During sensing, CO gas resulted in a reduction of the barrier height at 

the intercrystallite grain boundary, thus lowering the intercrystallite barrier and increasing 

the current flow through the sensor. Figure 23 shows the gas sensing behavior of hybrid 

nanocomposite materials upon exposure to CO gas concentrations. The increase in current 

output of the sensor was directly proportional to the amount of the exposed gas on the sensor 

surface. It was observed that vacuum-deposited PANI-Fe:Al thin film sensors were suitable 

for online detection and continuous monitoring of CO.

5. ORGANIC−INORGANIC HYBRID NANOCOMPOSITES FOR HUMIDITY 

DETECTION

Next to temperature, humidity is the second most important parameter to monitor in 

industry. Humidity monitoring is of paramount importance in a number of areas, such 

as in moisture-sensitive products, storage areas, computer rooms, hospitals, museums, 

libraries, high-voltage engineering, and accelerator systems.190,191 Recently, there has been 

a considerable increase in demand for humidity control in various fields, such as air 

conditioning systems, electronic devices, the tire industry, the sugar industry, and drying 

processes for ceramics/food. Moreover, the monitoring of humidity is also important for 

the fabrication of highly sophisticated integrated circuits (semiconductor industry).192 A 

large number of nanostructures ranging from ceramics, semiconductors, and polymer hybrid 

nanocomposites have been utilized for humidity detection.

Humidity is the most ubiquitous interferent in any realistic environmental sensing situation. 

Most sensing reports only describe the sensing of gases in the absence of water and likewise, 

sensing of humidity is done in the absence of any other potentially interfering species. 

Recently, efforts have been made to prepare gas sensors that will remain unaffected by 

humidity193,194 or only selective to humidity, i.e., that remain unaffected by other gases.195 

However, more extensive efforts are required to address this issue. The potential of organic–

inorganic hybrid nanocomposites to fabricate humidity sensors is discussed here.

Tandon et al.196 fabricated conductive nanocomposites of PPy−Fe3O4 using an emulsion 

polymerization method in aqueous solution, for use as gas sensors. This nanocomposite 

exhibited fairly high sensitivity (980) to relative humidity (80%) and some commonly used 

gases (N2, O2, and CO2). The sensitivity of PPy-Fe3O4 gas sensors increases almost linearly, 

but the rise is steeper for CO2 gas, due to the smaller kinetic diameter (0.33 nm) of the 

CO2 molecule in comparison to 0.345 nm for O2 and 0.364 nm for N2. The fabricated 

sensor exhibited a response time of 10–15 s and a recovery time of ∼25 s. However, this 

sensor was not found to be selective. Power et al.197 fabricated a poly(vinyl alcohol)−Ag 
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nanoparticle (∼22 nm) nanocomposite onto Pt-IDE and utilized it as a sensor to detect 

humidity selectively. At constant potential, the fabricated nanocomposite exhibited a change 

in current as a function of %RH from 10% to 60%. The sensor was found to be reversible, 

selective, and rapid. The authors also proposed the sensor response mechanism, and it 

correlated well with a second-order Langmuir adsorption model using second-order S = S/Ss 

(KbC/1 + KbC), where Ss is relative signal at saturation, Kb is the binding constant, and C is 

the relative %RH.

Since the chemistry of polymers influences the sensing mechanism, further research 

focused on tailoring materials with good sensitivity, detection range and detection limits 

is likely to be very beneficial for device applications. Su et al.198 described fabrication 

of a hybrid nanocomposite thin film of PPy-TiO2 onto an Al substrate using the in situ 

electrochemical polymerization technique for humidity detection. The sensing behavior 

and its related mechanism were investigated by measuring the activation energy and by 

impedance spectroscopy. PPy-TiO2 hybrid nanocomposite (TiO2 nanoparticles ∼0.0012 g) 

thin-film-based sensors (at 15 to 35 °C) exhibited lower hysteresis, sensitivity and good 

linearity (Y = −0.306X + 0.84; R2 = 0.94) with response and recovery times of 20 and 40 

s, respectively. The sensing characteristics of this sensor were improved by adding poly[3-

(methacrylamino)propyl]-trimethylammonium chloride (PMAPTAC) to a PPy-TiO2 (0.048 

g) nanocomposite using photopolymerization. Enhanced flexibility, sensitivity, linearity (Y 
= −0.0665X + 9.57; R2 = 0.997), hysteresis, a fast response time, a shorter recovery time, 

and a smaller temperature effect between 15 and 30 °C were obtained.199 The gas sensing 

performance of PMAPTAC-PPy-TiO2 nanocomposite films was not affected by CO and 

CO2 gases.

