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Abstract: Two-dimensional materials have attracted great scientific attention due to their 

unusual and fascinating properties for use in electronics, spintronics, photovoltaics, 

medicine, composites, etc. Graphene, transition metal dichalcogenides such as MoS2, 

phosphorene, etc., which belong to the family of two-dimensional materials, have shown 

great promise for gas sensing applications due to their high surface-to-volume ratio, low 

noise and sensitivity of electronic properties to the changes in the surroundings.  

Two-dimensional nanostructured semiconducting metal oxide based gas sensors have also 

been recognized as successful gas detection devices. This review aims to provide the latest 

advancements in the field of gas sensors based on various two-dimensional materials with 

the main focus on sensor performance metrics such as sensitivity, specificity, detection 

limit, response time, and reversibility. Both experimental and theoretical studies on the gas 

sensing properties of graphene and other two-dimensional materials beyond graphene are 

also discussed. The article concludes with the current challenges and future prospects for 

two-dimensional materials in gas sensor applications. 
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1. Introduction 

Detection of gas molecules is extremely important in environmental monitoring, industrial chemical 

processing, public safety, agriculture, medicine and indoor air quality control. For a long time, metal 

oxide semiconductor gas sensors have played an inevitable role in environmental contaminant 

detection and industrial process control [1]. Metal oxide semiconductors are the most widely used gas 

sensing materials due to their numerous advantages such as high sensitivity towards various gases with 

ease of fabrication, high compatibility with other processes, low cost, simplicity in measurements 

along with minimal power consumption [2–4]. The high operating temperatures (200 °C to  

500 °C) [5], long recovery periods, limited maximum sensitivity (in the range of parts-per-million), 

low specificity, and limited measurement accuracy [6] basically limited their applications in rapidly 

changing environment. 

The increasing demand for highly sensitive, selective, cost-effective, low power consuming, stable 

and portable sensors has stimulated extensive research on new sensing materials. One of the most 

important features of a material to be used for gas sensing is its high surface-to-volume ratio. 

Nanostructures possess high surface-to-volume ratio which provides large active surface area for the 

interactions of gas molecules. This strongly favors the adsorption of gases on nanostructures and 

ultimately leads to highly sensitive sensor performance [7]. One-dimensional (1D) nanostructures are 

particularly suited for gas detection applications because of their large surface-to-volume ratio, good 

thermal and chemical stabilities, and sensitivity of electrical properties to changes in the  

surroundings [8]. Gas sensors using 1D nanostructures such as carbon nanotubes (CNTs) [9–12] and 

nanowires (NWs) [4,13–15] have demonstrated excellent performance for gas sensing [16,17] with 

high sensitivity down to parts-per-billion (ppb) levels [18], fast response (time scale in the order of 

seconds) [19], good selectivity along with low power consumption and miniaturization. 

Two-dimensional (2D) materials have captured the interest of research community after the first 

successful isolation of graphene sheets by micromechanical exfoliation of highly-oriented pyrolytic 

graphite in 2004 [20]. Graphene, a one-atom-thick sheet of carbon atoms with a 2D hexagonal crystal 

structure, has shown great promise for applications such as electronics and photonics [21–24], energy 

conversion and storage [25–29], medicine [30–34], chemical and biological sensing [35–38], etc., due 

to its interesting physical, chemical, electrical, optical, thermal and mechanical properties [39–42]. 

Many experimental and theoretical reports on gas sensors made from graphene [43–57] and its 

derivatives such as graphene oxide (GO) [58–61], reduced graphene oxide (rGO) [62–66] proved that 

graphene and its derivatives could be used as efficient sensing materials for next-generation gas 

sensing systems. Inspired by the superior performance of the first 2D material, graphene for gas 

sensing and many other applications, a lot of research effort has been devoted to the isolation of other 

2D materials which exist as strongly bonded stacked layers in bulk crystals and their potential 

applications. So far, several hundreds of different 2D materials with extraordinary properties are 

known which include allotropes of various elements such as graphyne, silicene, germanene, 



Electronics 2015, 4 653 

 

 

phosphorene. etc., and compounds such as transition metal dichalcogenides (TMDs) (for example, 

MoS2, MoSe2, WTe2, TaS2, TaSe2, etc.), germanane, hexagonal boron nitride (BN), etc. [67].  

These family of materials have good optical transparency, excellent mechanical flexibility, great 

mechanical strength and also peculiar electrical properties, which greatly favors their applications in 

electronics, optoelectronics [68,69], etc. 2D materials provide a promising platform for the 

development of ultrahigh sensitive and highly selective sensors by tailoring their rich surface 

chemistry without any deterioration of their unique optical and electrical properties. 

So far, many review articles on 2D materials discussing their novel physical, electronic properties, 

recent developments in synthesis techniques and their applications in electronics, optoelectronics, 

energy conversion and storage, gas storage, etc., have been published [67,70–75]. During the past few 

years, there have been some comprehensive reviews on gas sensors based on graphene and graphene 

related materials with primary focus on the properties for gas sensing, sensing mechanisms, 

modifications of graphene for enhanced sensing features, etc. [76–78]. To the best of our knowledge, 

no specific review on the role of two-dimensional materials in gas sensing has been reported.  

This necessitates a summary of the latest developments in the area of gas sensors by employing 

graphene and other 2D materials beyond graphene as sensing materials, with emphasis on the sensing 

performance indicators such as sensitivity, selectivity, detection threshold, response and recovery 

times. The novel properties of 2D materials that make them perfectly suitable as sensing elements for 

gas sensor systems are described. In addition to experimental verifications of 2D material based gas 

sensors, theoretical first-principles studies on the adsorption of various gas molecules on 2D materials 

are also discussed. 

2. Two-Dimensional Materials for Gas Sensing 

2D materials are basically single layer materials with thickness of few nanometers or even less.  

The high surface area of 2D materials provides large number of reactive sites, which make these 

materials efficient in sensing, catalysis and energy storage technologies. In addition to large surface 

area, the high electrical conductivities and low noise of the 2D materials also contribute to their 

indispensable role in future gas detection systems. Due to low electrical noise and high electrical 

conductivity, a small change in carrier concentration induced by gas exposure could lead to significant 

changes in electrical conductivity. These features along with the charge transfer between gas 

molecules and these materials associated with the adsorption of gas molecules make these materials 

one of the best suitable candidates for the fabrication of gas sensors [79]. 

The discovery of graphene and understanding of their properties encouraged scientists to investigate 

the potential applications of graphene and graphene based materials as gas sensing materials [44].  

The utilization of graphene as an ultrasensitive sensing element had emerged as one of the most 

significant applications of graphene. The sensing property of graphene could be attributed to its two 

dimensional structure which provides advantages such as: (i) Maximum surface area per unit volume 

ratio and (ii) High sensitivity of electron transport through graphene to the adsorption of gas  

molecules [36]. The astonishing gas sensing performance of graphene with a 2D structure inspired 

researchers to investigate other 2D materials, which were discovered after graphene for their gas 

sensing characteristics. All 2D materials which include graphene, MoS2, phosphorene, etc., rely on the 
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change in electrical conductivity upon their interaction with gaseous species due to the induced charge 

transfer by the gas molecules present in the surroundings. Besides graphene, research has also centered 

on gas sensors based on various 2D materials such as TMDs especially MoS2 [80–87], WS2 [88–90], 

MoSe2 [91] and phosphorene [92,93]. 2D nanostructures in the form of nanosheets (NSs), nanowalls, 

nanoplates, etc., made from ZnO, NiO, CuO, WO3, SnO2, etc., have also proven as successful sensing 

materials, which could be used as building blocks for the fabrication of gas sensors [94–108]. 

2.1. Graphene 

Graphene, the basic building block of other carbon based allotropes such as graphite, CNTs and 

fullerenes, was first isolated by Geim and Novoselov of the University of Manchester, for which they 

were awarded the Nobel Prize in Physics in 2010. Since then, the study of this material has become 

one of the hottest topics for material scientists due to the exotic thermal, optical, electrical, mechanical 

and physiochemical properties arising from the two-dimensional crystal structure [20]. The interesting 

properties of graphene that have been explored so far include linear energy-dispersion at the Dirac 

point, existence of massless relativistic particles at the Dirac point, quantum Hall-effect at room 

temperature, exceptionally high charge carrier mobility at room temperature, high electrical and 

thermal conductivity, great mechanical strength, high optical transparency and high specific surface 

area [21,39,109–113]. These unique characteristics make graphene a suitable material for a vast variety 

of applications. 

Soon after the discovery of graphene and graphene oxide by mechanical and chemical exfoliation of 

3D bulk graphite, scientists started analyzing the usefulness of graphene and its derivatives for  

gas sensing. 2D-graphene possess large surface area compared to 1D-CNTs due to the fact that every 

carbon atom in graphene acts as an active site for the gas molecules present in the surroundings to 

interact with. In addition to this, electrical properties of graphene such as high charge carrier mobilities 

at room temperature [109], metallic conductivity and low Johnson noise [21,79] also contribute to the 

rise of graphene as one of the best suitable materials for gas sensing [44]. The defect less high quality 

crystal structure of graphene being a 2D material screens the (1/f) noise caused by thermal switching 

better than other 1D and 0D structures [114]. 

