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Review

2D Van der Waals Heterostructures for Chemical Sensing

Hui-Lei Hou,* Cosimo Anichini, Paolo Samorì,* Alejandro Criado, and Maurizio Prato*

During the last 15 years, 2D materials have revolutionized the field of mate-
rials science. Moreover, because of their highest surface-to-volume ratio and 
properties extremely susceptible to their interaction with the local environ-
ment they became powerful active components for the development the 
high-performance chemical sensors. By combining different 2D materials 
to form van der Waals heterostructures (VDWHs) it is possible to overcome 
the drawback of individual materials (such as inertness and zero-bandgap of 
pristine graphene and less environmental stability of transition metal dichalco-
genides). Meanwhile, VDWHs possess unprecedented and fascinating proper-
ties arising from the intimate interaction between the components, which can 
yield superior sensitivities, higher selectivity, and stability when employed to 
detect gases, biomolecules, and other organic/inorganic molecules. Herein, 
the latest developments and advances in the field of chemical sensors based 
on VDWH of 2D materials, with specific insight into the sensing mechanisms, 
are reviewed and future directions, challenges, and opportunities for the devel-
opment of the next generation of (bio)chemical sensors with potential impact 
in environmental sciences and biomedical applications, and more specifically 
in (bio)chemical defense, industrial safety, food, and environmental surveil-
lance, and medical (early) diagnostics, are discussed.
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as poisonous gases, biomolecules, pesti-
cides, antibiotics, and bacteria.[2,3] Unfortu-
nately, conventional semiconductors-based 
sensors display some important drawbacks 
associated with low selectivity and cross-
selectivity, lack of mechanical flexibility 
and foldability, high power consumption, 
and harsh processing and operating con-
ditions (temperature of 200 to 500 °C).[4] 
Nowadays, the greatest challenge in chem-
ical sensing is boosting the device selec-
tivity via the exclusive identification and/
or detection of the analyte of interest in 
the presence of other species. Such a task 
represents a grand challenge in view of 
the gigantic number of known substances 
(>107) and their chemical similarities in 
terms of size, surface charges, or struc-
ture, and their existence in complex media. 
Therefore, there is an urgent need to 
develop new sensing materials possessing 
excellent comprehensive properties to 
address the detection requirements in IoT. 
Significantly, high-performance sensors 
are highly sought after for applications in 

various fields, such as personalized medicine (continuous glu-
cose, blood pressure monitoring), and machine brain interfaces 
(electroencephalograph recording systems, restoring soma-
tosensation), etc.

Generally, the reduction of the dimensionality and the 
increase of the specific surface area of the sensory materials can 
naturally amplify their optical, electrical, and (electro)chemical 
responses. In this regard, low-dimensional nanomaterials (0D, 
1D, or 2D) with a high surface-to-volume (or surface-to-mass) 
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1. Introduction

The era of the Internet of Things (IoT), via the generation of 
networks of interconnected devices, represents a unique oppor-
tunity for the integration of multiple physical and chemical 
sensors monitoring health and the environment with the 
ultimate goal of improving the quality of life. Such sensors can 
be designed to inspect body movements[1] or detect traces of 
substances harmful to humans in the air, foods, and water, such 

Adv. Funct. Mater. 2022, 32, 2207065

 16163028, 2022, 49, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adfm

.202207065 by C
ochrane France, W

iley O
nline L

ibrary on [04/12/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadfm.202207065&domain=pdf&date_stamp=2022-10-10


www.afm-journal.dewww.advancedsciencenews.com

2207065  (2 of 29) © 2022 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH

ratio offer higher sensitivity and lower limits of detection 
(LODs) in chemical sensing when compared to their corre-
sponding bulk (3D) materials.[5,6] Among them, 2D materials 
with their single or few atomic layer thickness, combined 
with their outstanding physical and chemical properties, have 
attracted tremendous worldwide research interest for various 
applications in (opto)electronics, chemical sensing, energy 
storage and generation, etc.[7–10]1.1. Properties of 2D Materials 
Make Them Ideal for Chemical Sensing.

The characteristics of 2D materials are very different from 
those of their bulk multilayered counterparts.[11,12] Among 
others, they display, i) good in-plane stability due to the 
covalent bonds tethering the composing atoms arranged 
in monolayers and the absence of dangling bonds,[13] for 
example, the intrinsic strength of the monolayer mem-
brane is 42 N m−1,[14] ii) quantum confinement occurring 
perpendicularly to the 2D plane, leading to unique optical 
and electrical features,[15] such as high carrier mobility,  
µ > 104 cm2 V−1 s−1 for graphene,[16] and iii) a tunable 
bandgap,[17,18] e.g., ≈1.2 to ≈1.8 eV for 2H phase MoS2.[19,20] The 
high surface-area-to-volume ratio and high density of active 
surface sites of 2D materials lead to high sensitivity to target 
analytes. By exploiting the rich surface chemistry, which can 
be optimized through chemical functionalization or defect 
engineering, it is possible to achieve good selectivity in the 2D 
materials-based sensors.[6,21,22] For example, the decoration of 
the basal plane of graphene with various organic groups and 
biomolecules acting as receptors of the analyte of interest  
represents a powerful strategy to improve the specificity in the 
recognition process resulting in high selectivity of graphene-
based sensors.[23–25] The existence of a bandgap in 2D mate-
rials, which can be adjusted by using external stimuli such as 
mechanical force or an electric field, is instrumental in achieving  
enhanced signal transduction.[26,27]

In view of the outstanding charge transport characteristics 
of 2D materials that are retained in sub-nanometer thick films, 
downscaling miniaturized devices has become possible. More-
over, the large lateral size of 2D materials guarantees good elec-
trical contacts in electronic devices.[28] Furthermore, the unique 
mechanical properties, including their flexibility combined 
with excellent mechanical strengths, make them particularly 
suitable for wearable technologies.[29,30] The above-mentioned 
physical and chemical properties render 2D materials very 
good candidates for sensing applications. Nowadays, numerous  
top-down and bottom-up synthetic protocols have been 
developed and optimized to precisely control the number of 
layers, lateral size, composition, and overall quality of the 2D 
material enabling tuning of their specific properties in view of 
the chosen application. Graphene and transition metal dichal-
cogenides (TMDs) have been intensively investigated for appli-
cation in sensing because of their easy accessibility and unique 
characteristics.[31,32] Until now, most of the literature is based 
on MoS2 and graphene since MoS2 is the most explored 2D 
material after graphene, and to date VDWH are still in an early  
stage. In fact, we have included works on other heterostructures 
such as WSe2/WS2, MoS2/WSe2, phosphorene/molybdenum 
diselenide (MoSe2), NbSe2/WSe2, and graphene/WS2/
graphene, black phosphorus (BP)/WS2, BP/WSe2, as summa-
rized in Tables 1 and 4.

1.2. Essential Characteristics and Key 
Performance Indicators (KPIs) in Sensors

Chemical sensors should combine good selectivity, high sen-
sitivity and low LOD, fast response/recovery time, and cycla-
bility (robustness). Selectivity is the capacity to detect the 
target analyte exclusively among the enormous number of 
molecular substances, including interfering agents, which may 
have chemical similarities and isomers. For practical applica-
tions, selectivity is, therefore, an insurmountable requirement. 
Selectivity strongly depends on the kind of interaction existing 
between 2D materials and target analytes, which can be physical  
(i.e., physisorption) or chemical (i.e., chemisorption). In addi-
tion, the rich chemistry of the surface of 2D materials pro-
vides various possibilities to immobilize the receptors through 
covalent or noncovalent bonds, which further facilitates the 
specificity in the process of recognition of the analyte, resulting 
in higher selectivity. Moreover, the cross-reactivity analysis, 
exposing the sensor to chemically similar species to the target 
analyte, is essential for demonstrating selectivity, which indi-
cates that the sensor can be used in practical applications.[33] It 
is also important to differentiate LOD and sensitivity. LOD indi-
cates the theoretical minimum detectable concentration/amount 
owing to the background noise, which can be calculated by Equa-
tion (1).[34] Nevertheless, the value determined experimentally is 
typically much higher than the effective LOD due to the noise. 
The sensitivity is defined as the response normalized by the con-
centration of the analyte, and the response R(%) as a ratio of 
the difference between the output of the sensor (e.g., resistance, 
current) in presence and in absence of the target analyte, over 
the output in the absence of the target analyte (Equation (2))[35]

LOD
3

S

σ= 	 (1)

% ·1000

0

R
O t O

O
( ) ( )= − 	 (2)

where σ is the standard deviation of the background (without 
analyte), S is the slope of the linear relationship between the 
sensor output signal and the concentration of analyte, O(t) and 
O0 are the output of the sensor in the presence and the absence 
of the target analyte, respectively.

Response/recovery time is another critical indicator for  
sensors. “Instantaneously” (<1 s) response toward the analyte is 
ideal for sensors. Physisorption (e.g., π–π interaction) without 
new covalent bond formation between analyte and sensors as 
analyte recognition exhibits a faster response than chemisorp-
tion. However, biosensors with DNA generally use the covalent 
bonds to immobilize the receptor. Therefore, it is important to 
consider the specific application purpose during the develop-
ment of sensors. Cyclability (robustness) is also important for 
reusable sensors but not for disposable sensors.

1.3. Advantages and Disadvantages of Individual 
2D Materials for Sensing

Graphene and graphene-based materials are considered extraor-
dinary 2D materials and have gained significant attention.[8,24,36] 
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In addition, graphene demonstrates distinct advantages for 
developing sensors, such as a large surface-to-volume ratio, 
high carrier mobility, and exceptional thermal and electrical 
properties.[8,23] For example, monolayer graphene possesses 
the highest reported surface area per gram with a theoretical  
maximum of 2630 m2 g−1.[37] The physical adsorption of 
molecules on the basal plane of the graphene surface causes 
a significant change in its electrical characteristics, enabling 
the detection of individual molecules.[38–40] The linear 

energy-momentum dispersion relationship near the Dirac 
point of graphene displays a strong broadband absorption 
from the ultraviolet to infrared region,[41] resulting in different 
reflectance for transverse electric and transverse magnetic (TM) 
modes under total internal reflection.[42–44] This difference 
is sensitive to the media contact’s refractive index (RI) with 
graphene. The RI is a crucial parameter for the sensitivity and 
resolution of surface plasmon resonance (SPR) sensors. The 
good conductivity, high current density, and carrier mobility 
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Table 1.  Summary of the VDWHs for gas sensing treated in this section.

Gas sensors

Heterostructure Preparation Sensed moleculea) Sensitivity LOD tres, trec Refs.

MoS2/G CVD (G)/wet transfer NH3, (NO2) 20% @3 ppm 1.2 ppm 5 min, 30 min [99]

NbSe2/WSe2 CVD (NO2), NH3, N2O, CO2, CO 27% @1 ppm 0.1 ppm >5 min [98]

MoS2/h-BN Dry transfer EtOH, MeOH, ACN, (CHCL3), toluene 105% @13 kPa 10 min, no rec [107]

G/h-BN Wet transfer NH3 52% @20%NH3 10 min, 5 min [108]

MoS2/hBN Dry transfer NH3, (NO2) 100% @40 ppm 1 ppm [109]

MoS2/hBN Dry transfer NOx 6 ppb 20 s [110]

G/WS2/G Wet transfer NH3, (NO2) 36% @30 ppm 1 ppm [112]

BP/MoSe2 Dry transfer NO2 10.5% @25 ppb 10 ppb 300 s, 50 s [113]

p-typeMoS2/n-typeMoS2 CVD/sol–gel NO2 120% @2 ppm 8 ppb 150 s, 30 s [115]

WSe2/MoS2 Dry transfer (NO2), TNT 8.19%/ppm 0.15 ppm 385 s, 175 s [114]

G/MoS2 CVD (G)/dry transfer NO2 1.6 × 105% @1 ppm [116]

WSe2/WS2 CVD NH3, (NO2) 178% @10 ppm [117]

MoS2/WSe2 CVD (NH3), NO2 62% @10 ppm [117]

MoS2/WSe2/MoS2 Dry transfer (NH3), NO2 1200% @50 ppm 9 s, 17 s [118]

WSe2/MoS2/ WSe2 Dry transfer (NO2), NH3 1800% @50 ppm 26 s, 14 s [118]

WS2/WSe2 LPE Humidity 5700% @80%RH 40 s, 65 s [119]

MoS2/rGO LPE Humidity 872% @50%RH 0.01%RH 6.3 s, 30 s [120]

a)In brackets are reported the gases for which the sensor has the highest sensitivity. The other figures of merit are referred to the gas in brackets. LOD = limit of detection. 
tres = response time. trec = recovery time. LPE = liquid phase exfoliation.

Table 2.  Summary of the VDWHs for electrochemical sensors in this section.

Electrochemical sensors

Sensing platform Preparation Sensitivity Target LOD [µm] Refs.

MoS2/rGO/GCE Hydrothermal method 101.70 (µA cm−2 mm−1) H2O2 0.19 [129]

MoS2/G-MWCNTs/GCE Hydrothermal method 5.184 µA µm−1 cm−2 H2O2 0.83 [130]

MoS2/rGO/GCE Hydrothermal method 0.46 µA µm−1 cm−2 NO2
− 0.17 [131]

AuNP/MoS2/G/GCE Hydrothermal method Data not shown NO2
− 1.0 [132]

rGO/MoS2/PEDOT/GCE Hydrothermal method 874.19 µA µm−1 cm−2 NO2
− 0.059 [133]

3D MoS2/G/GCE Hydrothermal and 
annealing

0.457 µA µm−1 cm−2 Methyl parathion 3.2 × 10−3 [85]

PDDA/G/MoS2/AuNPs/GCE Hydrothermal method Data not shown Eugenol 0.036 [86]

MoS2/G/GCE Hydrothermal method Data not shown Ac 0.02 [134]

MoS2-TiO2/rGO/SPE Hydrothermal method 0.4425 µA µm−1 Ac 0.046 [135]

HM-Al3+-(2D-MoS2)/SPGrEs Drop-casting (1.32 ± 0.01) × 104 A cm2/
mol mm

Hydrazine 1.05 [87]

MoS2/GO/IDEs Mixture of dispersions Data not shown CB, Ery, SS, TH 0.5 × 10−3a) [136]

a)Limit of quantification.
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of graphene endow it as a good candidate for field-effect 
transistors (FETs) sensors, which are worked by monitoring 
the change of conductance of graphene under target analytes. 
The conductance of graphene in FET, reflected by charge 

neutrality point (CNP), sensors is extremely sensitive to mole-
cular adsorptions (both in solution and air) owing to its linear 
band structure around the K point. Meanwhile, the quantified 
analysis of FET is dependent on the CNP shift degree. In other 
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Table 4.  Summary of the VDWHs for SPR biosensors in this section.