Humidity sensing properties of poly(o-anisidine)-WO3 (POA/WO3) nanocomposite sensors 

as a function of resistance versus relative humidity and humidity hysteresis was explored 

by Patil et al.200 The humidity sensing properties of the POA were also studied for 

comparison. Parvatikar et al.201 prepared WO3 nanoparticle-based hybrid nanocomposites 

with PANI for humidity sensing. Patil et al. prepared nanocomposites by mechanical mixing, 

whereas Parvatikar et al. used the “in situ” deposition technique by placing fine-grade WO3 

nanoparticles in a polymerization mixture of aniline. It was observed that the composite 

prepared by mechanical mixing of 30 wt % WO3 in POA showed the maximum response 

factor of 353 at 85% RH, with narrow hysteresis (6%). The nanocomposites prepared 

by the in situ method showed better sensing performance. High-temperature conductivity 

measurements showed thermally activated behavior with a change in resistance with respect 

to % RH. The almost linear response (10 to 95% RH) of the PANI-WO3 nanocomposite 

(50 wt % of WO3 in PANI) to a broad range of humidity conditions suggested it to be 

an interesting and competent material for use as a humidity sensor. The superior sensing 

performance of in situ-prepared nanocomposites over mechanically mixed nanocomposites 

can be understood in the terms of improved interaction at the interface between inorganic 

nanoparticles and polymers. The improved interaction at the interface perhaps results in easy 

and efficient charge transfer and better sensing performance of the nanocomposites.

The impedance spectroscopy technique has been used to investigate humidity sensing 

and electrical properties of SiO2 and poly[3-(methacrylamino)propyl]trimethylammonium 
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chloride (poly-MAPTAC)-based nanocomposite sensors.202 A sensor based on a SiO2-

poly-MAPTAC nanocomposite film showed satisfactory resistance at high humidity 

atmospheres ∼97% RH with high sensitivity (three orders), better linearity over a wide 

humidity range (10–90% RH), negligible hysteresis, and response and recovery time 

(humidification: 60 s, desiccation: 120 s). The activation energy for conduction reduced 

with water adsorption. Further, different response mechanisms of SiO2-poly-MAPTAC 

nanocomposite sensors were suggested at low and high relative humidity. Highly electro-

active CNTs were incorporated into polydimethyldiallylammonium chloride (PDDA) to 

fabricate nanocomposite films between IDEs on a Si/SiO2 substrate using the layer-by-layer 

self-assembly technique.203 The resistance of CNT-PDDA nanocomposite films was found 

to increase exponentially with an increase in humidity (RH ∼ 20%–98%). In sensing, CNT 

junctions played an important role in the overall resistance change for water molecule 

absorption. The sensor exhibited a high sensitivity of 80%, a fast response time of 8 s, 

and good reversibility (5 cycles). Another impedance-based humidity sensor was reported 

by Li et al.204 using nanocomposite thin films of sodium polystyrenesulfonate (NaPSS) 

and ZnO nanoparticles. The impedance response (as a function of humidity concentration) 

of the sensor was found to increase by 4 orders of magnitude, over a humidity range of 

11–97% RH. The NaPSS-ZnO nanocomposite sensors exhibited sensitivity (2–90% RH), 

better linearity, low hysteresis (∼2% RH), and a quicker response (2 s for absorption and 

desorption) than the NaPSS-based sensor. It has been proposed that the improved sensing 

properties were due to the addition of ZnO nanoparticles to NaPSS.

An optical-fiber-based humidity sensor containing Ag (diameter ∼15 nm)-PANI 

nanocomposite has been fabricated onto optical fiber clad (length ∼6 mm) using evanescent 

wave absorption spectroscopy and tested in the range of 5–95% RH.205 It was observed 

that reduction of the Ag nanoparticle size leads to improved sensitivity and response time. 