Graphene based gas sensors work on the principle that introduction of gas molecules change the 

local charge carrier concentration in graphene by either increasing or decreasing the concentration of 

electrons (as shown in Figure 1a) depending on the nature of gas species (electron donor or acceptor) 

which leads to corresponding decrease or increase in electrical conductivity [43–45]. Graphene possess 

the capability to induce noticeable changes in the electronic properties even by a small change in the 

carrier concentration in graphene by the gas adsorbates due to high signal-to-noise ratio contributed by 

its features [44]. 

Several research groups used pristine graphene for sensing gas molecules such as CO2, NH3, NO2, 

NO, N2O, O2, SO2, H2O, etc., [47–56] since Schedin et al. [44] demonstrated the first  

micrometer-sized sensor made from graphene that was capable of detecting gases at the ultimate 

concentration (single molecule level) at room temperature. This sensor responded rapidly to the 

attachment and the detachment of a single NO2 gas molecule from graphene’s surface. The sensitivity 

reported for the first graphene sensor was nearly several orders of magnitude greater than that of the 
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previous sensors. The observed changes in the resistivity curve reflected the type of the gas species, 

either electron donor or acceptor. Out of the considered gases, the adsorption of NO2 and H2O led to 

decrease in resistivity which indicated their electron acceptor nature, whereas the adsorption of NH3 

and CO led to increase in resistivity which indicated their electron donor nature as shown in Figure 1b. 

Even after stopping the gas flow, the sensor recovery was achieved only after annealing the device at 

150 °C (as shown in Section IV of Figure 1b). 

 

Figure 1. Sensitivity of graphene to chemical doping. (a) Concentration ∆n of  

chemically-induced charge carriers in single-layer graphene exposed to different 

concentrations of NO2. Upper inset: scanning-electron micrograph of this device. The scale 

of the micrograph is given by the width of the Hall bar, which is 1 µm. Lower inset: 

Characterization of the graphene device by using the electric field effect; (b) Changes in 

resistivity ρ caused by graphene’s exposure to various gases diluted in concentration  

1 ppm. The positive (negative) sign of changes is chosen here to indicate electron (hole) 

doping. Region I—the device is in vacuum prior to its exposure; II—exposure to a 5 liter 

volume of a diluted chemical; III—evacuation of the experimental setup; and  

IV—annealing at 150 °C. Reprinted with permission from Ref. [44]. Copyright, 2007, 

Nature Publishing Company Ltd. 

Chen et al. [52] demonstrated the detection of a wide range of gas molecules using pristine 

graphene synthesized by chemical vapor deposition (CVD) at very low concentrations. Detection limit 

(DL) as low as 158 parts-per-quadrillion (ppq) to NO gas molecules with a signal-to-noise ratio of 3 

was achieved at room temperature under inert atmosphere by continuous in situ cleaning of graphene’s 

surface by ultraviolet (UV) light illumination. The sensor also showed fast response, good 

reproducibility and also 80% of recovery within few minutes of exposure to a mixture of  

10 parts-per-trillion (ppt) NO in N2. The obtained sensitivity was nearly 300% better than similar CNT 

based sensors and also the DLs were lower than the lowest detection levels reported for other 

nanosensors [52]. 

Low-frequency electronic noise spectrum was employed as a sensing parameter to improve the 

selectivity of graphene to vapors of different chemicals [51]. They observed that the vapors of all 

considered chemicals (chloroform, methanol, tetrohydrofuran, acetonitrile, ethanol, methylene chloride 
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and toluene) change the electrical resistance of graphene sensors. But only chloroform, methanol, 

tetrohydrofuran, acetonitrile and ethanol changed the noise spectrum of single layer graphene 

transistors by inducing Lorentzian components with different characteristic frequencies, whereas 

toluene and methylene chloride do not modify the noise spectrum. Rumyantsev and his group proved 

that a single pristine graphene device could achieve good selectivity along with high sensitivity by 

combining low-frequency noise spectrum measurements along with the change in resistance [51]. 

Electrochemically exfoliated few layered graphene (FLG, 3- to 10-layer graphene) exhibited good 

CO2 and liquid petroleum gas (LPG) sensing performance such as high sensitivity (3.83 and 0.92 for 

CO2 and LPG respectively), response time (11 s and 5 s for CO2 and LPG respectively), and recovery 

time (14 s and 8 s for CO2 and LPG respectively) at operating temperatures of 423 K and 398 K 

respectively [54]. The detection limit of the chemiresistive graphene based sensor was found to be  

3 ppm and 4 ppm for CO2 and LPG respectively with excellent stability at room temperature [54].  

The good LPG sensing behavior of the FLG based chemiresistive gas sensor at relatively low 

temperatures promise their use for practical LPG detection. 

The huge cost associated with the fabrication of graphene based devices remains as a great obstacle 

for widespread gas sensing using graphene. Recently, a simple, low power, low cost resistive gas 

sensor based on graphene-paper (G-paper) prepared by direct transfer of graphene layers on to paper 

(as shown in Figure 2a) without any intermediate layers was demonstrated for the first time by  

Kumar et al. [55]. The achieved resolution limit of ~300 ppt was better than other sensors based on 

graphitic and semiconducting metal oxides using paper as substrate and these sensors were capable of 

withstanding minor strain. The G-paper strip showed ~65% increase in conductance in 1400 s to the 

flow of 2.5 ppm NO2 gas and the conductance decrease by ~15% in 1500 s on stopping the NO2 flow 

(as shown in Figure 2b). Cleaning of graphene by UV exposure to remove the adsorbed gas molecules 

dramatically reduced the recovery time (from hours to 30 s), but the overall response and the 

characteristic time constant got improved. 

Ricciardella et al. [56] demonstrated the potential of inkjet printing technique for manufacturing 

chemi-resistive sensors based on liquid phase exfoliated (LPE) graphene. This technique allows 

deposition of small ink volumes with a more controlled drying process, which ensures good printed 

film quality compared to drop casting method. The LPE graphene being a p-type material, showed a 

decrease in current on exposure to NH3 (electron donor) and an increase in current on NO2 exposure 

(electron acceptor), thus enabling specific detection of these gases. The fabricated sensor exhibited 

good repeatability upon exposure to both gases at room temperature and atmospheric pressure with 

relative humidity of 50%, which was found to be independent on the number of printed layers. The 

perennial issue of graphene based gas sensors operating in environmental conditions such as low 

reproducibility could be overcome by using inkjet printing technology for sensor fabrication [56]. 
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(a) (b) 

Figure 2. (a) Schematic of a G-paper strip based gas sensor; (b) Response of a G-paper 

strip to 2.5 ppm of NO2. Inset shows a fit of double exponential function to the temporal 

response for 2.5 ppm of NO2. The two constituent exponentials are also shown along with 

the estimates of time-constants. Reprinted with permission from Ref. [55]. Copyright, 

2015, American Chemical Society. 

Apart from experimental studies, theoreticians investigated the adsorption of gas molecules on 

pristine graphene to understand the interactions of graphene with gas molecules so as to fully exploit 

the potential of graphene for gas sensing. All theoretical works on pristine graphene using ab initio 

simulations based on quantum mechanics showed weak adsorption of gas molecules on its surface due 

to the highly stable and strongly bonded carbon atoms in graphene. The capability of graphene to sense 

gas molecules is usually investigated by inferring the results from the calculations of adsorption 

energies, charge transfers and the density of states of graphene-gas molecule adsorption  

systems [43,45–57]. 

Using first-principles calculations based on density functional theory (DFT), it was found that gas 

molecules such as H2O, NH3, CO, NO2 and NO are only physically adsorbed on pristine graphene.  

The electron donating behavior of CO and NH3 and the electron withdrawing behavior of NO2 and 

H2O demonstrated experimentally was confirmed by simulations done on a graphene model [45].  

For the physisorption of hydrogen on graphene flakes, first-principles non-local van der Waals (vdW) 

density functional (B3LYP-D3) method calculated an adsorption energy of 5.013 (kJ·mol−1), that was 

found to be in great agreement with the experimental results [57]. All these reports of gas adsorption 

on pristine graphene showed low adsorption energies due to the inert property of graphene, which 

makes it unsuitable for practical use. 

Graphene oxide, single- or few layered-graphite oxide sheets obtained by chemical oxidation of 

graphite and subsequent exfoliation in water, are rich in oxygen-containing groups such as epoxies, 

hydroxyls, carboxyls, etc., on its basal planes and edges which makes it a versatile material for gas 

detection [58–61]. Prezioso and his co-workers [58] proposed a practical and highly sensitive gas 

sensor based on large and highly oxidized GO flakes prepared by modified Hummers’ method. The 

sensor device was fabricated by drop casting GO monolayers with an average size of ~30 µm (about  

2 orders of magnitude higher than that of commercially available GO) on platinum interdigitated 
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electrodes. They measured a DL of 20 parts-per-billion (ppb) to NO2, which is the lowest value ever 

reported with other graphene based gas sensors. Compared to CNTs and reduced GO based sensors, 

the large number of active sites on GO lead to highly improved sensitivity and hence suited for 

applications that require high sensitivity but at the cost of slow response. GO has proved to be the best 

suitable material for humidity sensing applications with ultrahigh sensitivity [59].  