SPR biosensors

Sensing platform Type of work Sensitivity Target Refs.

Ag/MoS2/G Theoretical work 105.71° RIU−1 DNA [166]

Au/MoS2/G Theoretical work 87.8° RIU−1 DNA [167]

Ag/MoS2/G Theoretical work 73.5° RIU−1 DNA [168]

Ag/BP/G Theoretical work 217° RIU−1 Data not shown [169]

Ag/BP/MoS2 Theoretical work 218° RIU−1 Data not shown [169]

Ag/BP/WS2 Theoretical work 237° RIU−1 Data not shown [169]

Ag/BP/MoSe2 Theoretical work 229° RIU−1 Data not shown [169]

Ag/BP/WSe2 Theoretical work 279° RIU−1 Data not shown [169]

Ag/BP/G Theoretical work 4050 nm RIU−1 DNA [170]

Au/MoS2/G Theoretical work Data not shown DNA [165]

AuNPs/MoS2/G Theoretical work 360 nm/RIU DNA [172]

Au/G/MoS2 Theoretical work 5.0 µm RIU−1 Data not shown [161]

Cu/G/MoS2 Theoretical work 6.2 µm RIU−1 Data not shown [161]

Al/G/MoS2 Theoretical work 6.2 µm RIU−1 Data not shown [161]

TiO2/SiO2/Au/MoS2/ G Theoretical work 84.09° RIU−1 Biomolecules [173]

TiO2/SiO2/Au/MoS2/ G Theoretical work 85.375% RIU−1 Formaldehyde [174]

Au/MoS2/G Experimental work 6708.87 nm RIU−1 Glucose [175]

Table 3.  Summary of the VDWHs for electrochemical biosensors in this section.

Electrochemical biosensors

Sensing platform Preparation Sensitivity Target LOD Refs.

Nafion/Hb/MoS2-rGO/GEC Hydrothermal method 346.6 µA mm−1 cm−2 H2O2 25 nm [137]

Mb/MoS2/GO/Au Mixture of dispersions Data not shown H2O2 20 nm [138]

Mb/MoS2/GO/Au Mixture of dispersions Data not shown NO 3.6 nm [141]

Nafion/Mb/MoS2/Gr/GEC Mixture of dispersions Data not shown H2O2 1.25 mm [142]

Nafion/Mb/MoS2/G/ GEC Mixture of dispersions Data not shown NaNO2 0.125 mm [142]

Anti-EpCAM/MoS2/rGO/ITO Hydrothermal method 0.104 mA ng−1 mL cm−2 EpCAM antigen 44.22 fg mL−1 [143]

3D MoS2/G aerogels/Gox/GEC Hydrothermal method 3.36 µA mm−1 Glucose 0.29 mm [146]

GP/MoS2/Cu Hydrothermal method 3.38 mA cm−2 mm−1 Glucose 500 nm [147]

GP/MoS2/Cu/ lactate oxidase Hydrothermal method 0.083 mA cm−2 mm−1 Lactate 0.1 µm [147]

CuxS/MoS2/rGO/GCE Hydrothermal method 308.17 µA mm−1 cm−2 glucose 0.6 µm [148]

rGO/MoS2/ polyaniline @AuNPs/Apt/GCE Hydrothermal method Data not shown AFB1 0.002 fg mL−1 [154]

LBA/PEI/rGO/MoS2/GCE Mixture of dispersions Data not shown LPS 3.01 × 10−5 ng mL−1 [88]

L1/MoS2/rGO/GCE Drop-casting 2.35 mA ng mL−1 cm−2 HPV 0.1 ng mL−1 [155]

Fe3O4NPs/MoS2/rGO/GCE Hydrothermal method Data not shown MCF-7 6 cells mL−1 [156]

MoS2/rGO/GCE Hydrothermal method 0.12 µA µm−1 cm−2 AA 0.72 µm [157]

MoS2/rGO/GCE Hydrothermal method 4.11 µA µm−1 cm−2 DA 0.05 µm [157]

MoS2/rGO/GCE Hydrothermal method 1.59 µA µm−1 cm−2 UA 0.46 µm [157]

MoS2/G/GCE Mechanical transfer Data not shown DA 0.5 µm [158]

MoS2/G paper Mixture of dispersions 229.07 mA mm−1 cm−2 FA 3.68 × 10−2 µm [159]
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words, the change of CNP is dependent on the chemical envi-
ronment (such as reaction or adsorption of analytes, and pH 
change) of graphene in the graphene-based FET.[45,46] The wide 
electrochemical window (up to 2.5  V) of graphene[47] provides 
the opportunities for detecting analytes with high reduction or 
oxidation potentials, and suitable electrocatalytic activities for 
various redox reactions.[48] It is worth noting that the notorious 
zero-bandgap of graphene represents a veritable drawback for 
any application in optoelectronics. This problem can be over-
come through the covalent functionalization of graphene to 
adjust, i.e., opening, the bandgap yet it has the simultaneous 
disadvantage of reducing its conductivity.

Fortunately, it has been predicted that over 1000 different 
layered van der Waals (VDW) materials, with a vast diversity in 
their physical and chemical properties, can be potentially exfo-
liated.[49] Among them, TMDs are extremely widespread and  
possess a general chemical formula MX2, where M is a transi-
tion metal (Mo, W, …) and X is a chalcogen atom (S, Se, or Te).[19]  
Like graphene, TMDs also possess a large specific area, making 
them ideal platforms for improving sensor efficiency. In par-
ticular, molybdenum disulfide (MoS2) is the most investigated 
owing to its abundance in nature. In its 2H phase, it is a semi-
conductor with a thickness-dependent direct bandgap (≈1.2  to 
≈1.8  eV).[19,20] Such characteristic makes MoS2 a promising 
candidate for a multitude of potential applications in optoelec-
tronics.[19,31,50,51] The S vacancies of MoS2 monolayer exhibit 
high adsorption capabilities toward nonpolar gas molecules 
of CO2 and CH4 gases,[52] making it a good candidate for gas 
sensors. For FET, MoS2 is a more appropriate channel material  
compared to graphene, since MoS2 is not zero-bandgap and 
is not easily disturbed by noise signals.[53] Monolayer MoS2  
displays strong photoluminescence,[54] and the perturbations 
can change its intensity in the local dielectric permittivity of 
MoS2 surface after interaction with the target analyte, e.g., 
DNA, which makes it a perfect material for photolumines-
cence (PL) biosensors.[55] Meanwhile, the point defects, grain 
boundaries, and edges of MoS2 influence their chemical, elec-
trical, and optical properties.[56] In addition, MoS2 possesses 
additional electrochemically active sites (such as point defects, 
grain boundaries, and edges), which enable MoS2 to improve 
the intensity of current in the electrochemical sensor. More-
over, MoS2 displays excellent biocompatibility,[57] e.g., single-
stranded DNA can be adsorbed on the basal plane of MoS2 by 
van der Waals force,[58] which is beneficial to biosensor fabri-
cation. Nevertheless, several drawbacks of MoS2 still limit its 
development and application. High surface energy causes 
restacking and reduces the amount of electrochemically active 
sites. Monolayer MoS2 is not stable in the ambient environ-
ment because of its interaction with water and oxygen.[59,60] 
Poor electrical conductivity and Young’s modulus of MoS2 limit 
its sensitivity in electro(bio)chemical sensing.[61,62]

The use of individual 2D materials, in particular graphene 
and TMDs, for chemical sensing has attracted huge attention in 
the last decade due to their excellent properties. Not surprisingly, 
some reviews on functionalized graphene for gas sensing,[25] 
graphene and graphene oxide (GO) for biosensing,[23] and 
biosensor and gas sensor based on TMDs[22,31,63] have already 
appeared. However, in view of the availability of different 2D 
materials and their properties diversity, their combination 

in hybrid structures can represent a powerful strategy  
to exploit their mutual advantages. To this end, the same 
forces which keep together the layers of 2D materials in the 
bulk crystal, i.e., van der Waals interactions, can be exploited 
to stack different types of 2D materials together and form 
heterostructures. The close contact between the materials at the  
heterojunction causes a synergistic effect which induces new 
and improved properties compared to those existing in the  
isolated pristine components.

Here,  we  review the most enlightening and recent strate-
gies developed with VDWH, primarily incorporating graphene 
and TMDs, where the 2D materials are employed as functional 
platforms to detect and quantify gas, biomolecules, and other 
organic/inorganic molecules. In this review, such sensors are 
classified based on the detection methods and targeted mole-
cules to provide an easy-to-follow guide for researchers seeking 
innovative technologies of 2D heterostructures sensing.

2. Van der Waals Heterostructures: Synthetic 
Strategies and Applications
VDWH can be produced by stacking two or more 2D mate-
rials via their vertical superimposition by exploiting weak VDW 
interactions holding together adjacent 2D layers. The combi-
nation of multiple 2D materials might allow overcoming the 
intrinsic limitations of every single component and can lead to 
the emergence of novel peculiar properties that are extrinsic to 
the individual components.

Dean et al. reported the first example of VDWH in 2010.[64] 
The group fabricated a vertical heterostructure in which exfoli-
ated monolayer graphene was placed on top of the 2D layer of 
hexagonal boron nitride (h-BN) laying on a SiO2/Si substrate. 
The heterostructure was employed as a transistor in which the 
h-BN layer worked as an interfacial layer between graphene 
and SiO2. This transistor exhibited intriguing new characteris-
tics. The measured carrier mobilities of graphene were almost 
one order of magnitude greater than analog devices on SiO2, 
because of the beneficial role of the atomically smooth sur-
face of h-BN, which is almost completely free of dangling 
bonds and charge traps. Furthermore, the heterostructure pre-
sented reduced roughness and intrinsic doping. In later works, 
other unique properties of graphene/h-BN heterostructures 
which  were  never observed before have been revealed. For 
example, because graphene and h-BN share nearly identical 
crystal lattices, when they are superimposed, they generate 
a periodic moiré pattern which gives rise to some quantum 
effects such as the superlattice Dirac cone,[65] the Hofstadter’s 
butterfly effect,[66] and the appearance of a small bandgap in 
graphene.[67]

While heterostructures of graphene/h-BN  were  the first 
studied, the highest number of publications has been focused 
on graphene/TMDs heterostructures. Heterostructures of 
graphene and TMDs have found many applications as FET 
with high Ion/Ioff ratios,[68–70] memory devices,[73] ultrasensitive 
and ultrafast photodetectors[71,72] and light-emitting diodes,[73] 
photovoltaics,[74] and light-harvesting devices. In most cases, 
graphene finds application as electrodes in the device, while 
the TMD layer acts as the semiconductor. On the other hand, 
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random stacking of graphene and other 2D materials has also 
found applications in sensing and energy storage (supercapaci-
tors and batteries).[70,75,76]

VDWH can be fabricated by using different techniques in view 
of the chosen applications. These methods include mechanical 
transfer, chemical vapor deposition (CVD), and liquid phase 
assembly. The first method developed by Dean et  al.  was  the 
mechanical “wet” transfer (Figure 1a). One of the two mate-
rials was mechanically exfoliated in thin flakes on a rigid substrate, 
while the second material was exfoliated on top of a poly(methyl 
methacrylate) (PMMA) membrane. Then, under an optical micro-
scope, the transparent PMMA membrane, supported on a micro-
scope slide, was hung on top of the rigid substrate. With the aid of 
a micromanipulator, the glass slide was moved to superimpose the 
two 2D material flakes perfectly, then the PMMA was brought into 
contact with the rigid substrate, and the two flakes  were  closely 
attached by VDW forces. Finally, the PMMA layer  was  dis-
solved, yielding the heterostructure. The method has been largely 
employed to produce different kinds of vertical heterostructures.[68] 
In addition, by repeating this procedure, complex structures 
composed of stacks of different materials can be generated.[70,77] 
Nonetheless, because of the many steps and the use of solvents, 
contaminants that are hard to be removed can often be found at 
the interfaces of the 2D materials.[72] For this reason, dry transfer 
techniques have been developed to avoid the contact of the 2D 
materials with solvents (Figure 1b).[78,79]

Randomly stacked heterostructures can be produced by 
mixing different suspensions of single and few-layer 2D mate-
rials obtained by liquid-phase exfoliation.[80,81] The formation 
of stacked heterostructures is driven by the electrostatic and 

VDW interaction between the two 2D materials flakes. The 
heterostructures can then be deposited onto arbitrary substrates 
by means of different techniques (i.e., drop-casting, spin-
coating, spray-coating, ink-jet). Mechanical transfer methods 
produce high-quality heterostructures, mostly suitable for 
research purposes. Nevertheless, the laborious procedures, the 
low output volume, and the small size of the obtained hetero-
structures hinder their applications outside the research area. 
On the other hand, liquid-phase methods can be easily scalable 
to produce a high volume of materials; but the often-random 
nature of the stack jeopardizes their applications.

