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ABSTRACT 

Two dimensional layered inorganic nanomaterials (2D-LIN) have recently attracted 

huge interest because of their unique thickness dependent physical and chemical properties 

and potential technological applications. The properties of these layered materials can be 

tuned via both various physical and chemical processes. Some 2D layered inorganic 

nanomaterials like MoS2, WS2 and SnS2 have been recently developed and employed in 

various applications, including new sensors because of their layer-dependent electrical 

properties. This article presents a comprehensive overview of recent developments in the 

application of 2D layered inorganic nanomaterials for sensors. Some of the salient features of 

2D materials for different sensing applications are discussed, including gas sensing, 

electrochemical, SERS and biosensing, SERS sensors and photodetection. The working 

principles of the sensors are also discussed together examples. 
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1. Introduction 

Graphene, a 2D layered carbon nanomaterial has been the subject of intense interest 

because of its attractive and exceptional physical and chemical properties. Over the past few 

years, numerous attempts have been made to develop graphene-based devices with unique 

electronic, optoelectronic, electrochemical and biomedical applications1–7. Several excellent 

review articles 1–7and books 8–10 highlight the preparation and potential application of 

graphene. Although a lot of attention has focused on the synthesis and application of 

graphene11, recently alternative 2D layered inorganic nanomaterials (2D-LIN) have attracted 

attention, as new and novel inorganic layered materials with interesting physical and 

chemical properties. Examples of such 2D inorganic nanomaterials include hexagonal boron 

nitride (h-BN), molybdenum disulphide (MoS2), tungsten disulphide (WS2), indium selenide 

(In2Se3), gallium selenide (GaSe), vanadium selenide (VSe2), iron sulphide (FeS), tungsten 

selenide (WSe2), molybdenum selenide (MoSe2), gallium telluride (GaTe), gallium sulphide 

(GaS). Applications of 2D-LIN for novel electronic devices such as electrochemical sensors, 

biosensors, solar cells, gas sensors, field emitters, FETs etc. have recently been reported 12–17.  

Fig. 1 displays examples of some of these materials together with a range of technological 

applications. 

 
Recent reviews on 2D-LIN have discussed synthesis, properties and their applications 

in various fields, such as gas and electrochemical sensors,  FET biosensors, gas adsorption 

and storage, supercapacitors, lithium ion and sodium batteries, oxygen reduction and 

hydrogen evolution reaction, and superconducting properties 18–26. This review focuses on 

recent developments in the field of 2D-LIN and their application to sensing.  
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Fig. 1 Examples of inorganic 2D materials 
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We first discuss methods for synthesizing and preparing novel 2D-LIN along with the 

working principles of the sensors. We also describe salient features of the nanomaterials 

together with graphene and carbon nanotube (CNT) nanocomposites. The review covers the 

use of 2D-LIN  in sensing. 

 
2. Synthesis 

A variety of methods have been employed in the preparation of 2D inorganic 

nanomaterials and Fig. 2 describes the range of approaches that have been adapted and 

developed for the synthesis of the nanomaterials. Micromechanical exfoliation (Scotch-tape 

method) is the simplest and the traditional technique used for the preparation of atomically 

thin layers of 2D nanomaterials with high quality and crystallinity. Novoselov et al. first 

applied the exfoliation method in the preparation of graphene from bulk graphite material 27. 

Since then there have been extensive reports on the use of exfoliation for the preparation of 

other 2D inorganic nanomaterials like h-BN, WS2, MoS2 and In2Se3 
28–31. Techniques like 

optical microscopy, AFM, FESEM and HRTEM can be used to identify the number of layers 

Mono and multi layers of 2D nanomaterials prepared by exfoliation are widely used in FET 

transistor and photo detector applications32–34. However, large scale production of materials is 

not possible by this method, which is one of the major limitations of the technique. In 

addition to micro-mechanical cleavage, pulsed laser deposition (PLD) has also been used to 

prepare thin films of layered 2D inorganic nanomaterials on suitable substrates, where laser 

pulses are used to ablate the bulk target material. The spot size and energy density of the laser 

beam, ablation time, irradiation angle,  
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Fig. 2 The range of synthetic approaches used to fabricate 2D layered inorganic 

nanomaterials 

 

 

 

 

 

 

 

 

Page 5 of 53 Nanoscale

N
an

os
ca

le
A

cc
ep

te
d

M
an

us
cr

ip
t



6 
 

substrate temperature and chamber vacuum are parameters that determine the quality of the 

deposited thin films35,36. Recently, unzipping has emerging as an efficient technique for the 

synthesis of 2D layered nanostructures. Jiao et al. and Kosynkin et al. successfully employed 

this technique for the first time to prepare graphene nanosheets from MWCNTs 37,38. Since 

then, many reports have appeared on the preparation of graphene nanosheets from MWCNTs 

39–43. Besides chemical unzipping, plasma, microwave, electrochemical, microwave and laser 

assisted unzipping methods have all been used to prepare graphene nanosheets 44–47. Very 

recently, this method has been explored for preparing BN and WS2 nanosheets. Hydrothermal 

and solvothermal methods have also been extensively employed to prepare 2D-LINs.. Many 

reports have appeared in the literature for the preparation of 2D-LIN such as MoS2, WS2, 

SnS, VS2, CoS2 by hydrothermal and solvothermal methods48–58. Liquid exfoliation is the 

simplest method for large scale production. In this method, commercially available or 

synthesized samples are sonicated in an aqueous or non-aqueous medium for a long period of 

time (e.g. 3 to 8 h) to produce layered nanostructures. Organic compounds like dimethyl 

formamide59, N-methyl pyrrolidone60, methanesulfonic acid61, chloroform-acetonitrile 

mixture62, ethanol-water mixture63, and 1-dodecyl-2-pyrrolidinone64 are used as solvents. 

During sonication, the van der Waals interactions are broken yielding single or few layers of 

materials like WS2. Solution phase synthesis is a chemical method in which large quantities 

of layered inorganic nanomaterials can be easily synthesized. CVD is a practical method for 

scalable and reproducible synthesis of large-area, high-quality 2D materials with a thickness 

of single or few atomic layers. Atmospheric pressure chemical vapour deposition has been 

recently used for the deposition of scalable large area nanoscale MoS2 thin films on substrates 

such as sapphire, SiO2/Si and c-axis ZnO. Electrochemical deposition is a viable technique 

for the preparation of thin films of nanomaterials in a reproducible and controlled manner. 

The thickness and properties of the material to be deposited can be tuned by varying the time, 
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current and potential. Other metal chalcogenides like WS2, FeS2, CuS, SnS and CuInS2 have 

also been prepared using electrochemical methods65–69. Although there are reports on the 

preparation of 2D inorganic materials by electrodeposition, it remains a major challenge to 

prepare these 2D materials with high quality and reproducibility. Similar to hydrothermal and 

solvothermal method, the ionothermal method is considered to be a more eco-friendly and 

safer. Water soluble room temperature ionic liquids are used as solvents and these liquids 

have some advantageous properties such as low vapour pressure, high thermal stability and 

tunable solubility.  