Microscale capacitive humidity sensor fabricated using GO films exhibited excellent sensing 

properties such as a sensitivity of up to 37,800%, which is more than 10 times greater than that of the 

best capacitive humidity sensors at 15%–95% relative humidity, fast response and fast recovery which 

are less than 1/4th and 1/2th of that of the conventional sensors respectively [59]. 

Few theoretical studies of gas molecular adsorption on GO have also been reported [60,61]. The 

adsorption of ammonia on graphene and graphene oxide investigated using first-principles calculations 

showed that the surface active sites such as epoxy and hydroxyls on GO surface enhanced the 

interactions between NH3 and GO. The adsorption energy of NH3 on GO was found to be greater than 

that on pristine graphene due to the presence of hydroxyl and epoxy groups on graphene surface [60]. 

One of the most popular approach for the synthesis of graphene by thermal [115,116] or chemical 

reduction [117,118] of GO results in reduced GO (rGO), having almost identical structure of pristine 

graphene, but with several residual oxygen functional groups. rGO has also found extensive use in gas 

sensing [62–66] which could be attributed to the presence of some chemically active defect sites even 

after reduction of GO, high conductivity, capability for surface modification and water dispersibility. 

Ppb level detection of acetone and other toxic chemicals has been successfully demonstrated by a GO 

based chemical sensor reduced by hydrazine vapor. They observed that the level of GO reduction 

dependent on the exposure time to hydrazine vapor influenced the sensing response and the 1/f  

noise [62]. A 360% increase in sensing response to NO2 gas at room temperature and atmospheric 

pressure was achieved by GO based field effect transistor (FET) gas sensors upon chemical reduction, 

on comparison with thermally reduced GO based sensors [63]. Even though rGO had demonstrated as 

a promising gas sensing material, selective detection of gas molecules remains as a great challenge for 

enabling practical use, similar to graphene. In this direction, Lipatov et al. fabricated a rGO based gas 

sensing system that could recognize different alcohols such as ethanol, methanol and isopropanol by 

making use of the significantly different properties of rGO flakes obtained from the same batch  

fabrication [64]. 

Later both experimental and theoretical studies proved that the sensitivity of graphene based gas 

sensors can be enhanced significantly by introducing dopants such as boron, nitrogen, phosphorus, 

gallium, chromium, manganese, silicon, sulphur, etc., and defects [119–124]. The introduction of 

dopants into the crystal structure and defects into the basal plane modifies the physical, chemical and 

electrical properties of graphene, that could be tailored for improving the sensitivity and selectivity of 

graphene based gas sensors [125]. Heteroatoms create new active sites on graphene surface that 

enables strong adsorption of gas molecules which has been proved by theoretical investigations of gas 

sensing using doped graphene. The strong chemical doping of doped graphene by the gas molecules 

was evident from the large values of adsorption energies and the charge transfers calculated using  

ab initio calculations. Chromium and manganese are found to be the best suitable dopants for the 

sensitive detection of SO2 [120]. Zhang et al. proved strong chemisorption of H2S on Fe-doped 

graphene, suggesting the possibility of employing Fe-doped graphene for H2S gas detection [121].  
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It has been found that nitrogen-doped graphene is the best material for selective sensing of CO [122].  

First-principles study of the effect of the modification of graphene with Stones-Wales (SW) defect, Al 

doping and the combination of two on the SO2 adsorption behavior of graphene showed high chemical 

reactivity of Al-doped graphene and Al-doped graphene with SW defect towards SO2 compared to 

pristine graphene and SW-defected graphene [123]. Vacancy defected graphene along with dopants 

such as boron, nitrogen and sulphur was found to be more sensitive to formaldehyde than pristine 

graphene due to the strong chemisorption of formaldehyde on vacancy-defected graphene with  

dopants [124]. 

It was also proved experimentally that modification of graphene by dopant atoms enhances the gas 

sensing properties of graphene [126,127]. Niu et al. [127] reported excellent NO2 sensing ability of N 

and Si co-doped graphene nanosheets (NSi-GNS) prepared by high-temperature annealing of N and  

Si-containing graphene oxide-ionic liquid (GO-IL) composites (as shown in Figure 3). In the  

NSi-GNS, N atoms act as active sites for NO2 gas adsorption, whereas Si atoms modify the electronic 

structure significantly. NSi-GNS based gas sensor obtained by annealing of GO-IL at 400 °C  

(NSi-GNS-400) spread on a glass substrate between the silver electrodes (as shown in Figure 4a), 

showed high negative sensor response (−26% ± 1%) in 21 ppm of NO2 and good stability even after 

five sensing cycles (as shown in Figure 4b). The response time and the recovery times observed for 

NSi-GNS-400 were 68 s and 635 s respectively (as shown in Figure 4c). The response of the  

NSi-GNS-400 upon NO2 exposure with concentrations varying from 21 to 1 ppm (as shown in  

Figure 4d) had a decreasing trend of response with decrease in NO2 concentration. The high sensitivity 

of the sensor was evident from the response value of −8.8% at 1 ppm NO2 [127]. 

 

Figure 3. Schematic illustration of the synthesis of N and Si co-doped graphene 

nanosheets (NSi-GNS) through the high-temperature annealing of N and Si-containing 

graphene oxide-ionic liquid composite (GO-IL). Reprinted with permission from  

Ref. [127]. Copyright, 2013, Royal Society of Chemistry. 
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Figure 4. (a) NO2 sensor; (b) the response of NSi-GNS-400 to 21 ppm of NO2;  

(c) response and recovery time; and (d) response to NO2 with varying concentrations. 

Reprinted with permission from Ref. [127]. Copyright, 2013, Royal Society of Chemistry. 

Apart from dopants and defects, other chemical functionalization methods such as modification 

with metal and metal oxide nanoparticles (NPs) and polymers have also been studied. Compared to 

pristine graphene and rGO, sensors based on graphene/rGO modified with nanoparticles of metals or 

metal oxides have demonstrated highly sensitive and selective sensing behavior [128–135], which 

could be attributed to large changes in the electronic properties of graphene/rGO upon gas exposure 

due to the synergistic effects of NPs and graphene/rGO. 

Many reports in the literature prove that pristine graphene has poor sensitivity towards hydrogen 

gas owing to the absence of dangling bonds in the structure. Palladium (Pd) NP decorated CVD grown 

graphene showed good sensing response of 33% at room temperature to 1000 ppm H2 with a detection 

limit of 20 ppm, due to the significant increase in resistance of the Pd decorated graphene sensor upon 

hydrogen injection. The sensor was found to be flexible that no significant degradation in the sensing 

response upon bending the sensor to a curved geometry [128]. 

Cho and his co-workers proved that the introduction of aluminium (Al) NPs and Pd NPs on 

graphene lead to improved sensitivity of graphene to NO2 and NH3 gases respectively [129].  

Wang et al. [130] fabricated gas sensors based on rGO functionalized with platinum (Pt) NPs by  

mid-temperature thermal annealing and alternating current dielectrophoretic technique, which allowed 

for efficient sensing of multiple gases. At room temperature, the rGO gas sensors with (without) Pt 

NPs exhibited sensitivities of 14% (7%), 8% (5%), and 10% (8%), for 1000 ppm H2, NH3, and NO 

gases, respectively. An improvement of 100%, 60% and 25%, to H2, NH3, and NO gases was observed 

for Pt functionalized rGO compared to that of rGO sensors without Pt NP decoration.  
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The recovery/response time for H2 gas was found to decrease with Pt decoration while for NH3, and 

NO, it showed the opposite behavior [130]. 

Recently, gas sensors based on graphene transistors decorated with SnO2 NPs exhibited high 

selectivity, fast response and short recovery (~1 s) to 100 ppm H2 at 50 °C (as shown in  

Figure 5a–c) [131]. FETs based on graphene decorated with metal oxide NPs were employed for 

developing high performance hydrogen gas sensors. The extremely high surface-to-volume ratio and 

the abundance of dangling bonds by the decoration of graphene with metal oxide NPs, resulted in 

strong interactions of gas molecules in the surroundings through the grain boundaries and unsaturated 

bonds of metal oxide NPs on graphene (as shown in Figure 6b), which ultimately resulted in excellent 

H2 sensitivity of the graphene-metal oxide NP hybrid, compared to pristine graphene (as shown in 

Figure 6a). Graphene facilitates quick transfer of electrons from metal oxide NPs due to the 

insignificant Schottky barrier caused by the matching work functions of NPs and graphene.  