The fabricated sensor exhibited reversible response with a standard deviation of 1% and 

response time of ∼30 s with a high recovery time of 90 s. This report focused on the 

effect of Ag nanoparticle concentration in nanocomposites for sensing phenomena. Liu et 

al.206 and Timm et al.207 used IDEs to fabricate sensors of lower dimensions with enhanced 

sensing performance. Liu et al.206 deposited MW/SWCNT-PDDA hybrid nanocomposite 

films onto IDE/Si/SiO2 substrates by the layer-by-layer self-assembly technique for the 

sensing of humidity (20–98%). The resistance stability of composite films was found to be 

improved by thermal annealing. The resistance of composite films increased exponentially 

with increases in humidity. The sensitivity [S = (ΔR/R20%) × 100] was improved with the 

increase in the number of layers in the sensor (8 layers). An eight-layered MWCNT-PDDA 

humidity sensor exhibited a response time of 8 s and a recovery time of 35 s, while in the 

case of a SWCNT-PDDA sensor, the observed response and recovery times were 8 and 40 

s, respectively. A MWCNT-modified sensor showed better sensitivity than SWCNT-based 

sensors in higher RH ranges (80%). The humidity sensing in CNT-PDDA composite films 

has been attributed to the junction resistance of CNTs. The sensors were reversible, and 

temperature was observed to affect the sensitivity of CNT-PDDA composite film humidity 

sensors.

A nanocomposite film of meso(3/4-pyridyl)porphyrinate Co(III) species coordinated to four 

[Ru(bipy)2Cl]+ complexes and vanadium pentoxide (V2O5) was deposited onto an Au IDE 
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(Figure 24).207 This nanocomposite exhibited interesting electrical and electrochemical 

properties for application to resistive sensors for humidity detection at room temperature. 

The sensitivity of the fabricated sensor decreased exponentially as a function of water 

concentration in the ethanol/water system. The sensing phenomenon is based on reversible 

adsorption/desorption processes involving a defined number of interaction sites, according 

to the Langmuir equation. These devices were found to be more sensitive toward a lower 

concentration range (0–10%, v/v) of humidity and allowed quantification of the water 

content in commercial anhydrous ethanol and hydrated ethanol used as fuel (Figure 24 D). 

The improved sensing properties have been attributed to the use of IDE in fabrication of 

sensors. The use of IDE enhances the collection or transfer of charges to the electrode due to 

the smaller gap between the successive electrodes.

6. CHALLENGES IN ORGANIC−INORGNIC HYBRID NANOCOMPOSITE-

BASED GAS SENSING

The applications of organic−inorganic hybrid nanocomposites for environmental monitoring 

require urgent solutions related to materials processing science and sensor fabrication. 

Inorganic nanoparticles have a tendency to become agglomerated in solvents, which 

decreases the effective surface area. This shortcoming can be overcome using different 

surfactants to modify the surface of nanoparticles for uniform dispersion. Another approach 

is to use nanostructures with aspect ratios higher than unity, as the agglomeration is 

reduced in these nanostructures in comparison to spherical nanoparticles. For the fabrication 

of an efficient sensor, organic−inorganic hybrid nanocomposites need to be deposited 

or transferred onto an electronically conducting substrate. The challenge is to improve 

binding of nanocomposites with electrode/conducting platforms and the tuning of energy 

barrier at the interface for facile charge transport that is required for improved sensing. 

Depending upon the nature of the electrode and hybrid nanocomposite, various electrode 

treatments (such as hydrogen/nitrogen/plasma treatment, higher temperature annealing, 

self-assembled monolayer modification, etc.) have been introduced for efficient sensor 

platform development. These treatments are likely to result in better attachment of hybrid 

nanocomposite films to electrodes, along with the lowering of the energy barrier (reduction 

in the depletion region).

Gas detection at the ppt level requires good analyte adsorption at the nanocomposite sensing 

surface that can be achieved by developing a better sensing nanomaterial for a given target 

analyte. The charge carriers generated by the adsorption of the target gas analyte should 

migrate easily and be collected at the electrode. Due to the low conductivity of organic 

materials in nanocomposites, fewer charge carriers reach the electrodes. This can perhaps 

be resolved by doping a suitable dopant (mainly surfactant and metal nanostructures, e.g. 

graphene, Pt, Ni, Au, Ag, etc.) that may improve the charge migration toward electrodes. 