 
3 Applications of 2D-LIN  for sensing 

3.1 Gas sensors 

3. 1.1 Sensing mechanisms 

 Most of the 2D-LIN gas sensors reported to date are based on the chemiresistive 

technique. Generally, upon exposure to reactive gases the gaseous species are adsorbed on 

the surface of the sensing material, changing the resistance of the active material due to the 

surface interactions and charge transfer processes. When the sensor is again exposed to air (or 

an inert environment), the gas molecules desorb from the sensor surface and the sensor 

regains its original resistance. The performance of these chemiresistive sensors are 

characterized by various parameters. Some of the measurands are sensor response, sensitivity, 

response and recovery time, selectivity and stability. The sensor response S (%) is defined as 

the ratio between the change in resistance value of the sensor in the presence and absence of 

gas molecules with respect to the initial resistance of the sensor:  

S	(%) = 	 ��		
	���
���
	
� × 100          (1) 

Where Rair is the resistance of the sensor in air and Rg is the resistance of the sensor in the 

presence of target gas. Sensitivity (S) can also be defined as the change of measured signal 
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per analyte concentration unit. Normally, this value can be extracted from the slope of a 

calibration plot, i.e. a plot of concentration vs. sensor response. Another important parameter 

is the response and recovery time, which is a key performance indicator for gas sensors. The 

response time is defined as the time taken to reach 90% of the full response after a stimulus. 

The recovery time is the opposite, the time taken to return to 90 % after the stimulus is 

removed. Selectivity measures the response to a specific group of analytes or even to a single 

analyte. Stability is an important measurand which characterises the quality of a signal  over 

time.  

 
All of these sensor parameters are strongly dependent on the sensing material. Over 

the past decades nanostructured metal oxides and conducting polymers have been widely 

employed for gas sensing70–72. However, in recent years, carbon nanotubes and graphene 

have attracted considerable attention as gas sensors because of their porous structure and high 

surface to volume ratio73,74. Since the surface area of these samples is very large, the 

adsorption of gas molecules is very high which improves the sensitivity and kinetics of 

sensing. Recently, the development of new 2D-LIN has opened up new avenues in gas 

sensors because of their high electrical conductivity and large surface area compared to 

conventional nano metal oxides. Most of the reported 2D-LIN gas sensors are simple 

chemiresistive FETs that have low power consumption can be easily fabricated. Classical gas 

sensing theory cannot be applied to these materials as the mechanism responsible for sensing 

is the charge transfer reaction between the adsorbed gaseous species and sensing surface, 

whereas in conventional metal oxide based gas sensors, surface adsorbed oxygen plays a vital 

role.  Although there are reports describing the use of 2D-LIN as gas sensors, the sensing 

mechanism is still to be thoroughly investigated. Zhou and his group demonstrated the 

sensing performance of MoS2 FET towards NO2 (nitrogen di-oxide) and NH3 (ammonia)75.  

They explained the sensing mechanism of an MoS2 FET sensor as a charge transfer reaction 
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between adsorbed gaseous species and the sensor surface. It is well known that NO2 and NH3 

are oxidizing and reducing gases respectively. When the FET sensor device is exposed to 

NO2, the concentration of electrons in the conduction band of the MoS2 is decreased because 

of the electron withdrawing property of NO2. Therefore, a larger positive potential is required 

for operation and the device exhibits a positive shift in threshold voltage with increasing 

NO2, as shown in Figure 3a. Similarly, when the device is exposed to NH3, the electron 

concentration is increased in the device and a lower voltage is required to turn on the device. 

The sensor therefore shows a negative shift for NH3 gas (Figure 3a). These observations 

demonstrate that working principle of the MoS2 based gas sensors is the change in carrier 

concentration due to charge transfer processes (Figure 3b). In a similar study by Cho and his 

group, the NO2 and NH3 sensing properties of MoS2 prepared by CVD was demonstrated 

with a simple chemiresistive sensor76. The working mechanism of this gas sensor was 

elucidated as charge a transfer mechanism using in situ photo-luminescence (PL) 

spectroscopy and density functional theory. More specifically, when the sensor was exposed 

to an oxidizing gas like NO2, the intensity of the A+ peak in the PL spectrum increased while 

the A0 peak decreased. This is because of the generation of more holes due to extraction of 

electron from the MoS2 by NO2.  Opposite trends were observed for NH3, due to the increase 

of neutral excitons caused by the dissociation of positive trions from the neutral excitons. 

This in situ PL study clarified the charge transfer processes between adsorbed gaseous 

species and MoS2. A schematic diagram of the sensing mechanism of MoS2 sensors in the 

presence and absence of analyte gases and the corresponding in situ PL data is shown in Fig. 

3c. 

 
3.1.2 Current status 

               Gas sensors have potential applications in many fields such as environmental 

monitoring, outdoor air quality, process control and safety, medical diagnostics etc.77.  Over 
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the past few years, many materials have been developed for gas sensing, including 

nanostructured metals and metal oxides, nano conducting polymers, carbon nanotubes and 

their nanocomposites74,78–82. Recently, graphene has attracted attention because of its high 

surface to volume ratio. A material with high surface area can exhibit good sensitivity and 

selectivity with a short response and fast recovery time. Compared to traditional metal oxide 

based gas sensors, graphene exhibits superior sensing performance83. In addition to good 

surface to volume ratio, another important property for a gas sensing material is its 

semiconductivity because, upon exposure to gas molecules, the transport characteristics of an 

active material will be modulated giving enhanced sensor performance84. Based on this 

aspect, graphene fails as it has zero band gap. Also, there is a great demand to develop cost 

effective gas sensors with high sensitivity and low power consumption. In order to overcome 

these problems it is essential to develop novel 2D layered materials like graphene but with 

band gaps suitable for gas sensing. In case of 2D materials not only the “semiconductivity” 

property but also other properties such as enhanced catalytic properties, high surface area, 

active sites and reactivity plays important role for its sensing performance. Many 2D layered 

inorganic materials have now been developed, including MoS2, WS2, WSe2, GaS, GaSe2, 

FeS2, CuS, NdSe2 and h-BN, but only a few material such as MoS2 have been used as gas 

sensors. MoS2 is an n type semiconductor with a band gap of 1.2 eV. Unlike graphene, bulk 

MoS2 possesses a large band gap, which becomes wider and direct (1.9 eV) for  
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(a) (b) 

(c) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3 (a) Transfer characteristics of an MoS2 FETs upon exposure to NO2 and NH3 at 

different concentrations. Threshold voltage (Vth) versus gas concentrations for NO2 and NH3. 