They observed an increase in output current with increase in H2 concentration from 1 ppm to 100 ppm 

with good reproducibility (as shown in Figure 5b). The achieved lowest resolution limit of 1 ppm 

proves the potential of SnO2 NP-graphene for high sensitive low level detection of H2 gas [131]. 

rGO/ZnO nanocomposites have recently been employed as highly sensitive NO2 gas sensors at 

room temperature with fast response and recovery than those based on pristine rGO, which clearly 

indicate the improvement in the sensing property of rGO by ZnO NP decoration due to the tuning of 

the semiconducting properties of rGO induced by ZnO [132]. Apart from SnO2 and ZnO, 

graphene/rGO decorated with other metal oxides such as Cu2O [133], WO3 [134], Fe2O3 [135], etc., 

have also demonstrated to be successful candidates for the detection of various gases due to the higher 

sensing response as compared to non-decorated graphene/rGO. 

 

Figure 5. (a) The sensitivity of the gas sensor decorated with SnO2 nanoparticles (NPs) at 

various temperatures; (b) Real-time dynamic response of gas sensors decorated with SnO2 

NPs exposed to different H2 concentrations at different operation temperatures; (c) The 

response and recovery times of the sensor exposed to the 100 ppm H2 concentration. 

Reprinted with permission from Ref. [131]. Copyright, 2015, Royal Society of Chemistry. 
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Figure 6. (a) The schematic of graphene transistor without obvious sensitivity to 

hydrogen; (b) The schematic of graphene field effect transistor (FET) decorated by metal 

oxide NPs with obvious sensitivity to hydrogen. Reprinted with permission from  

Ref. [131]. Copyright, 2015, Royal Society of Chemistry. 

Recently, graphene/rGO functionalized with polymers has also emerged as new gas sensing 

materials due to the improved gas sensing behavior. The investigation of the synergistic behavior of 

conducting polymers (CPs) such as polyaniline (PANI), polypyrrole (PPy), polypyrene and 

graphene/rGO for molecular gas sensing resulted in outstanding performance in terms of both 

sensitivity and selectivity [136]. Graphene-PANI nanocomposites showed much higher sensitivity to 

the presence of hydrogen gas compared to that of pristine graphene sheets and PANI nanofibers [137]. 

Bai et al. [138] have fabricated a chemoresistor-type gas sensor using lyophilized GO/PPy composite 

hydrogel prepared through chemical polymerization of pyrrole in GO aqueous suspension for testing 

its NH3 sensing property. They found that the resistance of the GO/PPy composite aerogel increased 

by about 40% within 600 s, compared with only 7% increase in the case of gas sensor based on 

electropolymerized PPy film to 800 ppm NH3 gas (as shown in Figure 7). The superior performance of 

the composite aerogel along with simple and low-cost fabrication process could be employed for 

developing highly sensitive and economically feasible gas sensors. In another similar work, the unique 

electrical properties of rGO and PPy were combined for NH3 gas sensing application in which the 

performance comparison of rGO/PPy nanocomposite with intrinsic graphitic materials and 

nanocomposites of GO, graphene and graphite with PPy have been discussed [139]. The effective 

electron charge transfer between PPy and NH3 and the efficient transfer of resistance variation in PPy 

by the uniformly dispersed rGO in the rGO/PPy nanocomposite enabled rapid and highly sensitive 

detection of ammonia gas, compared to PPy/GO, PPy/graphene, PPy/graphite and graphite.  

The excellent reproducibility of the nanocomposite based sensor was due to the ease of the recovery 

process at a lower temperature of 373 K. 
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Figure 7. Ammonia gas sensing performance of three devices with sensing elements of 

lyophilized GO/PPy hydrogel, electrochemically deposited PPy film and GO/PPy hydrogel 

dried in air. Inset is a sketch of the gas sensor devices. Reprinted with permission from  

Ref. [138]. Copyright, 2011, Royal Society of Chemistry. 

Recently, a chemoresistive gas sensor based on nanocomposites of graphene and  

polystyrene-sulfonate (rGO/PSS) was reported as a successful trimethylamine (TMA) gas detector. 

The rGO/PSS based gas sensor exhibited linear sensing response upon exposure to increasing TMA 

concentrations (23 to 183 mg/L), along with good repeatability and reproducibility [140]. The decrease 

in resistance of the GO/(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) and 

rGO/PEDOT:PSS composite devices on hydrogen gas exposure suggested that nanocomposites of 

PEDOT:PSS with chemically modified graphene could be used effectively for hydrogen gas sensing, 

compared to pure PEDOT:PSS [141]. 

2.2. Transition Metal Dichalcogenides (TMDs) 

Transition metal dichalcogenides are a group of materials with general formula of MX2, where M is 

a transition metal element of group IV, V or VI, and X is a chalcogen (S, Se or Te) [68]. Even though 

bulk crystals of TMDs were known and studied by researchers for decades, their 2D forms have 

received significant attention from both fundamental and application point of view after the success 

story of graphene [142]. These materials form two-dimensional layered structures in which the plane 

of metal atoms is sandwiched between two hexagonal planes of chalcogen atoms. Several 2D TMDs 

possess bandgap compared to pristine graphene [143,144] and hence these materials are promising 

candidates for new FETs with high on-off ratios and optoelectronic applications. The success of 

graphene based sensors greatly inspired scientists to explore the use of 2D TMDs as sensing materials. 

The electrical, optical and chemical properties of TMDs along with their high surface-to-volume  

ratio [143] suggest their applications in molecular sensing [68]. 

Molybdenum disulfide (MoS2), one of the most popular semiconducting TMDs [144] has shown 

great promise for a variety of applications in electronics and optoelectronics [145–149]. As expected, 

gas sensors made from MoS2 have demonstrated excellent sensing characteristics such as high 

sensitivity, fast response time and good stability [80–83,85]. 
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Several MoS2 based gas sensors using micromechanically exfoliated [80,82,83] and liquid phase 

exfoliated [81] MoS2 flakes as sensing materials have been reported. Highly sensitive and stable 

detection of NO gas with detection limit as low as 0.8 ppm had been shown by FET sensors using 

mechanically exfoliated multilayered (two- three- and four- layered) MoS2 sheets [80]. They observed 

strong chemisorption of NO on n-doped MoS2 flakes, with a slow increase in resistivity of MoS2 flakes 

upon exposure to NO gas (over 30 s), due to the induced p-type doping by the NO gas and also slow 

decrease in resistivity upon removal of NO. Flexible transistor sensor arrays based on 1.5 mm-long 

MoS2 channel with rGO electrodes made on a polyethylene terephthalate (PET) substrate displayed 

much higher NO2 sensitivity and good reproducibility compared to novel rGO-FET sensors, which can 

be enhanced up to three times by functionalization of MoS2 with Pt nanoparticles [81]. But devices 

made from mechanically and liquid phase exfoliated MoS2 films suffer from poor scalability and poor 

electronic quality. MoS2 based devices made from more scalable approaches have also shown 

significant changes in electrical conductivity upon NH3 adsorption [85]. 

Recently, thin film transistors (TFTs) made from MoS2 demonstrated selective gas sensing behavior 

at operating temperature up to 220 °C, with much larger sensitivity [86] compared to similar graphene 

based gas sensors. TFT structures were fabricated by exfoliation from bulk MoS2 and were then 

transferred to Si/SiO2 substrate with patterned contact electrodes. The working principle of these 

sensors are based on the generation of positive or negative charges at the MoS2 surface by the vapor 

molecules that either enhance or deplete the electron concentration in the channel depending on the 

type of the gas vapors. As the change in the channel conductance forms the primary basis for gas 

sensing, different gas species could not be distinguished from each other by looking at this 

conductance change. Selective gas sensing using graphene was already reported by considering two 

additional characteristics such as transient time and the peaks in the noise spectrum, when used 

together with the conductance change [51]. For different vapors such as acetone, acetonitrile, toluene 

and chloroform, the magnitude, sign of the response, and the response time constant are found to  

be different. The relative change in the device current and the characteristic transient times of the 

vapors were used as unique signatures [86]. On comparison, it was observed that for same vapor 

concentration, the relative resistance changes for graphene were less than 50%. For acetonitrile, the 

increase in noise under the exposure is nearly an order of magnitude, whereas other gases showed a 

much smaller change. 

Cantalini et al. [87] reported linear sensing response of layered MoS2 films to NO2 at concentrations 

below 1 ppm, with a detection limit of around 20 ppb at 200 °C. To 1 ppm NO2 gas in dry air at 

temperatures below 250 °C, the chemically exfoliated MoS2 flakes showed typical p-type behavior with 

decreasing resistance. The MoS2 flakes showed reasonable sensitivity of 1.28 (ratio of resistance in air 

to resistance in NO2) to 1 ppm NO2 with fast and reversible response at 150 °C. They did not show any 

response to CO and H2 at 150 °C, enabling high selectivity. At temperatures above 250 °C in dry air, 

the MoS2 films showed p- to n-type transition of the electrical properties with response to 1 ppm NO2. 

Planar sensor structures consisting of monolayer MoS2 channel on a SiO2/Si substrate with Au 

electrodes (as shown in Figure 8a,b) have shown rapid increase in MoS2 conductivity on exposure to 

triethylamine (TEA, a decomposition product of the V-series of nerve gas agent) and acetone.  