Large-area vertical heterostructures can be fabricated by 
employing 2D materials produced by CVD. Spatially extended, 
individual layers of 2D materials can be grown separately 
and then stacked together with different transfer methods.[68] 
Although the transfer of the large CVD layers is simpler than 
the transfer of mechanically exfoliated flakes which necessitates 
sub-micrometric precision, the use of solvents and polymers 
often brings into play the contamination of the surfaces, and 
the large dimensions of CVD films might result in the forma-
tion of wrinkles and cracks.[68] The chemical growth of one kind 
of 2D material directly on top of another 2D material used as 
a substrate allows the elimination of the transfer steps with 
the consequential issues. Numerous direct growth methods 
that employ different precursors, catalysts, nucleation seeds, 
temperatures, and techniques (i.e., plasma-enhanced CVD and 
low-pressure CVD) have been developed to produce a wide 
variety of VDWHs (Figure 1c).[82–84]

The hydrothermal method[85,86] (Figure 1d) is also a strategy 
to synthesize VDWHs. Generally, GO  was  obtained from 

Adv. Funct. Mater. 2022, 32, 2207065

Figure 1.  a) Schematic illustration of the “wet” transfer process used to fabricate a graphene/h-BN vertical heterostructure. Adapted with permission.[64] 
Copyright 2010, Springer Nature. b) Schematic of the fabrication of an h-BN/G/h-BN vertical heterostructure via a dry transfer method. Adapted with 
permission.[68] Copyright 2013, American Association for the Advancement of Science. c) Scheme of the CVD growth of a graphene/h-BN heterostruc-
ture. Adapted with permission.[84] Copyright 2016, American Chemical Society. d) Synthesis of MoS2/GO by hydrothermal method. e) Synthesis of 
MoS2/graphene by drop casting or mixture.
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graphite by the Hummers method, and then precursors of 
MoS2 (such as Na2MoO4 and thiourea) were added, the resulting 
final mixture  was  transferred to a Teflon-lined autoclave at 
a high temperature (>200 °C). Some of these works included 
annealing at 800 °C to remove organic groups or linkers 
(if there are any). Another more straightforward method is drop 
coasting 2D-MoS2 solution on graphene electrode[87] or mix the 
individual solution of 2D-graphene and MoS2

[88] (Figure 1e).

3. Gas Sensors Based on van der Waals 
Heterostructures
In the years of IoT, sensors represent fundamental devices 
capable of collecting information from the external environ-
ment and translating them into numerical data. In particular, 
gas sensors, which can detect the presence and quantify the 
concentration of a specific gas or vapor in the atmosphere, 
have become particularly important due to their ability to 
monitor the air quality  we  breathe. Gas sensors are largely 
employed in controlling industrial emissions, environmental 
pollution monitoring,[89] personal and military safety,[90] 
medical diagnostics, and atmospheric monitoring in industry 
and agriculture.[91,92] Most conventional gas sensors nowadays 
are based on metal oxide semiconductors because of their high 
sensitivity and low cost; however, they are also characterized by 
poor selectivity, large energy consumption, high-temperature 
operation, and limited lifetime.[93] Recently, sensors working 
at low operating temperatures based on metal oxide semi-
conductors[94] and conductive polymers[95] have been devel-
oped; yet, they feature low sensitivity, slow response/recovery 
speed, incomplete recovery, and poor stability. In the last 
years, 2D materials have proven to be promising materials 
for gas sensing by virtue of their high surface-to-volume ratio, 
numerous active sites, and high electrical conductivity, which 
enable the high sensitivity of the sensors.[35,96,97] Moreover, 
thanks to their extremely low thickness, 2D materials are 
also transparent and flexible, making them the ideal candi-
dates for wearable devices.[98] Among 2D materials, semicon-
ducting TMDs and phosphorene are particularly appealing 
because of their adjustable electrical conductivity and sizable 
bandgaps,[35,99,100] while graphene, with its low electrical noise, 
makes it possible to detect even extremely small concentrations 
of gases.[38] The sensing properties of 2D materials, such as 
sensitivity and selectivity, have already been improved by chem-
ical modification of their surface,[35] or by forming hybrid het-
erostructures with other (0D, 1D, and 2D) nanomaterials.[101–103] 
However, the newest frontier consists in combining two or 
more 2D materials in VDWHs, taking advantage of the syn-
ergic interaction between the constituent and the subsequent 
emergence of new and enhanced properties. In particular, 
the use of VDWHs may increase gas sensing performances 
by employing different mechanisms, including the formation 
of p–n junctions, the photoelectric effect, the improvement 
of electrical characteristics when interacting with the sensory 
materials, and the tuning of Schottky contacts. For instance, 
the use of graphene or other 2D materials as electrodes instead 
of metals enables flexible sensors which can be potentially used 
in wearable devices.

It goes in this direction the first example of a gas sensor 
based on VDWHs, published in 2015 by Cho et  al.[99] The 
group developed a flexible NH3 and NO2 chemoresistive sensor 
based on graphene/MoS2 heterostructure. First, a few-layers 
thick MoS2 flake  was  mechanically exfoliated and trans-
ferred onto a SiO2/Si substrate, and then a few-layers CVD 
graphene  was  patterned by photolithography and transferred 
on top of the MoS2 to form interdigitated electrodes (Figure 2a).  
In parallel, a sensor composed of MoS2 contacted with Au/Ti 
electrodes  was  also assembled for comparison. The as-fabri-
cated sensors were exposed to different concentrations of NH3 
and NO2. Usually, the detected molecules are adsorbed onto 
the 2D material surface and act as electron donors or accep-
tors, thereby modifying the charge carrier concentration in 
the 2D material and, ultimately, its conductivity. Interestingly, 
while the exposure to the electron-withdrawing NO2 led to an 
increase in the resistance in Au/Ti/MoS2 device, indicating an 
n-type behavior of the device, the same molecule determined 
a decrease in the resistance in the graphene/MoS2 device, as 
a result of its p-type characteristics. As expected, an opposite 
behavior was observed for the electron-donating NH3. In parti
cular, when exposed to 5 ppm of NO2 and 100 ppm of NH3, the 
Au/Ti/MoS2 device displayed a 31% and −34% response, respec-
tively, while the response to the same gases of the graphene/
MoS2 device  was  only −6.8% and 3.3% (Figure  2b,c). In both 
cases, the modulation of resistance due to NH3  was  lower 
because of the smaller charge transfer of NH3 compared to 
NO2. The lower modulation of the resistance of the device with 
graphene electrodes  was  ascribed to the lower contact resist-
ance due to the lowest Schottky barrier between graphene and 
MoS2 and the highest resistance of the graphene electrodes. 
Nonetheless, the graphene/MoS2 device showed high stability 
after 5000 bending cycles and long-term stability of 19 months.

The same group[98] also developed another NO2 and NH3 
flexible sensor with similar geometry but using CVD niobium 
diselenide (NbSe2) as interdigitated electrodes and tung-
sten diselenide (WSe2) as the active sensing material. The 
device was produced in two steps: first, depositing the patterned 
transition metal oxide films (WO3 and Nb2O5) in succession 
with the aid of a shadow mask, and then by selenization of the 
oxide films using a CVD process. In this case, the height of the 
Schottky barrier between the two materials was reduced due to 
the formation of an intermediate transition layer of NbxW1-xS2 
between the two materials, as  was  confirmed by XPS, TEM, 
and EDX analysis (Figure 2d,e). Because of this lowered barrier 
between the NbSe2 electrode and the WSe2, its sensitivity toward 
NO2 and NH3  was  significantly improved compared to a sim-
ilar device employing traditional Au electrodes (Figure  2f). In 
particular, when the NbSe2/WSe2 was exposed to 1 ppm of NO2, 
its current decreased by 27%, compared to the 4% decrease of 
the Au/WSe2 device. Similarly, when the devices were exposed 
to 1 ppm of NH3, a higher response, yet smaller compared to 
NO2,  was  observed for the NbSe2/WSe2 device. Furthermore, 
the VDWH exhibited high selectivity toward NO2 compared to 
other gases such as H2S, N2O, CO2, and CO. It showed good 
retention of the performances after 10 000 bending cycles and 
after washing in a conventional laundry machine cycle.

VDWHs may also be used to improve the chemical stability 
and prevent the degradation of the active sensory material. 

Adv. Funct. Mater. 2022, 32, 2207065
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A good candidate for this purpose is h-BN, a nonconductive 
and highly stable 2D material,[104] which demonstrated to be 
an effective barrier against oxidation and degradation when 
used as an encapsulation layer on top of sensitive 2D mate-
rials.[105,106] To this end, Balandin and co-workers[107] produced a 
heterostructure composed of a MoS2 flake as an active sensing 
layer and a larger h-BN flake as a capping protective layer 
through a dry transfer process. The group demonstrated that 
the dielectric h-BN capping layer could efficiently protect MoS2 
from degradation in the air while not hampering the sensitivity 
of the device to different organic vapors. In other examples, 
h-BN was used as a dielectric layer in FET instead of the con-
ventional SiO2. The smooth and free of defects surface of h-BN 
allowed the construction of graphene[108] and MoS2

[109,110] based 
FET NH3 and NO2 sensors combining lower detection limits, 
higher sensitivity, and faster recovery.

The extreme low thickness of semiconductive 2D mate-
rials allows the formation of field-effect vertical tunneling 
transistors with a very high Ion/Ioff ratio when the 2D mate-
rial is sandwiched between two graphene layers.[111] With 
tungsten disulfide (WS2), Yu and co-workers[112] assembled 
a field-effect tunneling transistor based on graphene/WS2/
graphene vertical VDWHs and demonstrated that this device 
could assess the concentration of NO2 and NH3 when mixed 
together (Figure 3a). The heterostructure  was  assembled by 
stacking single layer graphene (SLG) flake, a 2 nm thick flake 
of WS2, and the top SLG with the aid of a micromanipulator. 
After patterning the flakes into channels with O2 plasma,  

Ti/Au metal electrodes were attached to the bottom and top SLG 
(Figure 3b). WS2 was chosen because it has the closest electron 
affinity to those of graphene, thus promising high modulation 
of the transfer characteristics. In fact, the difference in electron 
affinity is the most important parameter determining tunneling 
behavior in tunneling-FET. The electrical characteristics of 
the device  were  studied in the absence of sensing gases. The 
transport curve of the G/WS2/G device showed n-type transport 
with high modulation of the tunneling current. In Figure  3c 
are reported the output curves at different gate voltages (VG). 
At VG  = 30  V (red line), the Fermi energies of both top and 
bottom SLG exceeded the WS2 tunnel barrier height, and the 
corresponding output curve  was  almost linear with Ohmic 
behavior. On the contrary, at VG = −30 V (blue line), the Fermi 
energies of graphene layers were aligned to WS2 tunnel barrier 
height, and the output curve showed typical tunneling behavior. 
The output curve also appeared asymmetric, with the highest  
variation of the current as a function of VG for positive VB 
because of an intrinsic p-doping of the top graphene layer 
that led to an inclination of the WS2 tunnel barrier (insets of 
Figure  3c). The device  was  then exposed to 30  ppm of NO2. 
The adsorption of the p-doping NO2 on the device induced 
rectification behavior, and an increase in the tunneling  
current, which was a maximum (36% change) for VG = −30 V 
and Vb = 0.1 V. Then, the device was exposed to a mixture of NO2 
and NH3. In Figure  3d is reported the fingerprint map of the 
response of the device in the off-state (VG = −30 V and Vb = 0.1)  
exposed to a mixture of NO2 and NH3 with concentration ratios 

Adv. Funct. Mater. 2022, 32, 2207065

Figure 2.  a) SEM image of the MoS2/graphene sensor (scale bar: 200  µm). The inset image shows the MoS2 flake bridging two graphene lines 
(scale bar: 5 µm). b,c) Response of the MoS2/graphene sensor as a function of time to different concentrations of (b) NO2 (1–5 ppm) and (c) NH3 
(20–100 ppm). Reproduced with permission.[99] Copyright 2015, American Chemical Society. d) Schematic of the cross-sectional crystal structure of 
NbSe2–NbxW1−xSe2 (transition layer)–WSe2 heterojunction. e) Cross-sectional X-ray and EDS elemental line scan, indicating the concentration of Nb, W, 
and S along the z-axis coordinate. The scale bar is 5 nm. f) Response of the NbSe2/WSe2 heterostructure and Au/WSe2 device to different concentra-
tions of NO2 and NH3. Reproduced with permission.[98] Copyright 2016, American Chemical Society.
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from 1:40 to 40:1. As expected, the response increased monoton-
ically from 6% to 21% with the increase of the NO2:NH3 ratio 
because of the p-doping and n-doping characteristics of respec-
tively NO2 and NH3. Furthermore, the response increased with 
the concentration of both NO2 and NH3 from 1 to 40 ppm when 
mixed in a 1:1 ratio. The results revealed the higher doping  
contribution of NO2 compared to NH3. In particular, by fitting 
the data with theoretical models, they found that the adhesion 
rate of NO2 molecules’ adsorption  was  almost double that of 
NH3 molecules.

Many of the gas sensors based on VDWHs rely on the forma-
tion of p–n junctions between the two 2D materials forming the 
heterostructures. 2D p–n junctions are formed when n-doped 
and p-doped semiconductor 2D materials are brought into 
contact. In Figure 3e the band energy diagram of a MoS2/WS2 
heterostructure before and after the exposure to p-doping NO2 
are reported. Free electrons from the n-doped MoS2 and holes 
from the p-doped WS2 thermally migrate toward the interface 
and combine together until a charge depletion zone and an 
electric field which opposes the further diffusion of electrons 
and holes build up. Looking at the energy bar diagram, when 
the p- and n-doped 2D material are put in contact, the Fermi 
levels of the two materials are equilibrated and the valence and 
the conduction band bend, forming an energy barrier which 
hinders the passage of holes and electrons. Only by applying an 
electrical potential higher than this barrier the charge depletion 

zone is cancelled and current can flow. Thus, p–n junctions 
work as diodes, allowing current to flow in only one direction, 
from the p side toward the n side (forward bias). It is worth 
noting that in 2D p–n junctions the passage of current relies 
on two mechanisms, which are the thermionic emission and 
recombination current.[113,114] Both have a linear and exponen-
tial correlation to the carrier concentration, applied voltage 
and energy barrier height. When gas molecules are adsorbed 
on the heterostructure charge transfer to one or both materials 
can occur, which causes changes in the carrier concentration 
and in the Fermi level of each material. These changes in the 
carrier concentrations lead to changes in the resistance of each 
material and variation of the energy barrier height, ultimately 
leading to huge changes in the current flowing through the 
junction.