Another approach adopted by many researchers is to perhaps deposit the nanocomposite 

sensing thin film onto IDEs (comb like microstructures). These successive electrodes in 

IDEs are separated by a spacing of a few microns, which may enhance the collection 

of charge, resulting in better sensing performance. With fast-advancing engineering and 

technology, it is now possible to fabricate IDEs with electrode interspacing in the range 
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of tens of nanometers. The application of these IDEs in sensing can enhance the signal 

significantly and sensing at the ppt level can be achieved.

Organic−inorganic hybrid nanocomposites have bright prospects for application in 

environmental monitoring, but selectivity is still a major concern. The development 

of optimized target-analyte-specific hybrid nanocomposites is required. Studies and 

modifications targeted at the interface between organic host materials and guest inorganic 

nanostructures hold the key for nanocomposite sensing performance. Thus, the science 

of interfaces needs more clarity and understanding. Due to abundant humidity in the 

environment, the effect and interference of humidity on sensing needs to be systematically 

investigated. Hydrophobic organic conducting materials can be used to overcome the 

problem of humidity. Table 1 summarizes the sensing characteristics of organic−inorganic 

hybrid nanocomposite-based sensors for environment monitoring.

7. CONCLUSIONS

This article reviews recent developments in the fabrication of organic−inorganic hybrid 

nanocomposites based gas sensors for environmental monitoring. These materials have 

been found to be an excellent alternative to conventional gas sensing materials due to 

their unusual optical, electrical, and morphological properties that are advantageous for 

gas sensor development, which can easily be tailored by variation of their synthetic routes 

or precursors. Among the various hybrid nanocomposite systems, conducting polymers 

and metal/metal oxide nanocomposite sensors are reviewed in greater detail due to their 

promising abilities as a platform for environmental gas monitoring. This interesting class 

of hybrid nanocomposite shows interesting optical, electrical and molecular properties 

that can be easily and cost-effectively tuned. The review clearly demonstrates that 

sensing characteristics depend both on the composition of the hybrid materials and the 

geometrical characteristics of the structures produced. The compositions of the materials, 

in conjunction with their structural morphology and geometrical characteristics, are under 

further investigation with an aim to optimize materials and overall performance. The review 

also highlights the urgent need for making measurements in the presence of humidity to 

establish the ability of the sensors to function in a real world environment.

ACKNOWLEDGMENTS

This work was supported by NIH Grants RO1-DA027049, R21-MH101025, RO1-MH085259, and RO1-DA034547 
and NSF Grant ERC-ASSIST No. 1160483. DST (DST/TSG/ME/2008/18 and DBT (DBT/GAP070832) is also 
acknowledged. R.K. acknowledges the UGC, India for the award of Raman Fellowship (ID 1001, 2013–14).

Biographies

Kaushik et al. Page 27

Chem Rev. Author manuscript; available in PMC 2023 May 31.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Ajeet Kaushik received his Ph.D. (chemistry, biosensors; 2010) in collaboration with 

the National Physical Laboratory and Jamia Milia Islamia, New Delhi, India. Presently, 

he is a faculty at Centre of Personalized Nanomedicine, Institute of NeuroImmune 

Pharmacology, Department of Immunology, of Florida International University (FIU), USA. 

He is exploring smart electro-active magnetic nanocarriers for on-demand site-specific 

delivery and controlled release of therapeutics across BBB to prevent HIV; a new approach 

towards neuroAIDS. He has worked as a Post-Doctoral Research Associate in the area of 

fabrication of BioMEMS-based electrochemical biosensors for biomarker detection using 

nanostructures at the Department of Electrical and Computer Engineering of FIU. He has 

also worked at Chungnam National University, Deajeon, Korea as a Visiting Researcher 

and at Dublin City University, Dublin, Ireland as a Research Assistant. He has published 

over 70 international research papers jointly in the area of nanostructured platforms for 

biosensor and drug delivery applications. His main research interest is the fabrication of 

nanomedicines and wearable sensors for personalized health care.

Rajesh Kumar is an Assistant Professor in the Department of Physics at Panjab University, 

Chandigarh, India. He was born in Gurdaspur district of Punjab, India. He received his 

Ph.D. from the National Physical Laboratory in collaboration with University of Delhi and 

the Indian Institute of Technology, Delhi, India in the area of Materials Science (2010). 