This sensor did not show any response to other analytes such as dichlorobenzene, dichloropentane, 

nitromethane, nitrotoluene and water vapor [83]. The observed initial response (~5 s) upon TEA 
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exposure was more rapid than the 30 s reported previously for multilayer MoS2 to NO [80].  

The response of the sensor channel to a sequence of 10 TEA pulses, each with a concentration of 

0.002% P0 (~1 ppm), was shown in Figure 9a. This monolayer MoS2 sensor (green curve in Figure 9a) 

exhibited no response to water vapor, used as a background constituent (0.025% P0 ~ 6 ppm), while a 

monolayer graphene sensor (purple curve in Figure 9a) showed a pronounced response to water vapor. 

For each TEA pulse, the change in conductivity followed similar pattern with an initial rapid rise and 

fall (as shown in Figure 9b). They observed increase in conductivity change with increase in the TEA 

concentration (as shown in Figure 9c) and the difference in relative sensitivity observed could be 

attributed to geometric factors and residual contamination during device fabrication. MoS2 based 

sensors showed a TEA detection threshold of 10 ppb due to strong response and excellent  

signal-to-noise ratio. A comparison of the change in conductivity of these sensors with planar sensors 

fabricated from (a) monolayer graphene grown by chemical vapor deposition on copper and (b) a 

carbon nanotube (CNT) network consisting of a dense array of CNTs forming an electrically 

continuous thin film, as the sensor channel for a sequence of TEA pulses (10 s on, 20 s off) of 0.025% 

P0 (12 ppm) concentration were plotted in Figure 9d. The response of the sensors based on CNTs and 

MoS2 to a single pulse of TEA are comparable, whereas those based on graphene, the response is 

observed to be small. Upon TEA exposure, the conductivity of both graphene and CNTs decrease, this 

is marked in contrast with response exhibited by MoS2. This could be attributed to the facts that TEA 

is a strong electron donor, CNT networks and graphene show p-type, whereas MoS2 show n-type 

character respectively. Hence the transient physisorption of TEA enhances the majority carrier density 

and the conductivity of MoS2, whereas these parameters decrease in the case of graphene and CNT 

network. The MoS2 sensors exhibited good sensitivity, high selectivity and a complementary response 

to CNT-network sensor [83]. 

Figure 8. Schematic and image of the MoS2 monolayer sensor. (a) A single monolayer of 

MoS2 is supported on a SiO2/Si substrate and contacted with Au contact pads; (b) An 

optical image of the processed devices showing the monolayer MoS2 flakes electrically 

contacted by multiple Au leads. Reprinted with permission from Ref. [83]. Copyright, 

2013, American Chemical Society. 
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Figure 9. Response of sensors to triethylamine (TEA) exposure. (a) Change in 

conductivity of the monolayer MoS2 sensor channel upon exposure to a sequence of 

0.002% P0 TEA pulses (black line). The dashed blue lines show the pulse timing (15 s on/ 

30 s off) and concentration. The solid red line shows the response to exposure of nitrogen 

only and serves as a control experiment. The solid green and purple lines show the 

response of the MoS2 and graphene sensors to water vapor pulses (0.025% P0), 

respectively; (b) Same as part a, but for a series of exposure pulses in which the TEA 

concentration increases from 0.002% P0 to 0.2% P0. A positive slope background has been 

removed. The inset shows a model of the TEA molecule, in which the nitrogen atom is 

blue, the carbon atoms are black, and the hydrogen atoms are light gray; (c) The amplitude 

of the conductivity change increases with TEA concentration. The vertical axis is the 

response to each individual pulse (not the time integrated response); (d) Change in 

conductivity of a CVD graphene monolayer (red) and CNT-network sensor (black) upon 

exposure to a sequence of 0.025% P0 TEA pulses (10 s on/20 s off). Reprinted with 

permission from Ref. [83]. Copyright, 2013, American Chemical Society. 

Even though atomically thin films of TMDs synthesized by micromechanical cleavage, 

ultrasonication in organic solvents, aqueous surfactant solutions, or solutions of polymers in solvents, 

intercalation and exfoliation are well suited for applications in gas sensing [80–83], catalysis [150], 

composites [151], energy storage and conversion [152,153], the as prepared TMDs are not compatible 

with standard microlithography techniques in the nanodevice fabrication process. Gatensby and his  

co-workers [154] proposed a facile route for fabricating devices from MoS2 and WS2, grown by vapor 

phase sulfurization of pre-deposited metal layers which allows the production of highly homogenous 

TMD films over large areas with fine control of thickness from bulk to monolayer. Using shadow 
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mask lithography, well-defined geometries were produced that could be easily integrated with standard  

micro-processing methods. The metal was deposited in selective areas by shadow masks, the sample 

was then sulfurized, interdigitated electrode (IDE) contacts were defined using a second shadow mask 

and were then sputtered. On exposure of the n-type sensing device to NH3 (electron donor), the 

conductivity increased due to the rise in majority carrier concentration. The fabricated sensor 

responded very quickly to ppb levels of NH3 with ultrahigh sensitivity down to 400 ppb. Similar to 

other nanomaterial-based sensors, these sensors also showed slow recovery in pure N2 flow at room 

temperature due to the strong binding with NH3 which thus required UV illumination or high 

temperature annealing for accelerating the recovery. The ease of device manufacture, cost 

effectiveness, scalability and compatibility with existing semiconductor fabrication methods make this 

process favorable for future sensors and other electronic applications [154]. 

Donarelli et al. [84] reported resistive type MoS2 based gas sensors which showed good response to 

NO2, H2 and relative humidity. The sensor device was fabricated by depositing liquid chemically 

exfoliated (in N-methyl pyrrolidone, NMP) MoS2 flakes on Si3N4 substrate with pre-patterned IDEs on 

the front side, and on the back side with heater circuit for thermal annealing and Pt sensor for 

temperature control. The MoS2 based sensing device with 150 °C thermal annealing of exfoliated 

MoS2 flakes did not respond to 1 ppm NO2 at room temperature, but these MoS2 flakes responded at 

higher operating temperatures. The “150 °C annealed” device, with p-type semiconducting behavior 

showed a decrease in resistance upon exposure to NO2 (oxidizing gas) in the 25–200 °C operating 

temperature range [84]. This “150 °C annealed” device, exhibited good NO2 response either at 150 °C 

(ratio of resistance in air to that in NO2 is 1.29) or 200 °C (ratio of resistance in air to that in NO2 is 

1.15). The “250 °C annealed” device, with n-type semiconducting behavior showed an increase in 

resistance upon exposure to NO2, with significant resistance change at room temperature. The “150 °C 

annealed” device was found to be faster than the “250 °C annealed” device during adsorption. The 

response intensity of n-type MoS2 device exceeded by a factor of 5.0 (2.4) than that measured for the 

p-type device at 200 °C (250 °C). “250 °C annealed” device set at 200 °C showed outstanding 

performance with detection limit of 20 ppb and response intensity equal to 5.80 at 1 ppm 

concentration, compared to previously reported sensors. The n-MoS2 has higher responses than GO 

based sensors, but with comparable responses to metal oxide and multi-walled CNT based sensors. 

The Raman and X-ray Photoelectron Spectroscopy (XPS) analyses proved that increase of sulfur 

vacancies after thermal annealing at 250 °C and the partial surface oxidation of the MoS2 upper layers 

in the form of MoO3 resulted in the n-type behavior and also contributed to the outstanding 

performance of the “250 °C annealed” MoS2 sensor [84]. 

MoS2 sheets have proved to be exciting candidates for high performance gas sensing in which all 

the sensing experiments were performed in an inert atmosphere. Under practical environmental 

conditions that includes oxygen, the properties of MoS2 gets strongly affected by the adsorption of 

oxygen which leads to cross sensitivity effects and limits its practical applicability. Recently, room 

temperature sensing of NO2 was reported using MoS2 NS decorated with SnO2 nanocrystals 

(MoS2/SnO2) due to the improvement in the stability of the MoS2 sheets in practical environment by 

functionalization with SnO2 nanocrystals. High sensitivity, good selectivity and repeatability to NO2 in 

practical dry air were also exhibited by this hybrid sensor, as compared to other MoS2 sensors [155]. 
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Sarkar et al. investigated the hydrogen gas sensing performance of a MoS2-based FET 

functionalized with Pd NPs [156]. The change in the work function of Pd NPs induced by the 

adsorption of H2 led to decrease in p-type doping which was measured by the change in the current of 

the Pd NP functionalized MoS2 FET. There was only a negligible change in current upon exposure of 

the MoS2 FET without NPs to 3 ppm H2 (as shown in Figure 10a), but upon the incorporation of Pd 

NPs, there was large increase in current level of the n-type MoS2 device (as shown in Figure 10b). For 

3 ppm H2 gas at room temperature, the sensitivity (ratio of change in conductivity/ current to the initial 

conductivity/ current) of bulk MoS2 reported earlier was much less than 1 [157], whereas the 

sensitivity value increased to about 5 for MoS2 decorated with Pd NPs, which could be attributed to the 

use of few layer MoS2, around 8 nm thick and also due to the operation of FET in the subthreshold 

region [156]. 