The first example of a gas sensor based on a p–n 
VDWH  was  published by Zhang and co-workers in 2016.[113] 
The sensor was based on a heterostructure between few-layered 
phosphorene (BP) and MoS2 flakes and employed to sense 
NO2. The heterostructure was fabricated on a SiO2/Si substrate  
by employing an all-dry transfer method. Finally, two Ti/Au  
electrodes for each material  were  then deposited through 
E-beam lithography. The final device consisted of a BP/MoS2 
p–n junction with two FETs connected in series at the two sides 
of the junction (Figure 4a). The current measured between the 
BP and MoS2 electrode showed typical p–n diode behavior, with 

Adv. Funct. Mater. 2022, 32, 2207065

Figure 3.  a) Schematic diagram of the NO2 and NH3 sensor based on a tunneling G/hBN/G or G/WS2/G field-effect transistor. b) Optical microgram 
of the G/WS2/G device, c) output curve for the G/WS2/G FET with different values of VG = −30, 0, and 30 V. Inset: schematics of the energetic diagrams 
of G/WS2/G FETs with VG = ±30 V and Vb = 0.1 V. The dashed lines represent the Fermi energies of top and bottom G. d) Fingerprint mapping of the 
response (ΔIt/It0) of the G/WS2/G FET as a function of the concentrations of NO2 and NH3. Reproduced with permission.[112] Copyright 2017, Royal 
Society of Chemistry. e) Band energy diagram of a WSe2/WS2 p–n junction before and after the exposure to NO2. Reproduced with permission.[114] 
Copyright 2021, American Chemical Society.
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the highest rectification ratio of 103 measured at Vgs  =  −30  V. 
The device was then exposed to different concentrations of NO2 
gas (Figure 4b). The p-type BP FET displayed a weak response 
to 200 ppb of NO2, as evidenced by a decrease in resistance 
of 2.7% due to the boosted hole carrier concentration when 
the channel is exposed to NO2. On the contrary, the resist-
ance increased dramatically when n-type MoS2 was exposed to 
NO2, with a response of 28% to 200 ppb of NO2, as a result of 
lower electron concentration in the MoS2 channel and higher 
Schottky barrier between MoS2 and electrodes. The response 
of the BP/MoS2 heterojunction  was  found to be even higher, 
with a 10.5% increase in the resistance when exposed to  
25 ppb of NO2. The detection limit of the heterojunction was six 
times higher than the one of the MoS2 FET. Kelvin Probe force 
microscopy  was  employed to cast light onto the increased 
performance of the heterostructure. It revealed the presence of 
a built-in potential of 150 mV across the heterojunction. Such 
potential increased to 180  mV upon adsorption of 500 ppb of 
NO2, and went back to 150  mV when the gas  was  removed 
(Figure 4c). This increase of the built-in potential, together with 
a higher ratio between holes (from BP) and electrons (from 
MoS2), led to a higher energy barrier for electron conduction 
in MoS2, which translated to a large increase in the resistance 
when the heterojunction was exposed to NO2.

Recently, Zhang and co-workers[115] developed a NO2 sensor 
based on a 2D heterojunction between n-type and p-type 

MoS2. The monolayer n-type MoS2  was  obtained by conven-
tional CVD process starting from MoO3 precursor, while the 
few-layers p-type MoS2  was  obtained by spin-coating W-doped 
molybdenum acid peroxide sol–gel precursor, followed by 
sulfurization. The heterostructure  was  formed by mechani-
cally stacking the few-layers p-type MoS2 on top of the n-type 
MoS2 through a polymethacrylate assisted transfer method 
(Figure  4d). First, the sensing characteristics of the individual 
components  were  evaluated. The sensors  were  exposed to 
different gases and vapors to assess their cross-sensitivity. 
The sensor based on the n-type MoS2 exhibited the highest 
sensitivity to triethylamine (TEA) while the p-type MoS2 device 
instead showed the highest selectivity toward NO2, with a very 
low response to TEA. Finally, the gas sensing characteristics of 
the MoS2 p–n junction  were  evaluated. The sensor exhibited 
a marked selectivity toward NO2, with a response to this gas 
that  was  at least 50 times superior to all the other interfering 
gases, including TEA (Figure 4e). In particular, the response to 
20  ppm of the MoS2 p–n junction  was  60 times higher com-
pared to the one of p-type MoS2, and its LOD was  just 8 ppb. 
Response and recovery times toward 5 ppm of NO2 under UV 
irradiation  were  150 and 30 s, respectively (Figure  4f). Repro-
ducibility was accurate, and long-term stability was acceptable, 
with a 25% decrease of the response after 6 months. According 
to the authors, the exposure to TEA, which is an electron donor 
molecule, produces a small change in the electrical conductivity 

Adv. Funct. Mater. 2022, 32, 2207065

Figure 4.  a) Schematic illustration of the BP/MoS2 heterojunction device. b) Response of all three sensors as a function of gas concentration in 
logarithm scale. The intersection between each fitting line and the horizontal 3% SNR threshold (blue dashed line) corresponds to the detection 
limit of each sensor. c) KPFM images of the heterojunction (MoS2 is on the left and BP on the right) before (top) and after (middle) exposure to NO2  
(500 ppb), and after recovery (bottom). Scale bar is 1 µm. Reproduced with permission.[113] Copyright 2016, IOP Publishing. d) Schematic illustration 
and image of the p-type/n-type MoS2 heterostructure. e) Response of the p-type/n-type MoS2 heterostructure toward 20 ppm of different gases and 
vapors. f) Response of the p-type/n-type MoS2 heterostructure as a function of time, when exposed to pulses of NO2 gas in concentration ranging 
from 0.1 to 20 ppm. Reproduced with permission.[115] Copyright 2020, John Wiley and Sons.
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of the heterojunction because, on the one hand, decreases the 
carrier concentration across the p–n junction, thus decreasing 
its conductivity; on the other hand, it increases the conductivity 
of the device by decreasing the p–n junction barrier height. On 
the contrary, the huge decrease in the current of the heterojunc-
tion when exposed to NO2 can be ascribed to an increase in the 
p–n junction barrier height and a decrease in the carrier con-
centration across the p–n junction.

An NO2 and trinitrotoluene (TNT) sensor based on a p–n 
heterojunction between p-type WSe2 and n-type MoS2 was devel-
oped by Dhara et  al.[114] The heterostructure  was  fabricated 
by a PDMS-assisted dry transfer method of the mechanically 
exfoliated WSe2 and MoS2 few-layers flakes on a SiO2/Si sub-
strate. Cr/Au electrodes were then deposited on top (Figure 5a). 
The device exhibited typical diode characteristics, with a high 
rectification ratio (7.5 × 104). Then, the device  was  exposed to 
NO2, and its behavior  was  compared to that of a MoS2 FET 
assembled on the same MoS2 flake. The p–n junction exhib-
ited a twofold response to NO2 (Figure 5b). At high bias (1 V), 
a high sensitivity response  was  observed, which  was  domi-
nated by the exponential change in the thermionic current 
due to the increase in the p–n junction barrier height when 
the device  was  exposed to NO2. At near-zero bias (0.2  V), the 
sensing mechanism  was  dominated by the carrier concentra-
tion change at the interface, which led to a linear change in the 
interlayer recombination current. Compared to the MoS2 FET, 

the p–n junction exhibited a four to six times higher sensitivity 
over the entire bias range (Figure  5c) and eight times lower 
detection limit (150 ppb for the p–n junction). The response 
of the p–n junction  was  also enhanced using negative gate  
voltages and thinner MoS2 flakes. Moreover, the authors found 
out that the recovery of the sensor  was  accelerated without 
the use of the high temperature of UV light by reversing the 
polarity of the gate for a few seconds after the exposure to NO2. 
Finally, the p–n sensor also exhibited a high sensitivity to TNT, 
with an LOD of just 80 ppb.

Devices based on VDWH of graphene and a TMD can be 
considered Schottky diodes due to the almost metallic nature 
of graphene and the semiconductive nature of most TMDs. 
However, unlike conventional metals, the work function of 
graphene can be easily modified by interaction with electron-
donating or electron-withdrawing gases. This, together with the 
valence band and conduction band modulation of the TMD, 
guarantees a high modulation of the Schottky barrier height 
and thus of the conductivity under exposure to doping gases. 
Tabata et al.[116] developed a NO2 sensor based on a graphene/
MoS2 heterojunction. The VDWH consisting of a CVD gra-
phene layer on top of a mechanically exfoliated few-layer MoS2 
flake was assembled through a dry transfer method on a SiO2/
Si substrate. To isolate the response of the heterojunction, all 
but this were encapsulated with PMMA (Figure 5d). Then, the 
authors exposed the device to 1  ppm of NO2. The resistance 

Adv. Funct. Mater. 2022, 32, 2207065

Figure 5.  a) Optical image of the p–n diode based on the WSe2/MoS2 heterojunction. b) Twofold response of the WSe2/MoS2 diode at near zero (0.2 V) 
and high (1 V) bias to different concentrations of NO2 (VG = −15 V). c) Response of the WSe2/MoS2 diode and MoS2 FET to different concentrations 
of NO2. Reproduced with permission.[114] Copyright 2021, American Chemical Society. d) Schematic illustrations of the cross-section of a G/MoS2 
heterojunction gas sensor(top) and optical image of the sensor (bottom). e) Output curve of the G/MoS2 sensor before and after the exposure to 
1 ppm NO2 (VG = 0 V) with highlighted regime I (at VDS = −2 V) and regime III (at VDS = 2 V). Energy band diagram of the G/MoS2 sensor in the regime 
I and III before and after NO2 exposure. In red circles are indicated the bottleneck barriers limiting the drain current. Reproduced with permission.[116] 
Copyright 2018, American Chemical Society.
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of the device increased, indicating a typical n-type behavior. 
The response to 1  ppm of NO2  was  greater than 5 × 103 at  
VDS = 3 V. Conversely, the response was  two orders of magni-
tude lower at negative bias and 240 times lower at very posi-
tive gate bias (VBG = 40 V) (Figure 5e). These results confirmed 
that the response to NO2  was  due to an increase in the work 
function of graphene compared to MoS2, and a consequent 
increase in the MoS2/G Schottky barrier height, as illustrated 
in Figure  5f. The higher response at positive bias could be 
explained by the lower height of the Schottky barrier at this 
potential, which guaranteed a higher modulation by the effect 
of NO2 (regime III in the figure). At very positive gate bias and 
negative source–drain bias, the sensor current  was  limited by 
the MoS2/Ti Schottky barrier height and thus mostly inde-
pendent of the modulation of the MoS2/G barrier (regime I in 
the figure).

The p–n junctions can also exhibit a photovoltaic effect, 
which in principle can be used to assemble self-powered gas 
sensors. Kim et  al.[117] recently succeeded in this intent by 
assembling two NO2 and NH3 sensors based on the VDWHs 
WSe2/WS2 and MoS2/WSe2. The first heterostructure, con-
sisting of a vertical heterostructure of trilayer WSe2 and trilayer  
WS2,  was  synthesized by a one-step CVD process. Then, 
the photovoltaic device  was  assembled by transferring the 
heterostructure on top of a patterned Au/Ti cathode on SiO2/Si 
substrate and by finally patterning the Pd anode on top of the 
heterostructure (Figure 6a). The second heterostructure MoS2/
WSe2  was  synthesized by depositing on a SiO2/Si substrate 

three-layer WSe2 followed by monolayer MoS2 through a  
self-limiting vacuum-based synthetic process. The final device, 
comprising the Au/Ti and Pd/Ti electrode,  was  manufac-
tured through a combination of photolithographic processes 
(Figure  6a). Both devices exhibited p–n characteristics and 
photovoltaic effect under white light illumination. At VDS  = 0, 
both devices presented no current in the dark, while a photo-
current  was  observed under light illumination because of the 
generation of optically excited carriers (Figure  6b). Therefore, 
the devices  were  operated at zero bias and under illumina-
tion to sense NO2 and NH3 gases. The responses of the two 
devices to different concentrations of these gases are reported 
in Figure 6c,d. The WSe2/WS2 exhibited an increase of photo-
current when exposed to NO2, with a response of 178% to a gas 
concentration of 10  ppm, while NO3 produced a decrease of 
current with a response of −19% at 10  ppm. On the contrary, 
the MoS2/WSe2 device exhibited a lower and negative response 
to NO2 (−15% at 50  ppm) and a higher and positive response 
to NH3 (62% at 10  ppm). Response and recovery times were, 
respectively, 6 and 12 min for the WSe2/WS2 device and 3 and  
4 min for the MoS2/WSe2 device.