(b) Proposed band alignment diagrams at the MoS2-metal junctions (taken from75).  (c) In situ 

PL spectra recorded from the MoS2 with NO2 and NH3 molecules.  Schematics of the charge 

density differences for MoS2 in the presence of NO2 and NH3 gas molecules. NO2 molecules 

on the surface of MoS2 act as electron acceptors, whereas NH3 molecules act as electron 

donors, from ref76. 
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atomically thin layers85,86.  Other layered metal chalcogenides like WS2 and SnS2 have also 

been studied for gas sensor application87,88. To date only conductometric gas sensors have 

been fabricated for the detection of vapours like triethylamine, ammonia, NO using MoS2 

devices.  Compared to CNT based gas sensor, single layer MoS2 exhibits higher sensitivity 

and selectivity towards volatile organic compounds (VOCs) at room temperature over a 

concentration range from 50 to 5000 ppm89.  He et al. studied the NO2 gas sensing properties 

of flexible thin film transistor (TFT) arrays based on MoS2. For the fabrication of TFT, rGO 

patterned polyethylene terephthalate (PET) substrate was used as drain and source electrodes. 

A methanolic dispersion of MoS2 was spin coated onto the PET substrate, which was used as 

a channel material. The sensor showed excellent sensing performance towards NO2 compared 

to a similar device based on an rGO film. The sensing performance of platinum nanoparticle 

functionalized MoS2 was also measured and found to have a sensitivity three times higher 

than for rGO, rGO-PtNPs and MoS2
90. In other work by Late and co-workers, the effect of 

layer thickness on the gas sensing performance of MoS2 FET was studied. Using 

micromechanical exfoliation, two and five layer samples were prepared and used to detect 

gases such as NO2, NH3 and water vapour. A schematic and photograph of the MoS2 

transistor based sensor is shown in Fig. 4a-b.  It was observed that unlike the two layer 

device, the five layer sample had a stable response with excellent sensitivity and recovery. 

Optical and SEM images of the two layer and five layer MoS2 device, along with the sensor 

response and calibration data are displayed in Fig. 4c-h. Another interesting observation from 

this work is that the application of positive and negative gate bias influenced the gate 

resistance of the FET device, making MoS2 more selective to NH3 and NO2 gases91. Very 

recently, Kim et al. developed a tunable and highly selective VOC sensor for analysis of lung 

cancer, based on a mercaptoundecanoic acid functionalized MoS2 where the conjugated 

ligand influenced the sensor responses towards different VOC’s 92. In addition to MoS2, BN 
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nanosheets are emerging as novel materials for gas sensors. Several reports describing 

computational and modelling studies of BN by DFT and Ab-initio methods revealed that BN 

nanosheets have a high adsorbing capacity for gas molecules and can be expected to exhibit 

high performance as gas sensors93–98. In a recent study, the methane sensing properties of BN 

nanosheets was demonstrated. The sensor had a systematic response in the presence and 

absence of analyte gas molecules99. Table 1 summarises gas sensors based on various 2D 

layered inorganic materials. 
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(e) (f) 

(g) (h) 

(a) (b) 

(c) (d) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4 (a) Schematic of the MoS2 transistor-based NO2 gas-sensing device. (b) Optical 

photograph of the MoS2 sensing device mounted on the chip. (c) Optical image of two-layer 

MoS2 sheet. (d) SEM image of two-layer MoS2 transistor device. Comparison of two- and 

five-layer MoS2 sensor performance with (e) NH3 and (f) NO2 (for 100, 200, 500, 1000 ppm). 

Sensitivity as a function of concentration (in ppm) for two-layer and five-layer MoS2 sheets 

for (g) NH3 and (H) NO2. Data from ref. 132. 
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Table 1 Summary of gas sensors based on various 2D layered inorganic materials 
 
 
 
S. No Material Detected gases or 

vapours 

Sensor type References 

1   MoS2 monolayer Triethylamine Conductometric 89 

2  MoS2 and MoS2 -Pt NO2 TFT 90 

3  Two and five layer MoS2 Ammonia and NO2 FET  91 

4  Mercaptoundecanoic acid 

conjugated MoS2 

Toluene, hexane, 

Ethanol, propanol and 

acetone 

Chemiresistor 92 

5  Single and Multilayer 

MoS2 

NO FET 90 

6  MoS2 nanosheets Humidity Chemiresistor 62 

7  MoS2 nanosheets  Ammonia FET 16 

8  MoS2 nanosheets Triethylamine Conductometric 87 

9  Monolayer MoS2 Ammonia and NO2 Schottky device 100 

10  MoS2- PANI Hg vapour Chemiresistor 101 

11  SnS2 nanoflakes Nitroaniline I-V 102 

12  Flower-shaped SnS2 Ammonia  Chemiresistor 88 

13  h-BN nanosheets Methane  Conductometric 99 

14  VS2  Humidity Chemiresistor 103 
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3.2 Electrochemical Sensors 

3.2.1 Mechanism involved in electrochemical sensing 

Electrochemical sensors have been used for decades for the detection of various 

chemical species due to simplicity, low cost, high sensitivity and selectivity. The use of 

nanostructured materials as a recognition layer in electrochemical sensors has been widely 

reported because of many advantages including enhanced mass transport, high surface area, 

high sensitivity and improved signal to noise ratio104,105.  Many materials have been studied, 

including metal nanoparticles, nanostructured metal oxides, nano conducting polymers, 

carbon nanotubes, graphene and nanocomposites consisting of either metal - metal oxides, 

mixed metal oxides,  conducting polymers with metals or metal oxides, CNTs and graphene 

with metals or metal oxides or conducting polymers106–120.  Recently, 2D-LIN based materials 

like MoS2, WS2, SnS2, FeS2 and Ni3S2 have been used as sensing materials for 

electrochemical sensors because of their high electrical conductivity, superior 

electrochemical properties due to edge effects, and enhanced surface to volume ratio 

compared to traditional metal oxides and conducting polymers. Nanocomposites of MoS2, 

WS2 and SnS2 and Ni3S2 with graphene and CNT have been used as active materials to 

improve the performance of electrochemical sensors121–124. In addition, noble metals such as 

Au have also been incorporated along with these materials to enhance the sensor signals125–

127. 

 
The working principle of an electrochemical sensor is mainly based on electron 

transfer between the surface of a working electrode (recognition layer) and target analyte (i.e. 

electrode-electrolyte interface) suspended in an appropriate electrolyte solution. A typical 

electrochemical sensor consists of a working, counter and reference electrode respectively. 