He was awarded the prestigious Raman Fellowship by University Grant Commission, India, 

in 2013 to undertake research in U.S.A. for 1 year. Presently he is working as a Visiting 

Assistant Professor in the Department of Electrical and Computer Engineering, Florida 

International University, Miami, Florida. He has published ca. 20 international papers 

in the area of synthesis and applications of nanomaterials and organic−inorganic hybrid 

nanocomposites. His research focus is in interface modification of hybrid nanocomposites 

for energy-harvesting device development.

Sunil K. Arya received his B.Sc. in chemistry in 2002, MSc. in organic chemistry in 2004, 

and Ph.D. in chemistry and biosensors in 2008 from the University of Delhi, Delhi, India. 

He is currently a scientist at the Institute of Microelectronics, A*star, Singapore. He has 

completed Post-Doctoral research at University of South Florida, Tampa, Florida, and at 

the National Institute of Nanotechnology and University of Alberta, Edmonton, Alberta, 

Canada. He has published ca. 45 papers in international journals. His primary interests 

are in the synthesis and applications of nanomaterials, monolayers, and MEMS for use 

Kaushik et al. Page 28

Chem Rev. Author manuscript; available in PMC 2023 May 31.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



in gas sensors and electrochemical biosensors. His research focus is in the areas of micro/

nanofabrication, materials science, and thin film sensors/biosensors.

Madhavan Nair received his Ph.D. from Tata Memorial Cancer Center, Bombay University, 

India, in cancer immunology and trained at the Memorial Sloan Kettering Cancer Center, 

New York City. He then joined the faculty of the Department of Pediatrics at the University 

of Michigan, Ann Arbor and subsequently worked at the Department of Medicine and 

Microbiology at SUNY, Buffalo, New York as a Tenured Professor and Director of Research 

in Allergy and Immunology. He is a certified Clinical Nutrition Specialist (CNS), Fellow of 

American College of Nutrition (FACN), and Fellow of the American Academy of Allergy, 

Asthma and Immunology (FAAAI). Recently, Dr. Nair was named Distinguished Professor 

and Founding Chair of the Department of Immunology, and Director of the Institute 

of Neuro-Immune Pharmacology at the FIU College of Medicine, and Associate Dean, 

Biomedical Research, FIU, Miami, Florida. Nair has published more than 100 research 

papers, chaired a number of scientific sessions and served in various NIH study sections 

and committees as chair/member since 1980. His recent research mainly involves the role 

of different drugs of abuses such as alcohol, morphine, cocaine, and methamphetamine on 

neuro-AIDS and therapeutic approaches to control neuro-AIDS by specific drugs capable of 

targeting the brain using nanotechnology.

B. D. Malhotra received his Ph.D. degree from the University of Delhi, Delhi, India in 

1980. He has published more than 260 papers in peer-reviewed journals, filed 10 patents, 

and edited/coedited books on biosensors and polymer electronics. After his stint as Chief 

Scientist and Head of the DST Centre on Biomolecular Electronics at the National Physical 

Laboratory, New Delhi, India, he moved to the Delhi Technological University (DTU), 

India and is currently Professor at the Department of Biotechnology at DTU. He has 

nearly 30 years of research experience in the field of biomolecular electronics and has 

guided 24 Ph.D. students to date. His current activities include biosensors, nanobiomaterials, 

conducting polymers, and ordered molecular assemblies including Langmuir−Blodgett films 

and self-assembled monolayers among others. Dr. Malhotra is a Fellow of the Indian 

National Science Academy (INSA), the National Academy of Sciences, India (NASI), and 

an Academician of the Asia-Pacific Academy of Materials (APAM).

Kaushik et al. Page 29

Chem Rev. Author manuscript; available in PMC 2023 May 31.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Shekhar Bhansali is an Alcatel-Lucent Professor and Chair at the Department of Electrical 

and Computer Engineering at Florida International University. He received his Ph.D. 

in Electrical Engineering (1997) from the Royal Melbourne Institute of Technology, 

Melbourne, Australia. His research interests are in the areas of Bio-MEMS, sensors, 

nanostructures, and microsystems. He is the recipient of an NSF CAREER Award, an 

Alfred P. Sloan Foundation Outstanding Mentor Award, FGLSAMP Outstanding Mentor 

Award, FEF Outstanding Mentor Award, and USF Outstanding Researcher Award. He holds 

16 patents in the area of biosensors, nanostructures, and microsystems technologies; has 

coauthored over 200 journal articles and conference publications; and is the editor of the 

book “MEMS for Biomedical Applications”.