One step ahead of diodes based on p–n junctions, there are 
bipolar junction transistors formed by two consecutive p–n 
junctions (p–n–p or n–p–n configurations). In 2019 Liu et al.[118] 
reported the first example of a vertical bipolar junction tran-
sistor based on a vertical VDWH of MoS2/WSe2/MoS2 with 
n–p–n configuration and successfully used it to sense NH3 
vapors. The VDWH was formed by vertically stacking through a 

Adv. Funct. Mater. 2022, 32, 2207065

Figure 6.  a) Schematic illustrations of the WSe2/WS2 (top) and MoS2/WSe2 (bottom) gas sensors. b) I–V characteristics of WSe2/WS2 gas sensor under 
dark (black line) and light conditions (red), with indicated open-circuit voltage (VOC) and short-circuit current (JSC). c,d) Response of (c) WSe2/WS2 
and (d) MoS2/WSe2 gas sensor to different concentrations of NO2 and NH3. Reproduced with permission.[117] Copyright 2020, John Wiley and Sons.
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dry transfer method mechanically exfoliated flakes of few-layers 
MoS2 and WSe2 on a Si/SiO2 substrate (Figure 7a). First, the 
bipolar junction transistor characteristics  were  investigated. 
The device showed a common-emitter current gain of 12 and a 
common-base current gain of 0.97. Finally, the device was tested 
as an NH3 sensor in the common-emitter configuration by 
measuring the variations of the collector current (Figure  7b). 
The device displayed a 12-fold increase in the current when 
exposed to 50  ppm of NH3 (Figure  7c). The response and 
recovery times were 9 and 17 s, respectively, and the power dissi-
pation was only 2 nW. The same strategy was used to assemble 
a WSe2/MoS2/ WSe2 p–n–p bipolar junction transistor with 
high selectivity and sensitivity toward NO2 (18-fold current 
decrease at 50  ppm), fast response (26 s) and recovery (14 s). 
The vast majority of VDWHs are produced either by stacking 
mechanically exfoliated flakes or by CVD methods. The first 
is a feasible technique for prototyping and research yet not for 
industrial scale-up, while the latter has more industrial poten-
tial yet is still too expensive. Liquid phase exfoliation allows 
to produce 2D materials in high yield and at a lower cost. For 
instance, nanohybrids of 2D materials in which the flakes are 
held together by VDW forces can be obtained by simultaneous 
liquid-phase exfoliation of the two bulk materials. Jha and Guha 
produced a coexfoliated nanohybrid of WS2 and WSe2 and used 
it to sense humidity.[119] The heterostructure  was  produced by 

simultaneously exfoliating WS2 and WSe2 bulk powder in a 
mixture of ethanol and water with the aid of ultrasonication. 
High-resolution TEM and EDX confirmed the formation of a 
WS2/WSe2 heterostructure in the hybrid. The coupling between 
the two materials was  further confirmed by the appearance of 
a new vibrational mode at 317 cm−1 in the Raman spectrum 
due to interlayer coupling in the hybrid. The humidity sensor 
device was then assembled by drop-casting the nanohybrid on a 
SiO2/Si substrate with gold interdigitated electrodes. The device 
exhibited an increase in the current when exposed to humidity, 
which varied between 15 times at 40% relative humidity (RH) 
and 57 times at 80% RH. The device also showed a hysteresis 
lower than 3% and responses and recovery times of 40 and 65 s, 
respectively. The response of the hybrid device was studied as a 
function of the ratio between the two components in the hybrid 
and also compared to one of the single exfoliated components. 
The response was highest in the devices utilizing a 1:1 propor-
tion of the two 2D materials and was 40% lower in the device 
with the single components. The better performances of the 
hybrid were explained by the modulation of the surface barrier 
potential, which promoted the adsorption of water molecules at 
the interface and enhanced the charge transduction. Further-
more, the formation of p–n junctions produced an interface 
resistance that was modulated by the presence of water. Jang and 
co-workers prepared a VDW nanohybrid of reduced graphene 

Adv. Funct. Mater. 2022, 32, 2207065

Figure 7.  a) Optical microscope image of the bipolar junction transistor based on a vertical VDW heterostructure MoS2/WSe2/MoS2. b) Schematic 
illustration of the gas-sensing experiment in the common-emitter configuration. c) Current output as a function of time of the bipolar junction transistor 
with sequences of 100 s of NH3 (50 ppm) and 100 s of air exposure recorded for different values of VCE. Reproduced with permission.[118] Copyrights 
2019, Wiley-VCH Verlag GmbH & Co. KGaA. d) MoS2 Raman spectra of pure MoS2 and of the hybrid rGO/MoS2. e) Response as a function of time 
to pulses of humid air (50% RH) of rGO, MoS2, and the hybrid of the two (with rGO/MoS2 ratios 1:1, 1:5, 1:10). f) Response to humidity and various 
types of gases (HO2, CH3COCH3, NO2, and NH3) of the hybrid rGO/MoS2 (1:5 ratio). Reproduced with permission.[120] Copyright 2018, Royal Society 
of Chemistry.
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oxide (rGO) and MoS2 and employed it to sense humidity.[120] 
The hybrid was produced by homogenizing a suspension of the 
two materials in water with the aid of ultrasonication. Different 
ratios of the two materials were used, although the best results 
in humidity sensing  were  obtained when using a molar ratio 
between MoS2 and rGO corresponding to 5. The formation of a 
nanohybrid in which the two 2D materials were interacting by 
VDW forces was confirmed by TEM, Raman spectroscopy, XPS, 
and UPS analyses. In particular, TEM showed the intimate 
coexistence of the two 2D materials, while a blue shift of the 
peaks in the MoS2 Raman spectrum (Figure  7d) and in the 
XPS survey spectrum of the hybrid confirmed the binding of 
MoS2 to rGO and the electron transfer from the n-type MoS2 
to p-type rGO. UPS exhibited the decrease and increase of the 
work function of rGO and MoS2, respectively, thus confirming 
the n-type behavior of MoS2 and p-type behavior of rGO. The 
hybrid material was deposited by drop-casting on SiO2/Si and 
flexible PET substrates with interdigitated Pt/Ti electrodes to 
produce the sensing device. Figure 7e portrays the response of 
the devices based on rGO, MoS2, and the hybrid to pulses of 
humid air. In all cases, the resistance increased with humidity; 
however, the sensitivities were strongly different: the responses 
to pulses of humid air  were  4.1%, 70.7%, and 872% for rGO, 
MoS2, and the hybrid, respectively. Furthermore, the signal-to-
noise ratio was dramatically improved in the hybrid compared 
to the pure MoS2 device. In fact, due to its high base resistance, 
the device with MoS2 showed a very high noise. In the range 
5% to 85% RH, the response of the MoS2/rGO device was equal 
to 2494%. Furthermore, the hybrid device showed high selec-
tivity to humidity (Figure 7f), fast response (6.3 s) and recovery 
(30.8 s), high repeatability, long-term stability, and flexibility 
(of the device on the PET substrate). According to the authors, 
the better performances of the hybrid were due to an increase 
of the active sites for the adsorption of water in the hybrid, 
as well as to the formation of p–n junctions at the interface 
between the two materials. In particular, the water molecules, 
acting as electron acceptors, increased the p–n potential barrier 
height, thus leading to a dramatic increase in the resistance.

In Table 1  we  summarized all the sensors treated in this 
section of the review, with indicated the synthetic methods 
utilized as well as the principal figures of merit of each sensor 
(sensitivity, limit of detection, response, and recovery times).

By and large, in the first part of this review,  we  have pro-
vided critical insight into the latest development in the applica-
tion of VDWHs as gas sensors. We endeavored to show that 
some intrinsic properties of VDWHs, such as the formation of 
p–n junctions or Schottky junctions, are extremely favorable 
to gas sensing applications since the modulation of their 
energy barrier height when the heterostructures interact with 
electron-donating or electron-withdrawing gases provides a 
huge modulation of the device current, and ultimately a huge 
sensitivity. Furthermore,  we  emphasized the high versatility 
of these heterostructures; indeed, the selection of different 
materials with different work functions and bandgaps among 
the vast library of 2D materials, makes it possible to target 
selectively specific gases. For the same reason, a sensor’s 
sensing properties and selectivity can change dramatically by 
simply swapping the top material, in contact with the analyte, 
with the bottom one. Flexible and self-powered photovoltaic 

sensors pave the way for wearable, autonomous devices. Yet, 
further research is needed, especially toward the sensing of 
volatile organic compounds and CO2. Recent computational 
works on VDWHs of borophene/MoS2

[121] and nitrogenated 
holey  graphene/graphdiyne[122] forecast a high sensitivity of 
these heterostructures toward toluene, acetylene, and formal-
dehyde, although the synthesis of these new 2D materials 
remains highly challenging. The ability of the sensors to 
differentiate the gases within a mixture must be improved, and 
the influence of the environment and humidity on the perfor-
mance of the sensor must be better understood. The long-term 
stability of the sensors is a crucial parameter for the industrial 
scale-up, and yet it is too seldom assessed. In addition, to make 
VDWHs appealing to enter the market, important drawbacks 
such as their high cost and cumbersome production processes 
still need to be addressed.

4. Electrochemical Sensors and Biosensors Based 
on 2D Material Heterostructures
In this section,  we  define an electrochemical sensor to detect 
specific substances nonpossessing obvious bioactivity by con-
verting chemical data into electronic signals. A biosensor is 
defined as a device that contains biologically active ingredients 
(such as protein and enzyme) or detects biomolecules (such as 
DNA, ascorbic acid, and dopamine). Herein,  we  focus on the 
most recent developments in the functionalization of electro-
chemical sensors and biosensors based on VDWHs, which 
exploit the combination of 2D materials to improve the sensing 
performance of target molecules due to their synergistic effects. 
These synergistic effects include better dispersion of MoS2, 
enhanced stiffness while lower yield strain due to the lattice 
mismatch between MoS2 and graphene, and lateral buckling of 
graphene,[123] fast electron transport network with highly active 
sites,[124] and higher conductivity of the hybrid in general.[125] In 
particular, significant advances were recently achieved in chem-
ical sensors and biosensors exhibiting i) high selectivity, ii) low 
detection limits, iii) good stability and reproducibility, iv) rapid 
response, and v) a wide linear range. Herein, we highlight the 
most enlightening results to offer the reader an overview of 2D 
materials for electrochemical sensors and biosensors.

4.1. Electrochemical Sensors

The excellent properties of graphene and related materials, 
such as the high specific surface area and the outstanding 
conductivity,[126–128] are also beneficial for application as elec-
trochemical (bio)sensors. In addition, TMDs, especially MoS2, 
possess additional electrochemically active sites. Therefore, 
the hybridization of graphene-based materials with TMDs 
enables them to combine their advantages and improve their 
electrochemical performance. The graphene/MoS2 heterostruc-
ture characteristics are strongly dependent on their structures  
and state, such as layer numbers and oxidation degrees. 
Among various analytes, H2O2 is essential for clinical research 
because it is a key intermediate in biological and environmental 
systems. For example, cancer and neurodegenerative diseases 

Adv. Funct. Mater. 2022, 32, 2207065
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can lead to an increase in the level of intracellular H2O2. The 
improvement of electrode sensitivity and detection limit toward 
H2O2 via modified glassy carbon electrode (GCE) with a 3D 
structure of MoS2/rGO  was  developed by Yang et  al.[129] They 
showed that rGO acts as a supporting platform and generates  
the porous structure, which significantly improved the  
surface area of the MoS2/rGO, resulting in higher sensitivity. 
The fabrication and detection process of the MoS2/rGO sensor 
is illustrated in Figure 8a. An LOD of 0.19 µm and linear range 
of 2  µm to 23.18  mm  were  achieved for H2O2. Moreover, the 
repeatability and stability of the MoS2/rGO electrochemical 
sensor  were  demonstrated by the low relative standard devia-
tion (RSD) of 4.98% and the 92.31% response of the original 
current after 15 days. An amperometric sensor for detecting 
H2O2  was  fabricated by using flower-like MoS2 nanostruc-
ture grown on graphene and multiwalled carbon nanotubes 
(MWCNTs).[130] MWCNTs induced MoS2 to adopt a flower-like 

morphology and served as conducting wires connecting all 
MoS2 resulting in a good conductivity. The resulting sensor  
displayed rapid responses toward H2O2 detection with a con-
centration range of 5–145 µm with an LOD of 0.83 µm.

The ion nitrite (NO2
−) is a common inorganic contami-

nant, and it is hazardous to both the environment and human 
health. Therefore, hybrid graphene/MoS2 has been integrated 
into sensing devices to detect NO2

− with enhanced sensitivity. 
Hu et  al. reported an rGO/MoS2 heterostructure modified 
GCE to detect NO2

− by cyclic voltammetry (CV) and single-
potential amperometry methods.[131] They observed a linear 
range of 0.2–4800 µm, LOD of 0.17 µm, and high sensitivity of 
0.46  µA µm−1 cm−2 at 0.8  V versus Ag/AgCl. The good sensi-
tivity is attributed to the synergistic effect of rGO and MoS2 and 
the unique nanoarchitecture of rGO–MoS2, increasing the sur-
face contact area with the analytes and facilitating the electro
chemical reactions. The selectivity of the rGO–MoS2 sensor 

Adv. Funct. Mater. 2022, 32, 2207065

Figure 8.  a) Fabrication and detection process of the electrochemical sensor. Reproduced with permission.[129] Copyright 2021, Elsevier B.V. b) Current 
density–time curve recorded on the rGO–MoS2–PEDOT/GCE 0.1 m PBS (pH = 4) upon successive addition of 10 µm nitrite and various common 
anionic and catanionic interference (100 µm) and physiological active species (200 µm) at the applied potential of 0.95 V versus SCE. Reproduced with 
permission.[133] Copyright 2019, Elsevier B.V.
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toward nitrite was demonstrated by the incorporation of Na2SO4, 
KCl, NaNO3, Na2CO3, glucose, and alcohol into the solution. 
Only the addition of nitrite could increase the corresponding  
current, while no changes in the electrical characteristics have 
been observed upon the addition of other substances. A similar 
result  was  obtained by integrating rose-like Au nanoparticles 
and MoS2 nanoflower/graphene-modified electrochemical 
sensor.[132] The Au nanoparticles enlarged the surface area of 
gold nanoparticle (AuNP)/MoS2/Gr, leading to more exposed 
electroactive S–Mo–S edges, ultimately improving the catalytic 
activity for NaNO2. Madhuvilakku et al. achieved a lower LOD 
of ≈0.059 µm (S/N = 3) and a wide linear range (0.001–1 mm) 
for detecting NO2

− by a combination of poly(3,4-ethylene 
dioxythiophene) (PEDOT) and rGO/MoS2.[133] In the work, the 
PEDOT nanoparticles displayed an average size of 100–120 nm 
and  were  homogeneously distributed on the surface of rGO/
MoS2 nanosheets, which increased the accessible surface area 
by inhibiting aggregation of rGO/MoS2 thereby facilitating 
the diffusion of NO2

− at the surface and in bulk. The current 
density regarding NO2

− oxidation of rGO/MoS2/PEDOT-modi-
fied GCE amounts to 1.7- and 15-fold when compared to rGO/
MoS2/GCE and bare GCE, respectively. The improved electro-
catalytic performance can be ascribed to rGO/MoS2 synergistic 
effect, as well as the unique morphology with a high surface 
area and superior electrical conductivity. The authors also used 

the amperometric method to explore the selectivity of the rGO/
MoS2/PEDOT/GCE sensor toward nitrite in the presence of var-
ious ions and physiological interference, as shown in Figure 8b.