 

Figure 10. (a) Real-time measurement of current of MoS2 FET without any NPs. 

Thickness of MoS2 used was around 8 nm; (b) Real-time measurement of current of the 

same MoS2 FET after incorporation of Pd NPs. Current increases substantially upon 

exposure to hydrogen (3 ppm from time = 45 min onwards) from 0.2 μA to about 1 μA. 

Reprinted with permission from Ref. [156]. Copyright, 2015, American Chemical Society. 

Even though many experimental reports on MoS2 based gas sensors exist, there have been very few 

reports on theoretical studies of the adsorption of gas molecules on MoS2 surface. In this direction,  

Yue et al. [158] analyzed the most stable adsorption position, orientation, associated charge transfer 

and the modification of electronic properties of the monolayer MoS2 surface due to the adsorption of 

H2, O2, H2O, NH3, NO, NO2, and CO using first-principles calculation based on DFT. They found that 

all these molecules acting as either electron donors or acceptors are only physisorbed on MoS2 surface, 

with small charge transfer and no significant alteration of band structure upon molecule adsorption. 

They also observed significant modulation of the charge transfer by the application of a perpendicular 

electric field [158]. Similarly, first principles simulation have also been employed by Zhao et al. [159] 

to investigate the adsorption of various gas molecules such as CO, CO2, NH3, NO, NO2, CH4, H2O, N2, 

O2 and SO2 on monolayer MoS2 by including van der Waals interactions between the gas molecules 

and MoS2. They found that only NO, NO2 and SO2 could bind strongly to MoS2 surface compared to 

other gas molecules, which was found to be in good agreement with experimental observations.  
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Hence they suggested that MoS2 is more sensitive to NO, NO2 and SO2 due to the observed charge 

transfer, variations in the electronic band structure and density of states (DOS) of MoS2 after gas 

adsorption [159]. 

Cho et al. developed a highly sensitive and selective gas sensor using uniform atomic-layered MoS2 

synthesized by thermal CVD for the detection of NO2 and NH3 [160]. The charge transfer mechanism 

was evident from in situ photoluminescence characterizations and theoretical calculations. The  

first-principles DFT based calculations showed that adsorption processes are exothermic and thus 

probable adsorption of NO2 and NH3 onto MoS2 surface due to the negative adsorption energies for 

NO2 and NH3 gas molecules. The adsorption of NO2 onto MoS2 surface led to an increase in the 

intensity of the positively charged trion (A+) and suppression of the intensity of neutral exciton (A°) 

due to the electron depletion of MoS2 by NO2 adsorption, whereas in the case of NH3 adsorption, the 

A° peak intensity increased and the A+ peak intensity decreased due to the electron accumulation of 

MoS2 by NH3 adsorption. The resistance of the MoS2 gas sensor exhibited an increase in the NO2 gas 

exposure mode, whereas the resistance exhibited a decrease during the NH3 gas exposure mode [160]. 

Recently, Cho et al. investigated the gas sensing performance of a 2D heterostructure-based gas 

sensor via the combination of mechanically exfoliated MoS2 and CVD grown graphene [161].  

MoS2 flake based gas sensor with Au/Ti metal electrodes exhibited excellent gas sensing stability over 

many sensing cycle tests with a detection limit of about 1.2 ppm to NO2. After NO2 injection, positive 

sensitivity i.e. increase in resistance was experienced by the Au/Ti/MoS2 based sensor, whereas in the 

case of NH3 injection, negative resistivity was observed. But the sensitivity of MoS2 based sensor to 

NH3 was found to be lower than that to NO2 due to the small charge transfer from NH3 and MoS2.  

The band structures of MoS2 after NO2 and NH3 adsorption also validated the high sensitivity of MoS2 

to NO2. In the atomically thin heterostructure-based gas sensor, patterned graphene film was used 

instead of metal electrodes for the charge collection of MoS2. They gave a detailed explanation on the 

gas sensing mechanism of the graphene/MoS2 device based on an equation having several variable 

resistance terms. 2D heterostructure-based structure fabricated on a flexible polyimide substrate 

retained its gas sensing characteristics without any serious performance degradation, even after harsh 

bending tests of about 5000 bending cycles. The flexible graphene/MoS2 based sensor exhibited 

extraordinary long-term stability after 19 months. The graphene/MoS2 based gas sensor experienced a 

decrease in resistance upon NO2 exposure and increase in resistance upon NH3 exposure, which is just 

the opposite trend of resistance change observed for Au/Ti/MoS2 based sensor due to the n-type 

behavior of Au/Ti/MoS2 based device and p-type behavior of graphene/MoS2 heterojunction based gas 

sensor [161]. 

Cho et al. reported the bifunctional sensing characteristics of CVD synthesized MoS2 film to detect 

gas molecules and photons in a sequence [162]. The single MoS2 based device had demonstrated 

highly sensitive, selective detection of NO2 and also good photo sensing performance such as 

reasonable photoresponsivity, reliable photoresponse and rapid photoswitching. The observed sensing 

behavior of the MoS2 based device could be attributed to the charge transfer between NO2 and MoS2 

sensing film and the detection limit was measured to be 120 ppb. The devices based on atomic-scale 

MoS2 films with bifunctional capability would pave the route towards the development of the futuristic 

multifunctional sensors [162]. 
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Apart from MoS2, other members of TMDs such as WS2 and MoSe2 have also shown excellent gas 

sensing properties [88–91]. Researchers have explored the possibility of employing WS2 in gas 

sensing, as WS2 possess several advantages such as higher thermal stability, wider operation 

temperature range and favorable band structure as compared to MoS2. Huo et al. for the first time 

systematically studied the photoelectrical and gas sensing properties of transistors based on multilayer 

WS2 nanoflakes exfoliated from WS2 crystals [88]. The photoelectrical properties of multilayer WS2 

nanoflake based FETs got strongly influenced by the gas molecules. Upon exposure to reducing gases 

such as ethanol and NH3, they observed strong and prolonged response with enhanced  

photo-responsivity and external quantum efficiency, due to the charge transfer between the physically 

adsorbed gas molecules and multilayer WS2 nanoflake based FETs [88]. High sensitivity detection of 

WS2 thin films towards NH3 was achieved by WS2 devices synthesized using inductively coupled 

plasma (ICP) source [89]. 

The interactions of NH3 and H2O molecules with monolayer WS2 investigated by means of  

first-principles calculations indicated that both NH3 and H2O molecules are physisorbed on monolayer 

WS2 [90]. The results from Bader charge analysis and plane-averaged differential charge density 

showed that NH3 and H2O act as electron donor and acceptor, leading to n- and p-type doping 

respectively. The charge transfer between the gas molecules and single-layer WS2 was primarily 

determined from the mixing of the highest occupied and lowest unoccupied molecular orbital with the 

underlying WS2 orbitals. They also provided detailed explanation about the sensing mechanism of the 

WS2-FET based gas sensor towards NH3 and H2O. They found enhanced photoresponsivity and 

external quantum efficiency due to the increase in the total conduction electron density as more 

electrons are transferred from NH3 to the n-type WS2 channel, upon the adsorption of NH3 gas 

molecules. In the case of H2O adsorption on monolayer WS2, the source-drain current of WS2-FET 

based gas sensor got suppressed by the electron trapping of H2O molecule from the WS2 channel [90]. 

Their theoretical results were found to be in good agreement with the experimental results by  

Huo et al. [88]. After a single NH3 molecule adsorption on a 4 × 4 WS2 supercell, the saturation  

source-drain current (IDsat) increased by 9.6 × 10−6 A from its value under vacuum, which was found to 

be comparable to the experimental increment of dark drain current by ~6.9 × 10−7 A in NH3. Similarly 

IDsat decreased by 2.8 × 10−6 A, consistent with the experimental decrement of dark drain current to  

~1.0 × 10−8 A in air [90]. 

Late et al. developed a gas sensor based on single layer MoSe2 and the shift in the Raman spectra 

observed before and after exposing the MoSe2 based gas sensing device to NH3 confirmed the gas 

detection ability of single layer MoSe2. The detection limit of the MoSe2 based gas sensor was found 

to be 50 ppm. Their findings proved the potential of MoSe2 and other TMDs as excellent gas  

sensors [91]. 

2.3. Phosphorene 

Motivated by the utility of 2D materials such as graphene and TMDs in nanodevice applications, 

scientists started searching for new 2D materials. Phosphorene, a single-atomic layer of black 

phosphorus (BP), arranged in a puckered honeycomb lattice [163] isolated recently, possess several 

advantageous properties such as existence of a finite band gap [164] and high charge carrier mobility 
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of around 1000 cm2/Vs [165] over previously isolated 2D materials such as graphene and MoS2 with 

zero band gap and low mobility respectively. In addition to these, the anisotropic electrical 

conductance, high current on/off ratios, high operating frequencies, ambipolar behavior, fast and 

broadband photo detection of phosphorene [166,167] have already been exploited for FETs, PN 

junctions, photodetectors, solar cells, etc., [163,168–170] within the last year. Similar to graphene and 

MoS2, it was found that gas adsorption strongly influences the electrical properties of phosphorene, 

which could be effectively employed for gas sensing applications [92,93]. 