Normally, three techniques are used for the detection of electroactive species viz. cyclic 
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voltammetry, amperometry and potentiometry. Cyclic voltammetry is one of the most useful 

and versatile technique used for deriving information about the mechanism of the 

electrochemical reactions 

Recently, Huang et al. fabricated an electrochemical sensor for the detection of bis-

phenol using MoS2 nanoflowers-Chitosan-Au nanoparticle modified glassy carbon electrode 

(GCE) 128. The cyclic voltammetry data is reproduced in Fig. 5a showing that the 

MoS2/Chitosan-Au modified GCE has a sharp anodic peak with enhanced current at about 0.9 

V in the presence of bisphenol with no reduction peak. Thus it was inferred that the bisphenol 

molecules undergo irreversible oxidation this potential. From scan rate studies, the number of 

electrons transferred during the oxidation reaction was calculated as 2. The mechanism is 

shown in Fig. 5b. In another study, the electrochemical sensing of tryptophan was measured 

using nanocomposites of Ag-decorated MoS2 nanosheets with chitosan129. During anodic 

scan, tryptophan undergoes an irreversible oxidation reaction (Fig. 5c) with a two electron 

transfer process; the mechanism is shown in Fig. 5d. 
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(A) (B) 

(C) (D) 

 

 

 

Fig. 5 (A) Cyclic voltammograms of  (a) bare GCE (b) AuNPs/GCE, (c) MoS2/GCE and (d) 

AuNPs/MoS2/GCE in  0.1  M  PBS  (pH  7.0)  containing  50  µM  bisphenol.  Scan  rate: 100  

mV  s-1 128 (B) Possible schematic illustration of the bisphenol sensing mechanism at a 

AuNPs/MoS2 modified GCE. (C) Cyclic voltammogram  of  Ag-MoS2/CS/GCE in  the  

absence  (dash  line)  and  presence  (solid  line) of 0.1  mM  tryptophan  in  0.1  M  

phosphate  buffer  solution.  of  0.1  mM  tryptophan  in  0.1  M  phosphate  buffer  solution  

(pH  6.0).129 (D) possible schematic diagram of tryptophan oxidation mechanism at Ag-

MoS2/CS/GCE. 

Page 18 of 53Nanoscale

N
an

os
ca

le
A

cc
ep

te
d

M
an

us
cr

ip
t



19 
 

3.2.2 Current status 

Many reports have appeared in the literature on the use of layered inorganic nanomaterials for 

electrochemical sensors. Some of the 2D-LINs like MoS2, WS2 and SnS2 have been 

investigated as electrochemical sensors.  Recently, Chakraborty et al. made a 

comparativestudy of the H2O2 sensing properties of cathodically and anodically deposited 

FeS2 thin films on ITO substrates where the sensing property was found to depend on the 

morphology of the samples. The cathodically deposited film showed a compact layered 

structure and exhibited poor electrocatalytic activity, while the macroporous anodic films 

showed good catalytic activity towards H2O2. The sensor had a sensitivity of 604.8 µAmM-1 

in the linear range from 10 µM to 1.9 mM, with a detection limit value of 4 µM66. Metal 

chalcogenides have potential applications in many fields such as catalysts, supercapacitors, 

lubricants and so on. However, there are few reports concerning applications for 

electrochemical sensor. This is because 2D-LINs like MoS2 or WS2 have very low 

conductivity, which makes them unsuitable as electrode materials for sensors. In order to 

overcome this difficulty, hybridization of metal chalcogenides with other conducting 

materials like nanostructured metals, nanostructured conducting polymers, carbon nanotubes 

and graphene has been attempted, and these hybrid materials expect to show synergetic 

effects in sensor applications.  Li and co-workers63,130 developed a glucose sensor based on 

Ni and Cu nanoparticle functionalized MoS2 nanosheets.  Their results showed that Ni 

exhibited a higher sensitivity than Cu.  A sensitivity of 1824 µA mM−1 cm−2 was obtained for 

Ni nanoparticles with Cu nanoparticles at 1055 µA mM−1 cm−2 over a linear range from 0-

4mM. 
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Au nanoparticle decorated MoS2 nanosheets have been used for the simultaneous detection of 

dopamine, uric acid and ascorbic acid125,126. Fig. 6a-c shows a schematic illustration of a 

MoS2 nanosheet based electrochemical sensors, and SEM images of MoS2 nanosheets. Fig. 

6d shows the cyclic voltammograms of gold decorated MoS2 nanosheets measured in 0.1 M 

phosphate buffer solution  solution (pH 7.0) containing 20 mM ascorbic acid, 1mM dopamine  

and 10 mM uric acid  Polyaniline is one of the most widely used conducting polymers with 

applications in gas sensing131, batteries132, supercapacitors133 and corrosion protection134. It is 

low cost, easy to prepare, has excellent environmental and chemical stability and remarkable 

electrical properties which can be easily controlled by protonation and deprotonation. These 

properties make polyaniline a promising material for electrochemical sensors. Recently, 

Huang et al. demonstrated electrochemical detection of dopamine using MoS2-polyaniline-

gold nanocomposites. The sensor exhibited good electrocatalytic activity towards oxidation 

of  dopamine  with a  linear  response  range  from  1  to  500  µM  and a  detection  limit  of 

0.1 µM (S/N = 3).  Likewise, the sensor showed good sensitivity for dopamine in human 

urine135. An electrochemical sensor has been fabricated for the detection of acetaminophen 

using MoS2–graphene nanocomposites. Compared to bare MoS2, electrodes composed of 

MoS2-graphene showed superior performance which might be because the composite acts as 

an efficient electron promoting material, and the synergism between the layered MoS2 and 

graphene enhances the electrocatalytic processes. The sensor exhibited excellent sensing 

performance, with a detection limit of 2.0 × 10−8 M (S/N = 3) and linear range from 0.1–100 

µM136. Huang et al. studied the performance of layered WS2-graphene nanocomposites for 

the simultaneous detection of catechol, resorcinol and hydroquinone. Compared to bare GCE 

and graphene modified electrodes, WS2-graphene showed enhanced electrocatalytic 

behaviour towards the oxidation of catechol, resorcinol and hydroquinone122. Recently, 

chitosan based nanocomposites have been widely employed as an electrochemical sensor 

Page 20 of 53Nanoscale

N
an

os
ca

le
A

cc
ep

te
d

M
an

us
cr

ip
t



21 
 

because of its ability to form uniform films on an electrode surface with high permeability 

and good adhesion. Also, it is bio-compatible and possess good electron transfer properties 

after swelling in a reaction mixture. It has large numbers of amino groups which are 

favourable sites for enzyme or metal immobilization. Xia et al. fabricated an electrochemical 

sensor for the detection of tryptophan using Ag functionalized MoS2-chitosan 

nanocomposites. Fig.6 e-f shows the DPV and calibration plot, along with the interference 

data measured for Au functionalized MoS2-chitosan nanocomposites for different 

concentrations of tryptophan. The novel composite exhibited good sensing performance 

towards tryptophan, and electrochemical kinetic parameters like transferred electron number, 

electron transfer coefficient, and surface coverage for the oxidation of tryptophan were 

determined from the results129. Table 2 shows a compilation of the sensor parameters for 

various 2D metal chalcogenide nanocomposites based electrochemical sensors. 
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Fig. 6 (a) Schematic illustration of MoS2-based electrochemical sensors. SEM images of the 

(b) MoS2 and (c) AuNPs@MoS2 nanostructures on ITO.  (d) Cyclic voltammograms of (a) 

bare GCE and (b) AuNPs/GCE (c) MoS2/GCE (d) AuNPs@MoS2/GCE in 0.1 M PB solution 

(pH 7.0) containing of 20 mM AA, 1mM DA and 10 mM UA. Scan rate: 100 mV s-1. Ref.125 

(e) DPVs  obtained  at  Ag-MoS2/CS/GCE  in  0.1  M  phosphate  buffer  solution  (pH  6.0)  

containing  low  concentrations  of  tryptophan  along with the  calibration  plot  (f) The  

electrochemical  responses  for  tryptophan  and  other  amino  acids  (with the  concentration  

50-fold)  on  the  Ag-MoS2/CS/GCE.  Taking the response of tryptophan as 100%. Ref.129 
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Table 2 Compilation of the sensor parameters of various 2D metal chalcogenides nanocomposites based electrochemical sensors. 
 