Pesticides not only protect crops but also threaten food 
safety, which is important for human health since most 
pesticides are toxic. MoS2/graphene nanocomposite-based 
sensors were developed to detect methyl parathion, an organo-
phosphorus pesticide derivative.[85] The authors utilized the 
hydrothermal process to obtain MoS2/graphene nanocomposite, 
which was further used to modify GCE. Enhanced electrocata-
lytic ability toward methyl parathion  was  observed at −0.60  V 
(vs Ag/AgCl), and the linear range is from 10  nm to 1.9  mm, 
with an LOD of 3.2  nm (S/N = 3). The authors attributed the 
good performance of the 3D network of MoS2/graphene to the 
largely exposed electrochemically active area and the synergistic 
effect of graphene and MoS2. Furthermore, the determination 
of methyl parathion in spiked samples of homogenized apple, 
kiwi, tomato, and cabbage was conducted with good recoveries.

MoS2/graphene-based sensors can also be used for the detec-
tion of common drugs and precursors. A eugenol sensor has 
been reported by Feng et  al. based on poly(diallyl dimethyl-
ammonium chloride) (PDDA)-functionalized graphene–MoS2 
nanoflower materials (PDDA/Gr/MoS2) with AuNPs.[86] The 
proposed scheme for the preparation of PDDA/G/MoS2 and 
Au is shown in Figure 9a. The enhanced electrochemical signal 

Adv. Funct. Mater. 2022, 32, 2207065

Figure 9.  a) The proposed scheme of the preparation of PDDA-G-MoS2 and Au. Reproduced with permission.[86] Copyright 2013, Elsevier B.V. b) Sensor 
development for hydrazine detection. Reproduced with permission.[87] Copyright 2021, Elsevier B.V.
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of eugenol  was  achieved by the large specific surface area of 
PDDA–G–MoS2 and high conductivity AuNPs. The authors 
reached a linear range of 0.1 to 440 µmol L−1 with an LOD of 
0.036 µm (S/N = 3) in 0.10 mol L−1 NaAc–HAc buffer solution 
(pH = 5.50). For the determination of eugenol in perfume and 
pharmaceutical capsules, the as-prepared sensor displayed the 
recoveries of 99.8–102.1%, and the RSDs  were  <3%. Layered 
MoS2/graphene composites were previously used for sensitive 
detecting acetaminophen.[134] The resulting electrochemical 
sensor showed excellent electrocatalytic activity toward aceta-
minophen in the linear range of 0.1–100 µmol L−1 and LOD of 
0.02 µm (S/N = 3). Demir et al. described a paracetamol (aceta-
minophen, Ac) sensor based on the screen-printed electrode 
(SPE) modified by MoS2 with TiO2 forming a heterostructure 
with rGO (MoS2–TiO2/rGO).[135] They optimized the ratio of 
rGO:MoS2–TiO2, the amount of MoS2–TiO2/rGO composite 
on the SPE, and the pH of the electrolyte to achieve good 
performance for Ac oxidation based on the synergetic effect 
and increased surface area of MoS2–TiO2/rGO. Finally, a linear 
range between 0.1  and 125  µm with a sensitivity of 0.4425  µA 
µm−1 cm−2 and LOD of 0.046  µm  were  achieved. Acceptable  
recovery values in the range of 101.15% and 102.69% were 
displayed to determine Ac in the human urine sample and 
commercial drug sample containing Ac. Screen-printed gra-
phene electrodes (SPGrEs) modified by MoS2 and hematein 
(HM) were designed to detect hydrazine (a precursor for phar-
maceuticals).[87] MoS2 and HM formed a ternary complex with 
Al3+ salts as mordant. The procedure of modified commercial 
SPGrEs procedure is described in Figure  9b. Owing to the 
quinone/hydroquinone moieties of hematein, the resulting 
HM-Al3+-(2D-MoS2)/SPGrEs sensor displays enhanced 
electrocatalytic activity toward hydrazine oxidation. In addi-
tion, 2D-MoS2 nanosheets strengthen the ability of electron 
donor/acceptor of hematein, leading to a high electrocatalytic 
kinetic constant of (8.1 ± 0.1) × 104 m−1 s−1. The heterogeneous 
charge transfer constant (ks) reached 105 ± 2 s−1, suggesting 
a fast charge transfer kinetic between HM and the electrode 
surface. A linear range of hydrazine concentration between 
3.81 and 400 µm with an LOD of 1.05 µm was reported by the 
HM-Al3+-(2D-MoS2)/SPGrEs sensor.

An electronic tongue (e-tongue) based on MoS2 and 
GO was reported for detecting antibiotics, being a major break-
through for human health and also highly relevant to avoid 
the emergence of antibiotic-resistant bacteria due to abuse and 
inappropriate disposal.[136] The authors modified gold interdigi-
tated electrodes (IDEs) by MoS2 and GO with drop-casting. The 
modified electrode with MoS2/GO possessed higher capaci-
tance than the modified MoS2 or GO electrodes. The latter 
can be ascribed to a higher concentration of available charge 
carriers and the larger surface area created by prohibiting the 
restacking and the synergy of MoS2 and GO. Four antibiotics, 
cloxacillin benzathine (CB), erythromycin (Ery), streptomycin 
sulfate (SS), and tetracycline hydrochloride (TH), were detected 
in this work with concentrations between 0.5 and 5.0 nmol L−1. 
The as-prepared e-tongue could distinguish the real samples 
(river water and human urine) at a nanomolar level.

We summarized all the electrochemical sensors discussed 
in this section of the review in Table 2, with indicated the syn-
thetic methods utilized as well as the principal figures of merit 

of each sensor (sensing platform, synthesis method, sensitivity, 
selectivity, response times, LOD).

4.2. Electrochemical Biosensors

Graphene/MoS2 materials, in view of their good biocompat-
ibility, have attracted wide interest in exploring their function-
alization with biomolecules such as nucleic acid aptamers, 
enzymes, or antibodies acting as a receptor to detect target ana-
lytes. Among various biosensors, electrochemical biosensors 
are easy-to-use analytical techniques and allow the detection 
of different analytes with fast response, precise and selective 
monitoring, low cost, and high sensitivity. Based on graphene 
and MoS2, electrochemical biosensors can be achieved using 
different strategies, such as in combination with a multitude of 
biomolecules and metal nanoparticles. Thus, various proteins 
have been used for biosensing. Hemoglobin (Hb) with flower-
like MoS2-modified GO nanocomposite has been developed to 
fabricate mediator-free biosensors for detecting H2O2.[137] The 
MoS2/rGO nanocomposite  was  prepared by hydrothermal 
method and then mixed with the Hb solution to modify the 
GCE since the interspaces of 3D MoS2/rGO nanostructure are 
favorable for immobilizing Hb, which generally displays electro-
catalytic activity toward H2O2. The as-prepared biosensor exhib-
ited a linear range between 0.1 and 250 µm with a low LOD of 
25 nm. Electron transfer between Hb and GCE was  improved 
in Nafion/Hb/MoS2–rGO/GCE compared to Nafion/Hb/GC,  
Nafion/Hb/MoS2/GCE, and Nafion/Hb/rGO/GCE, due to 
its unique morphology (flower-like MoS2 on the graphene  
substrate) and property of the MoS2–rGO. In 2017, Yoon et al. 
reported an H2O2 electrochemical biosensor based on MoS2 
nanoparticles encapsulated with graphene oxide (GO/MoS2).[138] 
In this work, myoglobin (Mb) was selected as the biomolecular 
element due to its electrochemically active iron ion centre, 
which can be used to detect H2O2 by electrochemical reduc-
tion.[139,140] GO/MoS2  was  bonded on a gold electrode with a 
chemical linker, and then Mb was further immobilized on the 
GO/MoS2 layer, as shown in Figure 10a. The resulting modified 
electrode biosensors demonstrated a low detection limit for 
H2O2 (20  nm) and enhanced electrochemical amperometric 
response than that for Mb without GO/MoS2, and good selec-
tive detection of H2O2 in the presence of l-ascorbic acid (AA), 
NaNO2, and NaHCO3. The authors declared that the good  
performance may be due to the improved electron-transfer 
reaction and larger surface area for Mb immobilization induced 
by GO/MoS2. Moreover, its reproducibility and stability were up 
to 9 days at room temperature. The same group used a similar  
MoS2/GO/Mb modified gold electrode for detecting nitric 
oxide (NO) with a detection limit of 3.6  nm.[141] Zhang et  al. 
also developed a biosensor based on layered MoS2/graphene  
composites with Mb.[142] First, the electrodes were modified by  
layered MoS2/graphene composites, which Mb and Nafion 
further decorated to generate a stable film. The resulting bio-
sensor demonstrated a linear range of 6.25–225 mm with LOD 
of 1.25 mm for H2O2, and 1.25–12.5 mm with a detection limit 
of 0.125 mm for NaNO2.

Immobilization of antibodies is a common strategy for  
biosensors to realize specific detection. An electrochemical 

Adv. Funct. Mater. 2022, 32, 2207065
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biosensor  was  reported by Jalil et  al. based on MoS2-grafted 
rGO (MoS2/rGO).[143] It is worth noting that biomolecule 
l-cysteine (l-cys) was used to reduce GO and bring multifunc-
tional groups for MoS2/rGO.[144,145] Then, the resulting MoS2/
rGO was modified indium tin oxide (ITO) electrode by electro
phoretic deposition and  was  further covalently immobilized 
with epithelial cell adhesion molecule antibodies (anti-EpCAM) 
for specific detecting EpCAM. A schematic description for the 
fabrication of rGO/MoS2/ITO-based biosensor is displayed in 
Figure 10b. The anodic peak current displayed a linear decrease 
in the EpCAM concentration range of 0.001–20  ng mL−1 with 
LOD of 44.22 fg mL−1 (S/N = 3). The authors declared that the 
efficient immobilization of EpCAM antibodies on the MoS2/
rGO surface led to a good analytical performance with high 
selectivity, reproducibility, and stability. In this work, rGO is 
an effective electron promoter, and MoS2 improves the anti-
EpCAM loading, which results in higher interaction between 
EpCAM antigen and antibodies. Additionally, the anti-EpCAM/
MoS2/rGO/ITO electrode  was  applied to determine EpCAM 
antigen in spiked samples, human saliva, serum, and urine, 
with the recoveries of 91.2%, 95.8%, and 96.2%, respectively.

Enzymes are another biomolecular element for electro-
chemical biosensors due to their highly specific affinity to the 
target analyte, and layered 3D structures formed by 2D mate-
rials can maintain the stability activity of enzymes. Jeong et al. 
reported high-performance glucose biosensors based on 3D 
MoS2/graphene aerogels (MGAs) by the one-pot hydrothermal 
method.[146] The resulting 3D MGA-modified GCE with glucose 
oxidase (GOx) for glucose biosensor demonstrated a fast 
response (≈4 s), a good linear detection range (2 to 20  mm), 
high sensitivity (3.36 µA mm), and a low LOD (0.29 mm). More-
over, 3D MGA displayed a better electrochemical performance 
than the corresponding 2D MoS2/rGO due to the 3D porous 
structure of MGA facilitating efficient and rapid pathways for 
ions and electrons and large surface areas for enzyme immo-
bilization. The selective detection of glucose among ascorbic 
acid, uric acid, and dopamine is good at an operating potential 
of −0.45 V.

Freestanding graphene paper (GP) supported MoS2 nano
crystals monolayer with deposited Cu sub-micrometer buds 
for biosensing lactate, and glucose in sweat  was  developed to 
overcome the limited charge-electron transfer in the enzymatic 

Adv. Funct. Mater. 2022, 32, 2207065

Figure 10.  a) Schematic of GO@MoS2 preparation for the fabrication of electrochemical biosensors composed of Mb and of GO@MoS2 with electro-
chemical enhancement for H2O2 detection. Reproduced with permission.[138] Copyright 2016, Elsevier B.V. b) Schematic description for the fabrication 
of rGO@MoS2/ITO-based biosensor. Reproduced with permission.[143] Copyright 2020, Elsevier B.V.
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reaction.[147] The authors carried out the amperometric i–t 
method to quantify with a linear range of 5–1775 µm for glucose 
and 0.01–18.4 mm for lactate. The good performance is ascribed 
to the high specific surface area of MoS2 with the closely packed 
form, which can work as conductive centers to enhance the 
electron transfer across Cu sub-micrometer-buds and graphene 
paper, which improves the electron transfer between the redox 
centre of the enzyme and the electrode. Moreover, the resulting 
biosensor showed good selectivity for both glucose and lactate, 
as shown in Figure 11. Another electrochemical biosensor based 
on MoS2/rGO and CuxS (x = 1 or 2) was reported by Xu et al.[148]  
The CuxS  was  well dispersed in the 3D wrinkled porous 
MoS2/rGO without evident aggregation, exposing more active 
sites for catalysis and improving the catalysis. In addition, 
more active defects on MoS2 could be led by the heteroatom 
Cu.[149,150] Therefore, the as-obtained biosensor illustrated a 
wide linear range from 2 to 6330 µm with an LOD of 0.6 µm. 
Furthermore, the authors used the CuxS/MoS2/rGO-modified 
electrode to analyze glucose in human serum samples, and 
recoveries between 97.2% and 101.2% were observed.