GLOSSARY

(CH3)2CHOH isopropanol

[A] analyte

[DL] detection Limit

[FT] fabrication technique

[L] linear range

[NSP] nanostructured platform

[R] response

[Rm] remarks

[Rs] response time

[Rv] recovery time

[S] sensitivity

[SL] shelf life

AN acrylonitrile

ATO antimony-doped tin oxide

C2H5CH3 toluene

C4H8O tetrahydrofuran

C5H5N pyridine
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C6H14 hexane

C8H18 octane

CdSe cadmium selenide

CeO2 cerium oxide

CFC chlorofluorocarbon

CH chitosan

CH3(CH2)3NH2 n-butylamine

CH3CH2CH3 propane

CH3CH2OH ethanol

CH3CH2OH propanol

CH3CHO acetaldehyde

CH3COCH3 acetone

CH3OH methanol

CH4 methane

CHCl3 chloroform

ClO4 perchlorate

CLPANI cross-linked polyaniline

CNF carbon nanofiber

CNT carbon nanotube

CO carbon monoxide

CoCl2 cobalt chloride

COOH carboxylic acid

CSA camphorsulfonic acid

CuPc copper phthalocyanine

DMF dimethylformamide

EDOT-co-TAA 3,4-ethylenedioxythiophene-co-thiophene-3-acetic acid

EPA environment protection agency

Fe3O4/Fe2O3 iron oxide

FET field effect transistor
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GO graphene oxide

H2O2 hydrogen peroxide

H2S hydrogen sulfide

HCHO formaldehyde

IDEs interdigitated electrodes

In2O3 indium oxide

ITO indium−tin-oxide

MAcoBMA methacrylic acid-co-tert-butyl methacrylate

MAPTAC [ 3 - ( methacrylamino) propyl ] - trimethylammonium 

chloride

MnO2 manganese oxide

MoO3 molybdenum oxide

N(C2H5)3 triethylamine

NaPSS sodium polystyrenesulfonate

NBB nanobuilding block

NH3 ammonia

NiO nickel oxide

NIR near-infrared

NOx nitrogen oxides

OTFT organic thin-film transistor

P3HT poly(3-hexylthiophene)

PANI polyaniline

PDDA polydimethyldiallylammonium

PDDAC polydiallyldimethylammonium chloride

PEBAX poly(amide-6-b-ethylene oxide)

PEDT poly(dioxythiophene)

PEHT polythiophene

PEO poly(ethylene oxide)

PHTh polyhexathiophene
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PMMA poly(methyl methacrylate)

PNMA poly(N-methylaniline)

PPV polyvinyl chloride

PPy polypyrrole

PSMA polystyrene-co-maleic anhydride

PSSQs polysilsesquioxanes

PVB polyvinyl butyral

QCM quartz crystal microbalance

QD quantum dots

RH relative humidity

SAW surface acoustic waves

SnO2 tin oxide

SPR surface plasmon resonance

TEOS tetraethoxysilane

THF tetrahydrofuran

TiO2 titanium oxide

TSMRs thickness-shear mode resonators

UV−vis ultraviolet visible

V2O5 vanadium oxide

VDP vapor deposition polymerization

VOCs volatile organic compounds

WO3 tungsten oxide

ZnO zinc oxide

ZnS zinc sulfide

ZrO2 zirconium oxide
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Figure 1. 
Schematic of gas sensor fabrication techniques.
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Figure 2. 
Yearly publications and patents in the field of organic–inorganic hybrid nanocomposites. 

(Source: web of science and world intellectual property organization.)
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Figure 3. 
Various strategies adopted for the synthesis of organic−inorganic hybrid nanocomposites 

along with schematic representation.
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Figure 4. 
Types of chemical/physical interactions during the fabrication of organic−inorganic hybrid 

nanocomposites.
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Figure 5. 
Appropriate approaches for the processing of organic–inorganic hybrid nanocomposites for 

various applications.
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Figure 6. 
Electrical polymerization and electrophoretic deposition of organic−inorganic hybrid 

nanocomposites.
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Figure 7. 
Organic−inorganic hybrid nanocomposites used for gas sensing applications.
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Figure 8. 
Energy band gap diagram of organic−inorganic hybrid nanocomposites on gas exposure.
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Figure 9. 
Pictorial representation of Ni-poly(EDT-co-TAA) before and after exposure to toluene (A 

and B); variation of the response of Ni-poly(EDT-co-TAA) hybrid toluene concentration 