S. 

No 

Material Analyte 

detected 

Sensitivity Linear range Low detection limit Ref. 

1 MoS2-Ni nanoparticles Glucose 1824 µA mM-1 0- 4 mM 0.31  µM 63 

2 MoS2-Cu nanoparticles Glucose 1055 µA mM-1 0- 4 mM - 130 

3 Au-decorated MoS2  AA, DA and 

UA 

- AA - 10-3  - 7×104 µM 

DA - 0.05 - 4×103 µM 

UA - 10    - 7×103 µM 

AA - 100  µM 

DA -  0.05 µM 

UA - 10    µM 

126 

4 Au-decorated MoS2 Dopamine -  0.1 to 200 µM 80 nM 125 

5 MoS2-PANI-Au  Dopamine - 1-500 µM 0.1 µM  135 

6 MoS2–graphene   Acetaminophen - 0.1 – 100 µM 0.02 µM 136 

7 WS2–graphene   CA, RS and HQ - CA- 1 - 100 µ mol dm-3 

RS - 1 - 100 µ mol dm-3 

HQ -1 - 100 µ mol dm-3 

CA - 0.2 µ mol dm-3 

RS  - 0.1 µ mol dm-3 

HQ - 0.1 µ mol dm-3 

122 

8 MoS2-Chitosan-Ag Tryptophan - 0.5- 120 mM 0.05 µM 129 

9 FeS2 H2O2 604.8 µA mM-1 10  µM - 1.9  mM 4 µM 66 

10 MoS2-Chitosan-Au  Bisphenol-A - 0.05-100 µM 0.005 µM 128 

11 Poly(diallyldimethylammonium  

chloride) - graphene-MoS2  

Eugenol - 0.1–440 µM 

 

0.036  µ mol  L−1 137 
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3.3 Electrochemical and FET based biosensors 

3.3.1 Possible mechanisms  

 
The working principle of these biosensors is similar to that of electrochemical 

sensors, except for the recognition layer where a bio-material is immobilized and used as a 

transducer.  Biological materials such as enzymes, antibodies, nucleic acids, hormones and 

tissues are used as a bio-recognition elements138. During the measurement, analyte molecules 

interact with the sensing layer giving rise to an electrical signal. The performance of an 

electrochemical biosensor depends on the chemical and physical conditions of the experiment 

such as pH, temperature, contaminants and thickness, and stability of the active material. 

Among the various 2D-LIN materials, MoS2 and SnS2 have been extensively employed as 

electrochemical biosensors.  

 
Very recently, a sensor for hydrogen peroxide (H2O2) has been developed by 

fabricating an electrochemical sensor with horseradish peroxidase (HRP) immobilized MoS2-

graphene as a working electrode139. When H2O2 was added to the hydroquinone electrolyte 

solution, the immobilized HRP was oxidized during anodic scan, simultaneously oxidizing 

the hydroquinone. As a result, benzoquinone was formed as a reaction product which was 

subsequently reduced producing the electrical response. These catalytic processes are 

expressed by the following equations. The sensing mechanism is illustrated in Fig. 7a 

 
HRP +	H�O� 	→ HRP(Ox) 	+ H�O                                                                                         (2) 

HRP + hydroquinone	 → HRP(red) 	+ benzoquinone                                                       (3) 

Benzoquinone	 +	2(
 + 2H) 	→ hydroquinone                                                                 (4) 

Field effect transistor (FET) biosensors are being developed to detect various 

biological species such as DNA, cells and proteins. These devices offer desirable advantages 

such as high sensitivity, low detection limit, label free detection, low power consumption, 
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portability, large scale production and the possibility of integrating both sensor and 

measurement system in a single chip. In a conventional FET device, current flow through the 

channel between source and drain is controlled by gate electrode which is coupled 

capacitively via a dielectric to the channel.  An FET biosensors, has a dielectric material that 

is functionalized with a receptor molecules. When the device is exposed to a target analyte, 

the receptor molecules selectively bind the biomolecules, modulating the channel 

conductance, which is then transduced into an electrical output signal.  Current and emerging 

challenges of FET based biosensing has been reviewed recently140.  Fig 7b shows a schematic 

diagram of a typical MoS2 based FET biosensor.  

 
Recently, Sarkar et al. demonstrated detection of the protein streptavidin using an 

MoS2 FET biosensor in which the dielectric layer was functionalised with biotin24 giving a 

large change in source-drain current.  When protein-free buffer was added, the device current 

remained unchanged. Fig. 7c and d shows a schematic of the sensing mechanism  
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Fig. 7 (a) Schematic of H2O2 sensing by a HRP–MoS2–Gr electrochemical biosensor.139 (b) 

Diagrammatic representation of an MoS2 FET biosensor. (c) & (d) Diagram of MoS2-based 

FET biosensor and its response to streptavidin24. 

 

 

 

 

(a) 

(b) 

(c) (d) 
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3.3.2 Current status 

 Compared to conventional lab-based analytical techniques, biosensor offers high 

sensitivity and specificity, enabling real time analysis in complex mixtures, simple 

fabrication and operation without the need for expensive instrumentation and cost 

effectiveness. Many different kinds of materials based on 2D LINs like MoS2, SnS2 and 