Aptamers are synthetic single-stranded nucleic acids and are 
popular in biosensors due to their good thermal and chemical 
stability, low cost, easier synthesis, and high affinity to the 
target analyte.[151,152] Meanwhile, AuNPs with good biocompat-
ibility[153] can be used to immobilize biomolecular via AuS 
bonds. Therefore, based on aflatoxin B1 (AFB1) aptamers and 
AuNPs with rGO/MoS2/polyaniline nanocomposites, Geleta 
et al. reported an electrochemical aptasensor for the detection 
of AFB1.[154] MoS2/rGO  was  first synthesized by hydrothermal 
method, and then treatment with aniline and ammonium 
peroxydisulfate yielded MoS2/rGO/polyaniline hybrids. The 
polyaniline nanoparticles  were  evenly distributed on rGO/
MoS2 surface. Finally, the MoS2/RGO/polyaniline  was  deco-
rated with AuNPs to generate MoS2/rGO/polyaniline/AuNPs 
hybrids. The mechanism of this biosensor relies on the change 
in conformation of the immobilized aptamer upon binding 
of AFB1, with the resulting AFB1-aptamer pairs inhibiting the 
electron exchange of [Fe(CN)6]3−/4−, thereby leading to a lower 
peak current in the differential pulse voltammetry (DPV) meas-
urement. The as-developed aptasensor displayed a wide linear 
range between 0.01 and 1.0 fg mL−1, low LOD of 0.002 fg mL−1 
due to large surface areas and good conductivity. Moreover, 

the high selectivity for detecting AFB1 against the interfering 
mycotoxins (Ochratoxin and Fumonisin B1)  was  observed, 
and the obtained aptasensor has been successfully applied 
to analyze AFB1 in the spiked wine samples to demonstrate 
its practicability. Voltammetric lipopolysaccharide (LPS) 
aptasensor on GCE has been fabricated by taking advantage of 
rGO/MoS2 composite, which was functionalized with polyethyl-
eneimine (PEI).[88] The resulting PEI/rGO/MoS2 as a nanocar-
rier of electroactive toluidine blue (TB)  was  further decorated 
with AuNPs to immobilize thiolated LPS aptamer for ampli-
fying the electrochemical signal of TB. Finally, the authors used 
bovine serum albumin (BSA) to block excess binding sites of 
the modified electrode. The process of the aptasensor prepara-
tion is displayed in Figure 12. The TB reduction signal (−0.35 V 
vs SCE)  was  inversely proportional to the concentrations of 
LPS in a linear range between 5.0 × 10−5 and 2.0 × 102 ng mL−1  
with the LOD of 3.01 × 10−5 ng mL−1. The excellent perfor-
mance  was  achieved by a large specific surface area, thermal 
stability, and electrical conductivity of GO/MoS2, and the good 
biocompatibility of AuNPs. In addition, good selectivity for 
LPS  was  observed against the serum interferents BSA, dopa-
mine (DA), ascorbic acid (AA), or glucose. Chekin et al. reported 
human papillomavirus (HPV) aptasensor based on modified 
porous rGO/MoS2 for detecting HPV-16 via its L1 capsid pro-
tein.[155] They drop-casted porous rGO and MoS2 sequentially 
on GCE, and then the modified electrode  was  functionalized 
using the mixture of poly(ethylene glycol) methyl ether thiol  
(HS-PEG) and 11-mercaptoundecanoic acid (MUA). MUA was 
used to link rGO/MoS2 and L1 protein aptamer via carbodiimide 
chemistry (EDC/NHS). The ratio of MUA/HS-PEG was used to 
control the L1 aptamer density, and the best performance of the 
aptasensor was obtained at the ratio of 10/1. Then [Fe(CN)6]4− as 
a redox /mediator was detected by DPV to quantify HPV-16 L1 
protein. The corresponding current exhibited a linear decrease 
in the L1 protein concentration range of 0.2–2 ng mL−1 with 
LOD 0.1 ng mL−1. The authors demonstrated that the good 
electronic properties and large surface area of graphene and 
MoS2 improved electrochemical response.

An ultrasensitive electrochemical circulating tumor cells 
(CTCs) cytosensor benefited from the high surface area, fast 
electron transfer, and good biocompatibility of rGO/MoS2 
nanosheets was developed with Fe3O4 nanoparticles nanozyme 

Adv. Funct. Mater. 2022, 32, 2207065

Figure 11.  Influence of interferences on the response of a) 5 µm glucose and b) 40 µm lactate. Reproduced with permission.[147] Copyright 2017, Elsevier 
Inc.
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to detect MCF-7.[156] The aptamer-modified superparamagnetic 
Fe3O4 NPs can be used to isolate and enrich CTCs. Moreover, 
Fe3O4 NPs as enzyme mimics and rGO/MoS2 displayed the 
synergetic effect of reducing H2O2. Then the authors used 
3,3′,5,5′-tetramethylbenzidine (TMB)–H2O2 system to detect 
cancer biomarkers at pH 5. Finally, the signal of TMB oxida-
tion product (0.3 V vs SCE) was recorded using DPV measure-
ments, and the as-prepared cytosensor displayed a linear range 
between 15 and 45 cells mL−1 with an LOD of 6 cells mL−1. The 
schematic diagram of the enrichment of CTCs and cancer cell 
detection is displayed in Figure 13.

In addition, even without the help of biomolecules and metal 
nanoparticles, biosensors based on graphene and MoS2, due to 
the large specific surface area and excellent electric conductivity, 

can also be employed to detect various biomolecules, such as 
AA, DA, uric acid (UA), and folic acid (FA). In 2015, Xing and 
Ma reported a MoS2/rGO modified GCE to detect AA, DA, and 
UA, which displayed only a broad, overlapped, and very small 
anodic peak at bare GCE.[157] In this work, MoS2/rGO was syn-
thesized by a one-pot hydrothermal process. Three separated 
oxidation peaks at −64, 168, and 320 mV (vs Ag/AgCl) in DPV 
measurements correspond to the species mentioned above, 
respectively, attributed to improved conductivity and catalytic 
activity of MoS2/rGO. Meanwhile, they obtained calibration 
curves with a linear range of 12–5402, 5–545, and 25–2745 µm 
and LOD of 0.72, 0.05, and 0.46  µm (S/N = 3) for AA, DA, 
and UA, respectively. The recoveries ranging from 98.9% 
to 104.1% (for n  = 3)  were  observed for detecting these three 

Adv. Funct. Mater. 2022, 32, 2207065

Figure 13.  The schematic diagram of the cytosensor preparation and cancer cell detection. Reproduced with permission.[156] Copyright 2018,  
Elsevier B.V.

Figure 12.  a) Illustration of the preparation of PEI–rGO–MoS2. b) Schematic diagram of the modification process of the aptasensor.
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species in spiked human serum samples. More recently, VDWs  
stacks of MoS2/graphene heterostructure with graphene on 
top were developed via a layer-by-layer transfer method.[158] The as-
prepared sensor showed a linear range from 2.5 to 600 µmol L−1  
for DA. Kıranşan and Topçu prepared a flexible and free-
standing MoS2/rGO composite paper as the biosensor to deter-
mine FA.[159] Cyclic voltammetry and amperometry were used 
to evaluate its electrocatalytic activity toward the FA. The oxida-
tion current density linearly increased with the FA concentra-
tion in the range of 1.03 × 10−7–1.24 × 10−3 m with an LOD of 
3.68 × 10−8  m. Meanwhile, they obtained the recoveries of FA 
in serum samples in the range from 100.4% to 108% with small 
RSD from 0.7% to 4.3%, demonstrating the amperometric FA 
sensor is suitable for FA detection in real serum samples.

In Table 3  we  summarized all electrochemical sensors 
discussed in this section of the review, with indicated the syn-
thetic methods utilized as well as the principal figures of merit 
of each sensor (sensing platform, synthesis method, sensitivity, 
selectivity, response times, LOD).

5. SPR Biosensors

Over the last decades, SPR biosensors have attracted increasing 
attention for biosensing, such as DNA hybridization, owing to 
their fast response and high sensitivity.[160] SPR, known as the 
oscillating quantum of charge density at the metal–dielectric  
interface excited by TM-polarized electromagnetic waves, is 
very sensitive to changes in the surrounding RI.[161] Generally, 
the sensing medium and the dielectric are isolated by a thin 
metallic film (gold or silver) coated on the prism or fiber base 
in SPR sensors. Strong coupling at the metallic/graphene 
interface caused by the effective charge transfer leads to an 
enhanced electric field, which is also sensitive to the RI change 
of its surrounding media.[162,163] In addition, high carrier 
mobility, large surface area, and good absorption efficiency  
of graphene and MoS2 endow them as idea substrates in 
SPR-based biosensors.[164,165] For the graphene/MoS2-based 
SPR biosensors, the MoS2/graphene layer is used as a biomo-
lecular recognition element and is inserted between the metal 
layer and sensing medium to improve the sensitivity. Graphene  
is usually placed on top of MoS2 and acts as a protection layer 
to prevent the reaction of MoS2 with O2 and water in the 

ambient environment or detecting solution. Hitherto, some 
groups have examined SPR-based biosensors with graphene/
MoS2 by theoretical and experimental investigations. In 2017, 
Rahman et  al. proposed an optical fiber-based Ag/MoS2/
graphene hybrid SPR biosensor to detect DNA hybridiza-
tion.[166] In this theoretical work, the authors deeply studied the 
sensitivity, detection accuracy, and quality factor. The inserted 
single MoS2 layer displayed reasonable detection accuracy 
(1.626 RIU−1) and quality factor (23.23 RIU−1) for the sensitivity 
of 105.71° RIU−1, which is 28.69% higher than that of conven-
tional graphene-on-Ag SPR biosensors (86.43°  RIU−1). The 
improved sensitivity is ascribed to graphene’s high absorption 
ability and optical characteristics and the high fluorescence 
quenching that originated from MoS2. Meanwhile, the absence 
of hydrogen bonds caused by the mismatched pair between the 
probe and target DNA strands leads to negligible variations of 
resonance angle and spectrum of transmitted power, resulting 
in high selectivity. The selectivity of the proposed fiber/Ag/
MoS2/graphene SPR biosensor is shown in Figure 14. The same 
group also developed an SPR biosensor based on Au/MoS2/
graphene with a similar enhanced sensitivity and selectivity 
mechanism.[167] The sensitivity of the proposed SPR biosensor 
with 50 nm Au layer is 87.8° RIU−1 with detection accuracy and 
quality factor of 1.28 and 17.56 RIU−1, respectively. Aksimsek 
et  al. confirmed the conclusion of enhanced sensitivity led by  
the introduced graphene/MoS2 heterostructures.[168] They 
theoretically demonstrated graphene/MoS2/Ag angular SPR 
sensors with higher sensitivity by incorporating MoS2 layers.

Apart from graphene and MoS2, other 2D materials, such 
as BP, MoSe2, WS2, and WSe2, have also demonstrated the 
capacity of improvement for SPR sensitivity owing to their 
unique electrical and optical properties. Few-layer BP with high 
carrier mobility, outstanding electrical, optical, and phonon 
properties have been integrated into the SPR biosensors with 
different 2D materials to enhance the sensitivity.[169] Since BP 
easily gets oxidized, five layers of graphene, monolayer MoS2, 
monolayer WS2, bilayer MoSe2, or bilayer WSe2 as the protec-
tive layer  were  coated on the surface of 5  nm thick BP, and 
the resulting SPR biosensors displayed the sensitivity of 217, 
218, 237, 229, and 279° RIU−1, respectively. This high sensi-
tivity was achieved because the few-layer BP enhanced the elec-
tric field at the interface of the sensor/sensing medium and the 
light absorption of graphene. SPR-based fiber optic biosensors 

Figure 14.  Sensing probe DNA and mismatched DNA hybridization by the proposed fiber–Ag–MoS2–graphene SPR biosensor: a) schematic of the 
5-layer model and b) comparison of SPR curves with and without DNA molecules (SPR angle is 77.45° for bare sensor, black line, 78.40° after adding 
only probe DNA, dashed red line, and 78.50° after immersing mismatched DNA, dotted blue line). Reproduced with permission.[166] Copyright 2017, 
Elsevier GmbH.
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with phosphorene and other 2D materials (graphene, MoS2, 
WS2, MoSe2, and WSe2)  were  theoretically designed to detect 
DNA hybridization.[170] The authors investigated the effect of 
phosphorene layers on performance parameters and achieved 
the highest sensitivity of 4050 nm RIU−1 for a heterostructure 
with ten-layer phosphorene and three-layer graphene (Figure 15),  
which is higher than that without graphene integration 
(3725  nm RIU−1). The sensitivity  was  improved by the addi-
tional relatively high refractive index layer in the SPR biosensor 
and protective layers for preventing BP surface from oxidation.