Kou et al. presented first-principles study of the adsorption of CO, CO2, NO, NO2 and NH3 on 

monolayer phosphorene. Their results proved superior gas sensing performance of phosphorene which 

even surpasses other 2D materials such as graphene and MoS2. Molecular doping of phosphorene by 

gas molecules due to the charge transfer between gas molecules and phosphorene resulted in large 

binding energies, similar to that observed in graphene and MoS2 [92]. The adsorption of gas molecules 

was observed to be much stronger than that in graphene and MoS2, which implies that monolayer 

phosphorene, can be used to make more sensitive gas sensors. The current-voltage (I-V) characteristics 

of phosphorene calculated using non-equilibrium Green’s function (NEGF) formalism showed 

sensitive changes to adsorption, depending on the type of the gas molecule and thus leading to  

high selectivity. 

The first experimental verification of gas sensors based on BP was reported by Abbas et al.  

recently [93]. FETs based on multilayer BP (as shown in Figure 11) showed increased conduction upon 

NO2 exposure (as shown in Figure 12a) due to the hole doping of the multilayer BP by NO2 and high 

sensitivity detection down to 5 ppb, which could be compared with the performance of other 2D 

materials. The relative conductance change for the multilayer BP based FET on exposure to varying 

NO2 concentrations of 5, 10, 20 and 40 ppb followed the Langmuir isotherm for molecules adsorbed 

on a surface (as shown in Figure 12b). Moreover, the sensor had good stability even after repeated 

sensing cycles and better recovery after flushing with argon, which presented reversible adsorption and 

desorption process. Compared to other multilayer 2D materials such as MoS2 [81,82], the sensitivity of 

multilayer BP was found to be surprisingly very high [93]. The relative change in conductance of an 

18 nm thick MoS2 flake to 1200 ppb NO2 was ~1%, whereas the conductance change for 55 nm thick 

BP to 5 ppb NO2 was 2.9%. The high sensitivity of BP could be attributed to the high adsorption 

energies of NO2 on BP and the less out-of-plane conductance of BP compared to graphene and MoS2. 

 

Figure 11. Scheme of a multilayer black phosphorus (BP) FET used for chemical sensing. 

Reprinted with permission from Ref. [93]. Copyright, 2015, American Chemical Society. 
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Figure 12. NO2 gas sensing performance of multilayer BP FET. (a) Relative conductance 

change (ΔG/G0) vs. time in seconds for a multilayer BP sensor. Inset shows a zoomed in 

image of a 5 ppb NO2 exposure response with identification of points in time where the 

NO2 gas is switched on and off; (b) ΔG/G0 plotted vs. NO2 concentration applied to the BP  

FET showing an agreement between the measured values (red squares) and the fitted 

Langmuir isotherm. Reprinted with permission from Ref. [93]. Copyright, 2015, American 

Chemical Society. 

2.4. 2D Semiconducting Metal Oxide Based Nanostructures 

Gas sensors based on metal oxide semiconductors such as ZnO, SnO2, WO3, Fe2O3, In2O3, which 

are the most commonly used solid-state gas detection devices in domestic, industrial and commercial 

applications [171,172] operate on the principle of induced change in the electrical conductivity of the 

metal oxide due to the chemical reactions between gas molecules and semiconductor surface. But the 

sensitivity values reported for these sensors based on bulk materials or dense films were only  

moderate [172]. 

Compared to their bulk counterparts, 1D nanostructures in the form of nanowires, nanotubes, 

nanorods, nanoribbons, nanofibers, etc., provide large surface-to-volume ratios and high density 

surface reactive sites for gas sensing applications. The sensing platforms based on 1D nanostructured 

semiconducting metal oxides possess advantages of small size, light weight, good chemical and 

thermal stabilities under different operating conditions with minimal power consumption [4,173].  

Gas sensors using 2D semiconducting metal oxide nanostructures such as nanosheets, nanowalls, 

nanoplates, nanoscale films have also attracted the major attention of researchers due to the their 

comparable or even better performance compared to 1D metal oxide nanostructures. 

One of the most important and interesting metal oxide, ZnO, a n-type semiconductor, has many 

unique optical and electrical properties such as wide band gap (3.37 eV), high exciton binding energy 

(60 meV) in addition to high temperature operation, high sensitivity to toxic and combustible gases, 

high thermal and chemical stability [174]. During the past, gas sensors based on ZnO were employed 

particularly for fuel leak detection in automobiles, space crafts, emissions from industrial processes, 

etc., Recently, ZnO nanostructures in the form of nanowires, nanotubes, nanorods, nanoflowers, etc., 
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have shown superior performance in nanoscale optoelectronics [175,176], nanoscale  

piezotronics [177,178], catalysis and sensing devices [179–181]. 

Gas sensors made from 2D ZnO NSs with thickness of about 10–20 nm and width-to-thickness 

ratios of nearly one thousand, synthesized by simple mixed hydrothermal method in the presence of 

cetyltrimethyl ammonium bromide (CTAB) and 1,2-propanidiol, exhibited good selectivity and 

response to acetone and gasoline at high and low temperatures respectively in the presence of 

ammonia, ethanol and toluene [94]. For acetone, the ZnO NS based gas sensor showed increase in the 

response with increase in heating temperature, but for gasoline, the sensing behavior was found to be 

decreasing with rise in heating temperature. Both the response and recovery times got improved with 

increasing heating temperature. At 300 °C, the response and recovery times were nearly 13 s and 30 s 

respectively. At 360 °C, the response to acetone (response magnitude of 31) was much higher than that 

of the other gases such as ammonia, ethanol, toluene and gasoline. At 180 °C, the response to gasoline 

(response magnitude of 30) was also found to be much higher than that of the other gases.  

These results proved the potential of employing 2D ZnO NSs with extremely large specific surface 

area for selective detection of acetone and gasoline through temperature modulation [94]. 

ZnO nanowalls also have high surface-to-volume ratios and are highly effective in energy storage, 

field emission, chemical and biological sensing applications. Chang et al. [95] developed a CO gas 

sensor based on ZnO nanowalls grown on a glass substrate using fast, low-temperature, catalyst-free 

process in a tube furnace, compared to other ZnO nanowall fabrication methods which involve costly 

equipment, complex processes, toxic metal-organic precursors and flammable gases. They observed a 

linear trend of sensitivity ratio with the CO concentration. The current density-potential curve of the 

ZnO nanowall based gas sensor showed highest relative sensitivity ratio of 1.05 at 300 °C for  

3000 ppm CO [95]. 

Earlier reports have shown enhancement in the gas sensing properties of the nanomaterials as their 

size approaches the Debye length, which is about 15 nm for ZnO at 325 °C. Recently, ultrathin 

hexagonal ZnO NSs as thin as 17 nm synthesized by simple hydrothermal method in the presence of 

CTAB exhibited the highest gas sensing response of 37.8 (ratio of resistance in air to that in target gas) 

at an operating temperature of 350 °C with response and recovery times of 9 s and 11 s respectively to 

50 ppm formaldehyde gas [96]. 

As 2D porous metal oxide NSs with single-crystalline structure provide relatively large surface area 

due to the unique sheet-like morphology, they are successful gas sensing materials due to the enhanced 

sensing response and good stability. In the case of 2D NSs, the synthesis of single-crystalline structure 

with numerous pores was found to be easier as compared to 1D NWs [172]. Jing et al. [97] reported 

that gas sensor fabricated from porous ZnO nanoplates synthesized by simple microwave method 

showed strong response to chlorobenzene and ethanol at different operating temperatures. Liu et al. 

verified the gas sensing properties of novel single-crystalline ZnO NSs composed of porous interiors 

fabricated by annealing ZnS(en)0.5 (en = ethylenediamine) complex precursor [98]. The gas sensors 

fabricated from ZnO nanostructures exhibited high gas sensing response, short response time, fast 

recovery to formaldehyde and ammonia and also significant long term stability. 

Hierarchically porous semiconducting metal oxide materials are proven to be ideal candidates for 

gas sensing applications due to the high surface area that they provide thanks to its peculiar structure 

which greatly facilitate significant enhancement in gas diffusion and mass transport, ultimately 
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improving the sensitivity and response time of the gas sensor [182]. Due to ease of scale up, 

consistency and low power consumption, microstructure sensors based on thin films are appropriate 

for practical sensing applications. A microstructure sensor based on hierarchically porous ZnO NS thin 

films demonstrated for the first time by Zeng et al. [99] showed the maximum response of 11.2 (ratio 

of resistance in dry air to that in target gas) at optimal temperature of 300 °C to 100 ppm CO with a 

response time of 25 s, recovery time of 36 s and high selectivity to CO among other interfering gases 

such as SO2, C7H8. The comparison of the response of sensors based on ZnO NSs, ZnO NPs and ZnO 

seed layer as a function of CO concentration showed the fastest increase for ZnO NSs. Due to the 

hierarchically porous structure of ZnO NSs with well-defined and well-aligned micro-, meso- and 

nanoporosites, ZnO NS based sensors showed higher and fast response, selectivity with fast recovery 

compared to other ZnO based nanostructures [99]. 