BiSe2 have been used to fabricate electrochemical biosensors, but there are few reports on the 

use of simple MoS2 films for electrochemical biosensors. Wu et al. was able to sense small 

molecules like glucose, dopamine, uric acid and ascorbic acid using GOD immobilized on 

monolayers of MoS2 prepared by the electrochemical reduction of a self-assembled MoS2 

bulk layer. The sensor had a good response to glucose and high selectivity towards dopamine 

in the presence of ascorbic acid and dopamine121.  Enzymatic detection of glucose and non-

enzymatic detection of dopamine and ascorbic acid were also demonstrated out using 

ultrathin MoS2 nanosheets141.  It was observed that the sensor exhibited maximum response 

to dopamine, attributed to the electrostatic attraction between positively charged dopamine 

and negatively charged MoS2. The negatively charged ascorbic acid molecules were 

electrostatically repelled. Another glucose biosensor was demonstrated using co-

electrodeposited Prussian Blue/Bi2Se3 nanocomposites in which GOD and chitosan were 

immobilized on an electrode surface. The insulating nature of selenide helped in forming 

smaller particles of Prussian Blue with better pH stability. The sensor exhibited a sensitivity 

of 24.55 µA mM-1 cm-2 with a good linear range from 0.01–11.02 mM142.  As discussed in 

section 4.2, bare metal chalcogenides have very low conductivity and are not suitable for use 

as electrode materials in electrochemical biosensors. Therefore, hybridization of layered 

inorganic materials with metal nanoparticles, carbon nanotubes and graphene is essential to 

overcome this problem.  The majority of the electrochemical biosensor so far reported are 

based on MX2-graphene nanocomposites. MoS2 and MoS2-graphene electrodes modified with 
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the enzyme horseradish peroxidase were used for electrochemical biosensing of hydrogen 

peroxide139,143. Recently, Huang et al. reported the use of WS2-graphene nanocomposites 

with gold nanoparticles for electrochemical DNA sensing. A schematic of the 

Au/MoS2/MWCNT biosensor is shown in Fig. 8A. Fig. 8B shows TEM images of the MoS2 

nanosheets and MoS2/MWCNT composites.  The sensor exhibited a good relationship 

between the measured current and target DNA concentration over the range 0.01 to 500 pM, 

with a detection limit of 0.0023 pM. The DNA biosensor also showed good discrimination 

between a single base mismatch, three-base mismatch and non-complementary DNA144. The 

CV data of the nanocomposite modified electrodes for different sequences of DNA is shown 

in Fig. 8C. Like MoS2 and WS2, nanocomposites of SnS2 with gold and SWCNT have also 

been used to manufacture electrochemical biosensors for glucose, dopamine and uric 

acid123,145,146. The response of GOx/MWCNTs–SnS2/Nafion modified GCE in different 

concentrations of glucose is shown in Fig. 8D. A list of electrochemical biosensors based on 

various 2D layered inorganic materials is shown in Table 3. 

 

 

 

 

 

 

 

 

 

 

Page 29 of 53 Nanoscale

N
an

os
ca

le
A

cc
ep

te
d

M
an

us
cr

ip
t



30 
 

 

 

 

 

 

Fig. 8 (A) Schematic diagram of an electrochemical DNA biosensor (B and C) TEM images 

of MoS2 nanosheets and MoS2/MWCNT composites. (D) CVs of (a) 

GOD/S1/AuNP/GOD/AuNP/MoS2/MWCNT/GCE and its hybridization with 1.0×10-11 mol 

L-1 different S2 sequence 0.1 M PBS (6.0) containing 0.9% NaCl. (b) noncomplementary 

sequence (c) three-based mismatch sequence (d) single-based mismatch sequence and (e) 

complementary sequence (E) first cycle and fifth cycles of CV measurements of 

GOD/S1/AuNP/ MoS2/MWCNT modified GCE in 0.1 M PBS (pH 6.0) containing 0.9% 

NaCl after hybridization with complementary ss DNA sequence. Ref.144 (F) CVs of the 

GOx/MWCNTs–SnS2/Nafion modified GCE in 0.1 M air-saturated and N2 saturated 

phosphate buffer solution (pH 6.0) containing  different concentrations of glucose at a scan 

rate of 50 mV s-1; (G) Typical steady-state response of the GOx/MWCNTs–

SnS2/Nafion/GCE on successive addition of glucose into 0.1 M air-saturated phosphate buffer 

solution (pH 6.0) at an applied potential of -0.43 V. Inset at top  calibration curve of the 

GOx/MWCNTs–SnS2/Nafion/GCE for glucose; at bottom : plot of j-1 vs. [Glucose]-1. Ref.123  
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Table 3 List of electrochemical biosensors based on various 2D layered inorganic materials 
 

 

 

S. No Material Analyte detected Sensitivity Linear range Low detection limit Ref. 

1 APTES/chitosan/rMoS2/G

OD 

Glucose - 0 – 20 mM 

 

- 121 

2 GOx/MoS2 Glucose - - - 141 

3 PB/Bi2Se3/GOx Glucose 24.55 µA mM-1 cm-2      1.0×10-5 –1.1×10-2 M 3.8  µM 142 

4 HRP/MoS2 H2O2 - 1.0 × 10−6 - 9.5 × 10−4 M 2.6 × 10−7 M 143 

5 HRP/MoS2/Gr H2O2 679.7 µA mM-1 cm-2 0.2 µM–1.103 mM 0.049 µM 139 

6 WS2/Gr DNA -  0.00001–0.5 nM 0.0023 pM 147 

7 GOx/Au/SnS2/chitosan Glucose  21.78 mA M-1 cm-2 0.02-1.32 mM 0.001 mM  127 

8 GOx/MWCNTs–SnS2 Glucose - 0.02–1.95 nM 0.004 nM 123 

9 SWCNT/CS–SnS2 AA, DA and UA - - - 146 

10 Nafion-GOx/Au/MoS2 Glucose - 10–300 µM 2.8 µM 145 

11 GOD/Au/MoS2/MWCNTs DNA - 0.001–100 nM 0.11  pM 144 

12 Nafion/Hb/MoS2 H2O2 21.65 mA M-1 cm-2 20–180 µmol L-1 6.7 µmol L-1 148 

13 MoS2 Protein molecules - - - 24 
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3.4 2D-LIN based SERS sensors 

3.4.1 SERS sensing mechanism  

SERS is a non-destructive technique mainly used for the detection of chemical and 

biological species, whereby, the intensity of weak Raman signals can be magnified by several 

orders of magnitude. The enhancement of a SERS signal depends on the nature and shape of 

the nanostructured materials, porosity, orientation and the substrate onto which the 

nanomaterial is deposited. An excellent review article on the concepts and chemical 

applications of SERS can be found in149. The detection of chemical and biological species by 

a SERS sensor is based on the enhancement of a Raman signal upon the adsorption of a 

sensing species.  Two major mechanisms are responsible for the enhancement of Raman 

signals (for reviews see refs150–153), namely electromagnetic and charge transfer.  For these 

two mechanisms to occur, a species must be adsorbed on an appropriately nano-patterned 

metal substrate. Different Raman enhancement mechanisms have been proposed for different 

2D materials; these vary from material to material depending on its atomic orientation and the 

properties of the atomic species involved. For example, strong dipole−dipole coupling may 

occur for h-BN, and both charge transfer and dipole−dipole coupling may occur, although 

weaker in magnitude, for MoS2
154. 

 
Electromagnetic mechanism: When a monochromatic light source like a laser is incident on 

a nanostructured metal substrate, the incident light excites surface plasmons. For a 

nanostructured metal surface with high roughness, the plasmons create a local 

electromagnetic field which amplifies the Raman scattering from an adsorbed analyte 

molecule. In order to excite electrons on the metal surface, the wavelength of the incident 

light must be comparable with the wavelength of the plasmons created. Normally, 

monochromatic light with wavelength value between 450 and 1064 nm can be used, and to 
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match these wavelengths, metals like copper, silver and gold are used as substrates in SERS 

sensors155–157. 