(C); and (D) variation of the response of Pd-poly(EDT-co-TAA) hybrids to acetone 

concentration. Reprinted with permission from ref 126. Copyright 2010 Institute of Physics.
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Figure 10. 
Inset in (A), the sensor array in the measuring cell and the oscillator circuits, (A) sensing 

responses at 200 ppm of octane and toluene at room temperature. (B) Testing of repeatability 

of the S4 sensors exposed to different concentrations of toluene over 5 months at room 

temperature. Reprinted with permission from ref 127. Copyright 2012 Elsevier.
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Figure 11. 
Inset in (A) SEM image of typical electrospun SWCNT-PMMA composite nanofibers. 

(A) Comparison of the sensor response profile of a flow-through sensing material with a 

printed electrode and a nonflow-through sensing mat on commercial IME electrodes, and 

(B) comparison of the sensitivities. Reprinted with permission from ref 143. Copyright 2013 

Elsevier.

Kaushik et al. Page 55

Chem Rev. Author manuscript; available in PMC 2023 May 31.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 12. 
Inset (A) SEM image of MCNT-PMMA hybrid (a), schematic presentation of bridging 

of PMMA and (b) in a MWCNT random network. (A) Selectivity of a MWCNT-PMMA 

and CNT random network when exposed to methanol, water, toluene, and chloroform 

vapors. (B) Effect of analyte concentration on MWCNT-PMMA response amplitude Ar for 

methanol, water, toluene, and chloroform vapors. Reprinted with permission from ref 144. 

Copyright 2011 Royal Society of Chemistry.
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Figure 13. 
(A and B) Chemical structure of TPP and Pr monomers 1 and 2, schematic representation of 

QMB coatings, where R in PPy backbone corresponds to H or monomer 2 substituents, and 

the relative sensitivity to 1-butanol for QMBs modified with SWCNT−Pr electro-polymers. 

(C) Relative response study of all 5 QCM gas sensors as a function of gas concentration. 

Reprinted with permission from ref 145. Copyright 2012 Elsevier.
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Figure 14. 
Effect of HCl gas on a organic−inorganic hybrid nanocomposite, schematic of gas 

sensor fabrication, and gas sensing response of a nanocomposite as a function of HCl 

concentration. Reprinted with permission from ref 82. Copyright 2004 Elsevier.
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Figure 15. 
Microelectrodes before (A) and after (B) the deposition of the AC-DEP-assembled 

PEDOT/PSS-SWCNTs composite film, (C) FE-SEM images of the PEDOT/PSS-SWCNTs 

composite films doped with SWCNTs (5 mg/mL), (D) selective responses of the drop-coated 

and AC-DEP-assembled PEDOT/PSSSWCNTs composite films to various vapors at 10 

ppm, and (E) the calibration of the sensor response to NH3 gas at 2–300 ppm and the linear 

response range (insert). Reprinted with permission from ref 160. Copyright 2013 Elsevier.
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Figure 16. 
(A) Optical microscope image of the sensor and (B) TiO2 microfibers encased with PANI 

nanograins. (C) Current responses of a sensor made of TiO2 microfibers encased with 

PANI nanograins to different concentrations of NH3 gas as a function of time (left) and 

reproducibility of the sensor exposed to 10 ppb NH3 gas (right). Reprinted with permission 

from ref 164. Copyright 2010 American Chemical Society.
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Figure 17. 
(A) SEM image of a PANI nanowire network grown on Au IDE at the end of second 

step. (B) SEM image of a gold nanoparticle-functionalized PANI nanowire network across 

gold microelectrodes. (C) Response and recovery behavior of sensor as a function of 0.1 

ppb, 1 ppb, 10 ppb, 100 ppb, 500 ppb, and 1 ppm of H2S gas. (D) Response R/R0% of 

a gold-nanoparticle-functionalized PANI nanowire-network-based chemiresistive sensor as 

a function of H2S concentration. Reprinted with permission from ref 168. Copyright 2009 