Nanomaterials based on NiO, a p-type semiconductor with excellent optical, electrical properties 

and high chemical stability have also proven as promising gas sensing materials owing to their high 

electron transport performance. Gas sensors based on NiO nanomaterials have demonstrated high 

sensitivity, low cost and good compatibility with micromachining. Zero-dimensional (0D) and 1D-NiO 

based sensors had excellent sensitivity, fast response and recovery, but suffer from poor stability due to 

poor interconnection between the sensing materials and electrodes on the sensing platform.  

NiO nanoscale films and foils, when used as sensing elements could overcome the stability issues 

associated with 0D- and 1D-NiO. Even though various approaches such as CVD, reactive sputtering, 

metal evaporation, sol-gel and chemical methods have been employed for preparing 2D NiO 

nanostructures, NiO thin film prepared by chemical reduction has shown high gas sensing performance 

in terms of repeatability, sensitivity and stability due to high porosity, uniform morphology, continuity 

and nanocrystallinity of the films. Wang et al. [100] fabricated ammonia gas sensors based on NiO 

porous films on glass substrate through chemical reaction combined with high-temperature oxidation 

route in air, which showed fast response and excellent sensitivity (as shown in Figure 13). Without the 

need for pre-concentration step, the change in the sensor conductance reached up to about 18% upon 

exposure to 30 ppm NH3 for about 27 s, which could be attributed to the large specific surface area and 

the porous surface structure of 2D NiO film [100]. The high electron transport performance and good 

connection between the 2D NiO films and the electrodes improved the recovery and stability of the 

sensor (as shown in Figure 13). They also observed excellent selectivity towards NH3 over other 

organic gases for the 2D NiO grainy film based sensor (as shown in Figure 14). 

 

Figure 13. Stability and sensitivity test of gas sensors based on NiO films.  

The conductance change of NiO films on the glass substrates to 20, 30, and 50 ppm of NH3 

at room temperature [100]. 
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Figure 14. Selectivity tests of gas sensors based on NiO films. The concentration of NH3 is 

50 ppm, and the concentration of other organic gases is higher than 300 ppm [100]. 

2D nanostructures made from CuO, WO3, SnO2 have also shown good gas sensing characteristics. 

Uniform CuO nanosheets synthesized by mild hydrothermal method in the presence of CTAB showed 

stable and similar gas sensing response to combustible gases such as ethanol, acetone and  

gasoline [101]. 2D WO3 nanoplate based sensors showed superhigh sensitivity to different alcohols 

such as methanol, ethanol, isopropanol and butanol at operating temperatures of 260–360 °C [102]. 

The high specific surface area arising from the ultrathin plate like structure and the high crystallinity of 

WO3 nanoplates led to fast and effective adsorption of alcohol molecules. The response and recovery 

times for the 2D WO3 nanoplate sensor were reported to be less than 15 s for all the tested alcohols. 

A highly sensitive and fast responding CO sensor was demonstrated by SnO2 NSs prepared by a 

facile chemical route at room temperature with subsequent high temperature annealing [103].  

The reported response value of 2.34 and response time of 6 s were found to be significantly larger and 

less than those of SnO2 powders (1.57, 88 s) respectively [103]. Sun et al. [106] have reported high 

response, good repeatability, short response and recovery periods, for 10 nm thick SnO2 NSs prepared 

by simple and efficient hydrothermal method on exposure to ethanol. The response (ratio of resistance 

in air to that in tested gas atmosphere) of the SnO2 NS sensor to 100 ppm ethanol increased with the 

rise in the temperature from 200 to 250 °C which is followed by decrease in response with increase in 

operating temperature. The response had the maximum value of 73.3 at 250 °C for ethanol, much 

greater than the response values to other volatile organic compounds such as acetone, methanol, 

toluene, butanone and isopropanol. To 200 ppm CO, the SnO2 NS sensor showed the highest response 

at 300 °C with good repeatability and stability. Compared to other SnO2 nanostructures with longer 

response and recovery times, the response and recovery times of the SnO2 NS based sensor were about 

1 and 3 s respectively, believed to be due to the ease of gas diffusion towards the surface of SnO2 NSs 

through the channels and pores and its reaction with the chemisorbed oxygen [106]. The CO gas 

sensing performance of different SnO2 NSs prepared through polyvinylpyrrolidone (PVP)-assisted 

hydrothermal method was investigated by Zeng et al. [108]. They found that the as prepared SnO2 NSs 

showed a linear increase in sensing response with CO gas concentrations ranging from 100 to 450 ppm 

at 300 °C. Out of the different SnO2 NSs that vary in their PVP concentration, SnO2 NS with the 

highest PVP concentration of 15 mM exhibited good CO sensing performance such as higher response, 

fast response and recovery, due to the large contact surface area on the NSs [108]. 
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3. Conclusions and Future Perspectives 

The exfoliation of graphene and other 2D materials from their 3D counterparts and the recent 

utilization of their fascinating properties in various fields have been the main breakthrough in the 

realm of materials science. 2D materials possess great potential to play an important role in electronics, 

optoelectronics, energy conversion and storage, chemical and biological sensing due to their unique 

structural, electrical, physical and chemical properties. The success of new and improved nanodevices 

based on 2D materials such as MoS2, graphene and its derivatives in optoelectronics and 

nanoelectronics have inspired researchers to explore more 2D materials with better performance than 

those already isolated. 

Gas sensors based on 2D materials have demonstrated high sensitivity detection of a wide variety of 

gas molecules at low concentrations, due to the maximum sensor surface area per unit volume, low 

noise and superior ability to screen charge fluctuations compared to 0D and 1D systems, in addition to 

their favorable electrical properties for gas adsorption. Even though pristine graphene, GO and rGO 

present a very promising gas sensing platform for room temperature gas detection, they get strongly 

affected by a range of different gas species and also suffer from slow recovery and poor electrical 

stability under different environmental conditions. Chemical modification of graphene or rGO, 

functionalized with defects, dopants, metal, metal oxide nanoparticles and polymers have proven to 

provide promising solution for improving the sensing performance with high specificity, enhanced 

sensitivity and low detection limit. Over the past two to three years, gas sensors based on other 2D 

materials such as TMDs and phosphorene have started gaining a lot of research interest due to their 

extraordinary and superior sensing capability over carbon based nanomaterials. 

The desorption of gases on 2D materials such as rGO, MoS2, phosphorene, etc., is observed to be 

slow due to the strong adsorption of gas molecules on these materials, which usually requires external 

assistance such as UV light exposure or high temperature annealing after gas exposure. This drawback 

of 2D material based gas sensors, which limits their practical use need to be addressed as it degrades 

the sensing performance in terms of sensitivity, detection limit and repeatability. Most of the gas 

sensing experiments already reported using 2D materials had to be performed under a controlled 

environment, as the sensitivity values were found to be affected by the presence of other gases in 

practical environmental conditions. Hence future work need to concentrate on achieving ultra-high 

selective gas sensing devices under practical conditions using 2D materials. This issue can be 

addressed by modification of the material surface with suitable modifiers such as metal or metal oxide 

nanoparticles. The functionalization scheme could be extended to TMDs and phosphorene, which had 

already proven to be highly successful for graphene based materials. Lack of large scale manufacturing 

of 2D materials with large area, high and uniform quality is yet another challenge. Flexible electronics 

could benefit from the mechanical compatibility of 2D materials with the device fabrication due to 

their excellent mechanical properties. 2D heterostructures obtained by the combination of different 2D 

materials provide a suitable sensing platform for developing future wearable electronics. 

Modeling of nano sensing devices based on 2D materials is receiving great importance now-a-days, 

as it could enable the study of underlying sensing mechanisms and the analysis of the sensor 

performance before going for expensive experimentation. The electronic structure and quantum 

transport calculations of 2D material based electronic sensors before and after interaction with gas 
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molecules are of great importance to the fabrication and development of novel nano sensors.  

Even though many reports on theoretical simulations of gas adsorption on graphene and modified 

graphene exist which give insights into the change in the electrical properties of graphene by gas 

molecule interactions, similar works on TMDs such as MoS2, WS2, MoSe2 and phosphorene are found 

to be very limited or lacking. Future progress in this field necessitates detailed understanding of the 

intrinsic properties of new 2D materials at the nano-scale and also the effect of adsorption of gas 

molecule on the electronic properties for evaluating the gas detection capability of these materials. 

First-principles calculations on the adsorption of gas molecules using different 2D materials could 

enable the identification of the suitable modification of these materials for enhanced sensor 

performance. The gas sensing mechanisms of devices based on newly discovered 2D materials are not 

completely explained till now. Once the above mentioned shortcomings are addressed, 2D materials 

could revolutionize the field of gas sensing so that they could emerge as ideal sensing elements with 

ultrahigh sensitivity, surprisingly high selectivity, fast response, good reversibility, room temperature 

operation, outstanding stability, etc., for gas sensing systems in the near future. 
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