 
Charge-transfer (CT) mechanism: In SERS sensors, CT processes occur between the 

adsorbed analyte molecules and the metal surface.  When light is incident on a metal surface, 

electrons get excited forming electron-hole pairs. From this pair, energy is transferred to 

analyte molecules through new metal bonds.  Raman process occur in the analyte molecules 

and the energy is transferred to the metal surface. Thus the Raman signals are enhanced due 

to this chemical processes. In other words, the wavelength of the excited light is resonant 

with the charge transfer electronic states between the metal and adsorbed molecules.  

 

3.4.2 Current status 

SERS based chemical sensors have attracted widespread attention because they offer 

advantages such as high specificity and very low limits of detection. A plethora of materials 

like gold and silver nanoparticles, titanium oxide, zinc oxide, silicon dioxide and carbon 

nanotubes have been used in SERS.  After the discovery of graphene, the generation of SERS 

on 2D surfaces is attracting interest. 2D layered materials with flat surfaces are promising 

materials for SERS sensors. These 2D materials have no dangling bonds and the absorbed 

analyte molecules sit on the surface in face–on configuration. These materials are expected to 

show different Raman enhancement factors compared to conventional nanostructured 

materials. In a recent study by Perkins et al. the chemical sensing properties of MoS2 for 

trimethylamine was measured; the sensor exhibited high selectivity towards a wide range of 

analytes attributed to the charge redistribution induced by the perturbations on the MoS2 

surface89. It was established that surface modification leads to a strong interaction between 

MoS2 and the analyte molecules. Using this approach, several reports have appeared 

describing the detection of chemical species by SERS using 2D layered metal chalcogenides. 
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Very recently, a comparison of SERS sensing of rhodamine dye with oxygen and argon 

treated MoS2 was studied, and the results compared with a pristine surface. Fig. 9a shows 

optical and AFM images of MoS2 nanoflakes on a SiO2 /Si substrate. Compared to the 

pristine MoS2, plasma (argon and oxygen) treated MoS2 exhibited enhanced Raman signals. 

This observation is explained by the fact that plasma bombardment of the MoS2 surface 

created structural disorders which in turn led to the formation of local dipoles and as a result, 

the Raman signals was enhanced due to the change of symmetry158. Fig. 9b-d shows Raman 

spectra of different layers of bare and R6G molecules adsorbed onto MoS2 nanoflakes. In 

another study, SERS detection of 2-mercaptobenzimidazole using MoS2-silver 

nanocomposite was reported. The nanocomposite exhibited high SERS activity, attributed to 

the large electromagnetic fields caused by the aggregation of silver nanoparticles on MoS2 

nanosheets159.  
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Fig. 9 (A) Optical image and AFM image of a typical MoS2 nanoflake deposited on SiO2 /Si. 

(B) Raman spectra of OT-MoS2 nanoflake, including 1L, 2L, 3L, ML and bulk. (C) Raman 

spectra of R6G molecules on OT-MoS2 samples with different thickness. (D) Raman spectra 

of R6G on suspended OT-MoS2 nanoflakes with different thickness. Ref.158. 
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3.5 2D-LIN based Photodetectors  

3.5.1 Photodetection Mechanism 

A photodetector is a light sensor that can transduce incident radiation into an 

electrical signal. Photodetectors have many applications such as space communication and 

detection of chemical and biological species. Fig. 10a shows a schematic illustration of a 

Sb2Se3 single nanowire based photodetector. The working mechanism of a photodetector is 

well-known and many reviews explain the details160–162. When light is incident on a 

semiconducting surface, electrons are excited and move to an energetic conductive state, 

leaving a hole. Fig. 10 b is the energy band diagram showing the density of states in 

atomically thin MoS2 and depicting the formation of an electron-hole pair upon photon 

excitation.  Thus, an electron-hole pair called excitons are formed as a result of photon 

excitation. When an electric field is applied, the electrons and holes drift inside the crystal 

lattice, constituting an electric current- the photocurrent. Fig. 10 c and d shows the response 

of Sb2Se3 photodetector in the dark and under illumination along with the time dependent 

photoresponse data. 

 
The performance of the photodetector is characterized by various parameters such as 

sensitivity, external quantum efficiency, responsivity, detectivity and response and decay 

time.  Sensitivity (S %) is defined as the ratio between the difference in photo current (Iph) 

and dark current (Idark) values to the dark current and is expressed as 

S(%) =	 *+,
*-�
.*-�
.
                                                                                               (5) 

Another important parameter is the external quantum efficiency (η) which is defined as the 

number of electrons detected per number of incident photons and it can be represented as 

η =	 /0∆*	23	45	                                                                                                           (6) 
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where h is Planck’s constant, c is velocity of light, ∆I  is the photoexcited current, e is  

electron charge, λ is the excitation wavelength, P is the incident light power intensity and S is 

the effective area of photodetector. Responsivity (R) is the ratio of the number of incident 

photons per incident optical power, defined as 

R = 	 η67/	0                                                                                                                (7) 

where λ is the wavelength of the incident photos and c the velocity of light. The ability of a 

photodetector to detect signal from noise is defined as detectivity (D): 

D =	 *+,
ρ97*-�
.

                                                                                                        (8) 

where ρ is the light intensity. In addition two parameters that determine the capability of a 

photodetector in practice are response time and recovery time. Response time is defined as 

the time taken for a photodetector to reach 90% of the maximum photocurrent value from its 

dark current value. Similarly, decay time is defined as the time taken by a photodetector to 

reach 10% of maximum photocurrent response. 
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Fig. 10 (a) Schematic view of a Sb2Se3 single nanowire photodetector.163 (b) Schematic 

drawing of the density-of-states in atomically thin MoS2 (c) I-V plot of Sb2Se3 device in dark 

and under illumination condition (d) Time dependent current response of a photodetector163. 