American Institute of Physics.
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Figure 18. 
(A) Schematic of the NO2 reaction with PHTh conducting polymer, (B) energy band 

of hetero p−n junction with and without NO2 exposure, (C) resistance change of a 

RRPHTh−SnO2 nanocomposite vs NO2 gas concentration, and (D) resistance change vs 

time by CO + NO2 gas concentration in RRPHTh−TiO2 films. Reprinted with permission 

from ref 110. Copyright 2005 Elsevier.
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Figure 19. 
(A) SEM image of electrode and stepwise fabrication of fluidic-based gas sensor, (B) NO 

sensor response curves exhibiting selectivity over nitrite and ammonia, both species added 

three times separately; 1, 2, and 3 mM concentrations were obtained after each injection; 

(inset) NO calibration plots in two different media, and (C) amperometric response of the 

microfluidic NO detector with flowing test solutions containing different levels of NO; flow 

rate 50 μL/min, (a) 350 nM, (b) 100 nM, (c) 200 nM, and (d) 40 nM. Reprinted with 

permission from ref 109. Copyright 2010 American Chemical Society.
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Figure 20. 
(A) Structure of the IDE electrode, (B) SEM images: MWCNT (a), poly(1,5-DAN) 

(b), surface of the film IDE/MWCNT/poly(1,5-DAN), and (c) surface morphologies of 

MWCNT/poly(1,5-DAN) at 10 cycles (d) and at 25 cycles (e). (C) Response of the 

IDE/MWCNT/poly(1,5-DAN) film formed with 10 polymerization cycles to different 

concentrations of NO2. (D) Response−recovery cycles of the IDE/MWCNT/poly(1,5-DAN) 

film formed with 10 polymerization cycles to 5 ppm of NO2 and pure air; the inset depicts 

the last cycles. Reprinted with permission from ref 178. Copyright 2013 Elsevier.
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Figure 21. 
(A) 3D crystalline structure of CuBDC MOF. (B) Spatial arrangement of different liquid 

layers during the synthesis of CuBDC MOF nanosheets, (i) corresponds to a benzene 

1,4-dicarboxylic acid (BDCA) solution, (ii) the solvent spacer layer, and (iii) solution of 

Cu2C ions, respectively. (C) 3D-reconstructed FIB−SEM tomogram of a MOF−polymer 

composite. (D) CO2 separation performance of a MOF membrane with reference to 

a standard membrane of polyamide (PI).183 Reprinted with permission from ref 183. 

Copyright 2014 Nature Publishing Group.
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Figure 22. 
(A) CVs of CO (0.01, 0.03, 0.05, 0.07, 0.09, 0.3, 0.5, and 0.7 mM) at Pt/PAN/MWCNTs/

WGE; the upper inset depicts the dependence of reduction peak currents of CO on the 

concentration. The lower inset shows the accumulation effect of 0.1 mM CO at Pt/PAN/

MWCNTs/WGE. (B) CVs of CO (1.0, 3.0, 5.0, 7.0, 9.0, 30.0, and 50.0 μm) at Pt−Ni/PAN/

MWCNTs/WGE made in solution concentration ratio of Pt−Ni of 1:1 using constant 

potential and CV step; the upper inset shows the dependence of oxidation peak currents 

of CO on the concentration. The lower inset shows the accumulation effect of 0.1 mM CO 

at Pt−Ni/PAN/MWCNTs/WGE. Buffer: 0.5 M HClO4. Scan: 50 mV s−1. Reprinted with 

permission from ref 189. Copyright 2009 Elsevier.
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Figure 23. 
Effect of CO gas on an organic−inorganic hybrid nanocomposite surface. Reprinted with 

permission from ref 81. Copyright 2004 Elsevier.
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Figure 24. 
(A) Schematic structures of the Co(III)VXG and Co(IV)VXG host−guest materials. (B) 

Wireframe structural representation of the cationic Co(IV)TRPyP and Co(III)TRPyP 

species. The respective chloride salts were used for the preparation of the host−guest 

nanocomposites with VXG. (C) AFM images of Co(III)VXG (a) and Co(IV)VXG (b) films 

on mica substrates in a more densely packed region and at the Co(III)VXG film edge. 

(D) Plot of R/R0 as a function of the percentage of water (v/v) in ethanol/water mixtures, 

for IDE Co(III)VXG and Co(IV)VXG sensors. Inset: plot of ln(1 – R/R0) vs (% water). 

Reprinted with permission from ref 207. Copyright 2010 Elsevier.
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