Although Ag-coated SPR sensor generally shows higher  
sensitivity, Ag is not stable and easily undergoes oxidization 
and corrosion in distinct circumstances.[171] Therefore, other 
metal-based SPR sensors have also been proposed. Zeng et al. 
created an SPR biosensor based on Au and graphene–MoS2 
heterostructures.[165] In this theoretical study, the 45  nm Au 
thin film coated by three-layer MoS2, and monolayer graphene 
structure are the optimal parameters to show the highest detec-
tion sensitivity range, since the Au/MoS2 structure can improve 
the light absorption and SPR excitation. Meanwhile, monolayer 
graphene is a biorecognition component for targeting biomol-
ecules detection via π-stacking interaction. A localized surface 
plasmon resonance biosensor based on MoS2–graphene was 
proposed to detect DNA.[172] The schematic representation of 
the AuNPs/MoS2/graphene sensor is shown in Figure 16, and 
the resulting sensor displayed a significantly improved sensi-
tivity compared to that without MoS2 and graphene. In the opti-
mized structure of eight-layer MoS2 and ten-layer graphene, 
the highest sensitivity of 360  nm RIU−1  was  achieved due to 
their large surface-to-volume ratio, and their strong conduc-
tivity. Furthermore, the sensitivity is tuneable by the number 
of MoS2 and graphene layers in SPR sensors. Mishra et  al.  
performed a comparative theoretical study of SPR sensors of 
Au/graphene/MoS2, Cu/graphene/MoS2, and Al/graphene/
MoS2 configurations.[161] They demonstrated that Cu/graphene/
MoS2 and Al/graphene/MoS2 possessed a higher sensitivity 
of 6.2 µm RIU−1 than Au/graphene/MoS2 with 5.0 µm RIU−1. 
TiO2–SiO2 composite layer between the prism base and 
the metal layer  was  used to enhance the sensitivity of the 
graphene/MoS2-based SPR sensor due to the plasmonic effect 
near TiO2–SiO2 interface.[173] The proposed TiO2–SiO2–Au–gra-
phene/MoS2 sensor showed 3.28% higher sensitivity respected 
to the graphene–MoS2-based SPR sensor. The same strategy 
was applied to simulate the detection of formaldehyde.[174] The 

authors obtained graphene/MoS2/TiO2–SiO2 with higher sensi-
tivity of 82.5% compared to 80.5% of only graphene/MoS2 due 
to the rich plasmon at the TiO2–SiO2 interface, which finally 
results in the enhanced sensitivity.

All the SPR biosensors discussed in this section of the 
review were summarized in Table 4, with indicated the synthetic 
methods utilized as well as the principal figures of merit of 
each sensor (sensing platform, type of work, sensitivity, analyte, 
detection accuracy, quality factor)

5.1. Other Biosensors

Besides electrochemistry, during the last few years, biosensors  
based on other technologies, such as FET and photoluminescence,  
have been developed. Chen et  al. proposed FET biosensors 
based on MoS2/graphene hybrid nanostructure for detecting 
DNA hybridization.[176] The 1-pyrenebutanoic acid succinimidyl 
ester  was  used as the linker between the 5′-amine-modified 
Probe DNA and the MoS2/graphene via a conjugated reac-
tion to immobilize the Probe DNA (Figure 17a). The authors  
utilized the voltage shift of the charge-neutral point (ΔVCNP) 
and the change of drain current (ΔIds) of the MoS2/graphene 
FET sensor to detect DNA hybridization and obtain a broad 
response range between 10 am and 100 pm with a low LOD of 
10 am. The LOD  was  one or more orders of magnitude lower 
than the previously reported result. MoS2 layers in the hybrid 
resulted in a stronger donor effect and a weaker gating effect, 
leading to a larger ΔVCNP. Moreover, the high specificity for 
different complementary DNA indicates that the FET sensor 
might be used in disease diagnosis. On the basis of PL meas-
urement with a confocal system, graphene/CVD MoS2 hybrid 
stacking film was used as the substrate or label-free and selec-
tive detection of DNA hybridization.[177] The graphene layer on 
the top of MoS2 acted as a protection layer for unstable ambient 
MoS2 and a biocompatible interface layer for DNA hosting. 
The schematic illustration of the graphene/MoS2 biosensor 
is shown in Figure 17b. The PL intensity of the MoS2 layer in 
the hybrid increases with the concentration of the added target 
DNA while not with the mismatched DNA. They obtained the 
linear range from 1 am to 1 fm with LOD at am level.

In addition to graphene/MoS2 heterostructures, a novel 
photoelectrochemical (PEC) biosensor based on MoS2/WS2 
heterojunction nanocomposite  was  reported by Li et  al. for 

Figure 15.  a) Variation in the transmittance as the function of the wavelength for different numbers of black phosphorene (BP) layers over the Ag film. 
b) Variation in the sensitivity with the number of graphene layers (M). Reproduced with permission.[170] Copyright 2019, Elsevier B.V.
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determining 5-formylcytosine (5fC) in mammalian DNA.[178] The 
final biosensor incorporated MoS2/WS2 as a photoactive mate-
rial, 4-Amino-3-hydrazino-5-mercapto-1,2,4-triazole as a linker, 
and black TiO2 (B-TiO2)  was  used as a signal amplification  
unit. They used WS2 to improve the photoactivity of MoS2 due 
to the matched energy band. Figure  17c shows the schematic 
illustration of the preparation process of the PEC biosensor. 
The acceptable stability of the PEC biosensor  was  proved by 
monitoring the photocurrent, with the RSD only 1.48% during 
10 cycles. The as-prepared PEC biosensor demonstrated a 
linear range of 0.01 to 200 nm and an LOD of 2.7 pm (S/N = 3).  
Moreover, the proposed biosensor is highly sensitive and allows 
the quantitative study of 5fC content in roots, stems, and leaves 
of maize seedlings affected by Cr2+.

In Table 5 we summarized all the sensors discussed in this 
section of the review, with indicated the synthetic methods uti-
lized as well as the principal figures of merit of each sensor 
(sensing platform, synthesis method, testing method, analyte, 
LOD).

6. Conclusion and Perspective

In this review article,  we  provided an insight into the prom-
ising application of hybrids of two or more 2D materials, better 
known as VDWHs, in the sensing of different chemicals, 
including DNA, AA, and DA. Indeed, sensors have paramount 
importance in the era of the internet of things and have a 

Figure 16.  Schematic representation of AuNPs when covered with few layers of MoS2/graphene and another dielectric lying on top (detection medium 
of refraction index na) and deposited on a SiOx substrate (SiOx/AuNPs/MoS2/graphene/dielectric). The particles form a 1D grating along x-axis. The 
AuNPs grating is characterized by parameter h referring to the particle’s height, l is their length, and a is the lattice parameter. The input wave source 
(monochromatic plane wave) is also shown. Reproduced with permission.[172] Copyright 2020, Elsevier Ltd. Besides the theoretical study of sensing 
DNA hybridization, an experimental work on a D-shaped fiber SPR sensor based on a CVD MoS2/CVD graphene was developed for the detection 
of glucose. Reproduced with permission.[175] Copyrights 2020, Elsevier B. V. They functionalized graphene with pyrene-1-boronic acid (PBA) via π–π 
stacking interactions to realize the selectivity and utilized gold film to excite the SPR effect. In addition, the sensitivity of the sensors is dependent on 
the number of MoS2 layers. In this work, the as-obtained biosensor with three-layer MoS2 and monolayer graphene demonstrated the highest sensitivity 
of 6708.87 nm RIU−1, as well as good selectivity of glucose against UA, AA, and DA with a concentration of 0.1 mm.

Table 5.  Summary of the VDWHs for biosensors in this section.

Other sensors

Sensing platform Preparation Testing method Target LOD Refs.

MoS2/graphene Mechanical transfer FET sensor DNA 10 am [176]

Graphene/CVDMoS2 Mechanical transfer Photoluminescence sensor DNA 1 am [177]

ITO/MoS2/WS2/Fe3O4 Drop-casting Photoelectrochemical (PEC) 
biosensor

DNA 2.7 pm [178]
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fundamental role in improving our quality of life. Gas chemical  
sensors and biosensors allow monitoring of  our  health, 
the quality of the air  we  breathe, the water  we  drink, or the 
food we eat and also are important tools for medical diagnosis, 
such as target DNA detection.

2D materials are appealing candidates for sensing by virtue 
of their large surface-to-area ratios in the first instance, which 
assure plenty of room for the analytes to interact with the 2D 
material and thus be sensed. Second, the electrical conduc-
tivity of graphene and TMDs enables the interaction of the 2D 
material with the analyte to be easily measured as changes in 
the electrical properties. Nevertheless, the lack of a tuneable 
bandgap and the inertness of pristine graphene are the reasons 
for its low and poorly selective sensitivity. On the other hand, 
TMDs and phosphorene have tuneable bandgaps and more 
reactive surfaces, which make these materials’ theoretical sensi-
tivity higher than graphene. Yet, the same reactivity is the reason 
for the low environmental and long-term stability of these 2D 
materials. Graphene can be combined with other 2D materials, 
increasing stability, and improving electrical conductivity. Fur-
thermore, the sensing performances can be greatly enhanced 
by a synergistic effect when two (or more) 2D materials are 
combined to form VDWHs. For instance, combining semicon-
ductive 2D materials with different work functions leads to p–n  
junctions forming, which produces a huge increase in sen-
sitivity. Similarly, Schottky junctions formed by combining 
graphene with semiconducting 2D materials also have a posi-
tive impact on the sensitivity. For biosensors, graphene can 
play as a protection layer for air-sensitive MoS2, improving the 

stability of the resulting devices. Another potential advantage 
of VDWH is that the number of them that could be formed is 
enormous if we consider all the 2D materials already available 
and all the possible combinations between them. Each of these 
different VDWHs could target the analyte of interest specifically 
and selectively. Moreover, the selectivity and sensitivity toward 
the target analyte can be further increased by more than two dif-
ferent 2D materials with/without functional nanoparticles and 
specific binding molecules such as antibodies, enzymes, and 
aptamers. Considering that more than 1000 different layered 
VDW materials, which can be exfoliated have been predicted, 
with diverse physical and chemical properties, we believe that 
machine learning would be a helpful strategy for rational 
design and high throughput screening of 2D VDW hetero-
structures. Systemic and comparative studies with different 
2D VDWHs for the same target analyte would help one better 
understand the potential and limits of heterostructures and 
facilitate optimizing the final sensors. Nonetheless, despite 
the promising properties, some significant challenges still 
need to be tackled to make VDWHs competitive in the indus-
trial market. The major drawback is the method used to form 
many of the VDW, which consists of time-consuming and non-
scalable steps. Indeed, up to now, many VDWs are based on 
mechanically exfoliated monolayer (or few-layer) flakes which 
are stacked together through complicated transfer processes. 
CVD processes are slightly more scalable yet are very expensive. 
On the contrary, heterostructures produced by cheaper, easier, 
and higher throughput processes, such as mixing of liquid-
phase exfoliated material, sol–gel processing, and liquid-phase 

Figure 17.  a) Schematic of the MoS2/graphene nanostructure. Reproduced with permission.[176] Copyright 2020, Elsevier B.V. b) Schematic illustration 
of the DNA detection method using a microscope and the graphene/MoS2 heterostructure sensor. c) Schematic illustration of the construction process 
of the proposed PEC biosensor. Reproduced with permission.[178] Copyright 2020, American Chemical Society.
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functionalization, may have an important advantage toward 
industrialization. In addition, the mechanism of VDWHs for 
biosensing is still not very clear; most of the literature stated 
that the better performance of VDWHs is due to their syner-
gistic effects. However, only a few of them provided convincing 
proof. Therefore, more detailed and systematic mechanistic 
studies are still required in order to provide a theoretical basis 
for involving new sensors. To exploit 2D VDWHs in everyday 
applications, the researchers need to develop industrial-scalable 
and affordable manufacturing approaches, maintaining the 
high KPIs of sensors. New computational works, supported by 
experimental evidence, which cast light onto a deeper under-
standing of the relationship between sensor performances 
and material parameters (e.g., number of layers, crystallinity,  
porosity) are desirable. The recently reported strategies of 
exfoliated 2D materials, e.g., intercalation graphite com-
pounds, may be an efficient method to fabricate VDWHs, 
which is not only suitable for chemical sensing but also in 
other applications, such as more broadly optoelectronics (e.g., 
FETs) and energy storage (viz., batteries). Meanwhile, the use 
of liquid-phase methods of ease scalability and low cost to 
produce specific ordered 2D heterostructures still represents 
a major challenge that requires more in-depth studies. Fur-
ther challenges associated with upgrading 2D VDWHs from 
the prototype (laboratory) to commercial sensing technologies 
involve the affordable price of the final product, user-friendly 
(no need for complex training), low power consumption, and 
long-term sensor reliability in daily operation.

The layer numbers of 2D materials are another critical 
parameter for the sensitivity of 2D VDWHs sensors. Fewer 
layer thickness can increase the specific surface area but also 
reduce light absorption and reflection, which is considered, 
in particular, in SPR biosensors. Meanwhile, different 2D 
materials vertical stack can lead to structural deformities, 
which affect their electronic properties and may have positive 
or negative responses of sensors depending on the specific 
applications. Therefore, theoretical calculations in situ and/or 
high-resolution transmission electron microscopy, and other 
spectroscopic methods (such as Raman and X-ray photoelectron 
spectroscopy) would be needed in the synthesis of 2D VDWHs 
to elucidate these changes in properties caused by stacking.

On the other hand, in view of the key role of functionalization 
of the 2D materials and the VDWHs thereof with the receptor 
of the analyte of choice, advances in the controlled chemical 
functionalization of 2D materials will be extremely beneficial for 
sensing applications. The rich chemistry of 2D materials sur-
face endows multifunctional group/receptor, which can be used 
to detect different targets simultaneously. Moreover, synchroni-
zation of detection and treatment is possible with drug loading/
delivery on the sensor. Finally, efforts on the integration of the 
developed sensors in flexible and portable technologies, pow-
ered with low voltages, or self-powered will be key to developing 
point-of-care devices for medical diagnosis and well-being.
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