 

3.5.2 Current status 

 Nanomaterial based photodetectors show improved light sensitivity compared to bulk 

counterparts, and have enhanced photocarrier life time due to their large surface to volume 

(c) (d) 

(a) (b) 
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ratio. Over the last seven years, graphene has been used for photodetectors because of its high 

carrier mobility, wide band absorption and short carrier life time. However, it also has 

limitations such as low photoresponsivity and low detectivity with low external quantum 

efficiency, which could be due to its low light absorption coefficient and fast rate of 

photoinduced carrier recombination164–166. In order to overcome this deficiency, it is 

important to explore other kinds of 2D layered materials for photodetection. A high 

performance photodetector has been fabricated using nanostructures of GaSe, a few layers 

thick prepared by exfoliation onto a SiO2/Si substrate. Fig. 11A-E shows a drawing of the 

GaSe photodetector and the corresponding I-V curves, photocurrent and linear dynamic range 

measured at different wavelengths. Compared to the photoresponse data of GO, G and single 

layer MoS2, the GaSe device shows excellent quantum efficiency, with a value of 1367 % 

and a response time of 20 ms167. A dye-sensitized photo detector was fabricated using a 

single layer MoS2 treated with rhodamine 6G organic dye molecules; fig. 11F shows a 

schematic diagram. Compared to pristine MoS2, the dye sensitized film shows excellent 

performance with a maximum photoresponsivity of 1.17 AW-1 and a photodetectivity of 1.5 

×107 Jones and a total effective quantum efficiency (EQE) of 280 % at 520 nm168. Recently, 

Roy et al. fabricated a highly sensitive gate-tunable photo detector based on MoS2-graphene 

hybrids. The binary heterostructures showed enhanced photoconductivity with remarkable 

optoelectronic functionality. The responsivity of the device was found to be nearly 1×1010 

AW-1 at 130 K and 5×108 AW-1 at room temperature169. The photoswitching properties of the 

dye sensitized MoS2 measured under alternating dark and light illumination is shown in Fig. 

11G. Very recently, the photoresponsivity of a TiS3 nanoribbon based FET was reported in 

which the as-prepared TiS3 exhibited  n-type semiconducting behaviour with a mobility of 

2.6 cm2V−1s−1 and ON/OFF ratios up to 104. The device displayed a ultrahigh photoresponse 
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of up to 2910 A W−1 with fast switching time of about 4 ms and a cut-off frequency of 1000 

Hz170. Table 4 lists various 2D layered inorganic materials used in photodetectors. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 11 (A) Schematic drawing of the GaSe photodetectors. (B) I-V curves of photodetectors 

illuminated with different wavelengths. (C) wavelength-dependent photocurrent; (D) 

photocurrent as function of time at a bias voltage of 1 V; (E) photocurrent as function of 

illumination density, linear dynamic range of the device under light irradiation of 254 nm.167 

(F) Schematic diagram of a single-layer MoS2 photodetector treated with rhodamine 6G 

(R6G) organic dye molecules and chemical structure of the R6G dye. (G) Photoswitching 

characteristics of the R6G-sensitized MoS2 photodetector at three different drain voltages 

(black = 1 V, blue = 3 V, and red = 5 V) under alternating dark and light illumination (λ= 520 

nm and P= 1 mW)168 

.

(C) (D) 

(F) (G) 

(A) (B) (E) 
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Table 4 List of various 2D layered inorganic materials used in photodetector applications. 
 
 
 
 
 
 
 
 

 
 

 
 
 

 

 

S. No Material Photodetector parameters References 

Response time Maximum responsivity External quantum efficiency          
1 Few-Layer GaSe Nanosheets 0.02 s 

 
2.8 AW-1 

 
1367 % 167 

2 GaSe Atomic Layers  - 17 mAW-1 

 
5.2 171 

3 Single layer MoS2 - 1.17 mAW-1 280% 168 
4 Graphene-MoS2 ~1 s 1×1010 AW-1 at 130 K 

5×108  AW-1  at RT 
32 % 169 

5 Few-Layer TiS3 Nanoribbon 4 ms 
 

2910 AW-1  170 

6 GaS Nanosheet on SiO2/Si <30 ms 
- 

4.2 AW-1 
 

2050 % 172 

7 GaS Nanosheet on PET <30 ms 
 

19.2 AW-1 

 
9371 % 172 

8 2D GaSe nanocrystals - 2.8 AW-1 - 173 
9 Multilayer GaTe Flakes 6 ms, 

 
104 AW-1 - 174 

10 Few-Layered InSe Photodetectors ~ 50 ms, 
 

12 AW-1 - 175 

11 ZnS:Ga nanoribbons ~ 3.2 ms, 
 

1.3×1019 cm Hz1/2W-1 - 176 

12 MoO3 - 56 AW-1 10200 % 177 
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5 Future prospects 

2D-LIN are attracting huge interest and are promising materials for sensor 

applications because of their layer-dependent physical and chemical properties. A variety of 

physical and chemical methods have been used to prepare 2D-LIN metal chalcogenides, 

either as powders or thin films. Among these methods, micromechanical exfoliation produces 

monolayers or a few layers of 2D materials with high purity and crystallinity. Other physical 

methods such as unzipping and PLD have also been used to produce thin layers of 2D 

materials. In chemical methods, hydrothermal and solvothermal methods have been used to 

make bulk powders. Liquid exfoliation is an easy technique that can produce large quantities 

of inorganic 2D nanomaterials. So far, the shape and distribution of the as-prepared product is 

non-uniform, which restricts their use in fabricating devices. Chemical vapour deposition is 

another viable method that produces atomically thin layers of 2D metal chalcogenides on a 

large scale. Electrochemical methods have also been used to make thin films of metal 

chalcogenides. However, most of the reported literature on electrodeposition describes only 

the formation of different nanostructures of metal chalcogenides rather than nanosheets or 

nanoribbons. Therefore, as far as both physical and chemical methods are concerned, it 

remains a major challenge to develop new methods for the scalable production of layered 

inorganic nanomaterials in an easy and controlled manner.   

Over the past decades, graphene, a lead material among 2D-LIN has been widely 

studied for gas sensing because of its high carrier mobility and low electrical noise. However, 

its use in real time gas sensors is limited because of its intrinsic small band gap. In recent 

years, new 2D-LIN such as MoS2 and BN have attracted the attention of scientists in the gas 

sensor field because of their graphene like 2D layer structures, with direct band gap values.  

For gas sensors, most of the reported work uses FET based devices for the detection 

of the gaseous species. A major challenge in developing sensors with practical application is 
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the development of sensors based on 2D materials with enhanced life time and improved 

durability. In electrochemical sensors, nanocomposites of metal chalcogenides with various 

novel materials needs to be explored to get good sensitivity with very low detection limit. 

The surface area of active materials plays a vital role in the development of sensor devices. 

Functionalization is often required in order to modify the surface to influence the sensing 

properties. The band gap of semiconducting materials can be tuned and modified by doping 

with noble metals such as Au, Ag, Pd and Pt. Thus, the effect of dopant on the electronic 

structure of the 2D inorganic materials needs to be explored further, which should lead to the 

introduction of enhanced features in terms of physical, chemical, electrical and optical 

properties. Likewise, in SERS and photodetector applications, future research lies in the 

development of novel nanocomposites based on 2D materials. 

 

6 Conclusion 

In this article, we have reviewed recent developments in the use of 2D layered inorganic 

nanomaterials such as MoS2, WS2, In2S3, SnS2 for sensing applications.  Over the last few 

years, graphene has attracted huge interest owing to its favourable prospects and many 

potential applications. However, its zero band gap limits applications in the fabrication of 

electronic devices like FETs, TFTs and gas sensors. Transition metal chalcogenides and 

inorganic layered materials are emerging as alternatives to graphene and could become novel 

and interesting substitutes for electronic device applications.  
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