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2D materials raised extensive attention for physical-, chemical- and wearable-sensors, among others. The prin-
cipal reason is the outstanding capability of 2D materials to detect specific analytes and physical stimuli through
diverse responses. After a short introduction to 2D materials, a critical explanation of sensors containing 2D
materials is provided to justify their applications. Following by a description of the most relevant transduction

mechanisms of 2D materials employed for sensing. This review explores their advancement and implementation
in sensing during the last decade in several areas, such as physical, chemical, bio and wearable sensors. Different
types of 2D materials, including graphene, transition metal dichalcogenides (TMDs), hexagonal boron nitride (h-
BN), 2D carbides and nitrides of transition metals (MXenes) and black phosphorus (BP), are considered.

1. Introduction

In a scenario where industrial globalization and population growth
are raising public exposure to biological, chemical, and physical threats,
nano-sensors are leading into a new era of ultrasensitive and real-time
monitoring [1,2]. Therefore, it is imperative to seek easy, rapid, sensi-
tive, user-friendly, selective and affordable in-cost sensors [3]. The
detection and monitoring of temperature, current, radiation, chemicals,
biomarkers and pathogens have been a challenge worldwide. The
application of 2D materials in sensors is growing exponentially, from
environmental monitoring to healthcare, due to their unique properties
arising from their inherent structures [4].

Reviews on 2D materials have been presented so far, e.g., microfluid
sensors [5], sensing technology toward health and environmental
monitoring applications [3,6,7]. Although, most of these are dedicated
to a specific type of 2D material or contrary to a particular sensing
application. Herein, we review the state-of-the-art of the most-well
know 2D materials-based sensors such as graphene, TMDs, h-BN,
MXenes and BP (Fig. 1). In particular, we highlight the distinct prop-
erties of 2D materials that make them attractive and unique in the
sensing field, with a critical comparison between sensors containing and
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non-containing 2D materials. Furthermore, we remark on the synthetic
and engineering methods to produce them. An overview of the trans-
duction sensing mechanisms is presented: electrochemical, electrical,
piezoelectric and optical systems. To conclude, some of the most rele-
vant examples in the last decade, with an essential focus on the previous
five years, are reviewed in the field of physical, chemical, healthcare and
wearable technologies.

2. Why 2D materials for sensing?

2D materials, including graphene, transition metal dichalcogenides
(TMDs), black phosphorus (BP), hexagonal boron nitride (h-BN) and
MXenes, have attracted significant attention in several fields, mainly in
detection and sensing strategies [5]. Several are the benefits of 2D ma-
terials in this field. In the first instance, 2D materials are ideally single-
layer materials with a thickness of a few nanometers, which imparts a
remarkably high surface-area-to-volume ratio [8]. As a result, it pro-
vides numerous reactive sites between the material and analytes [9,10].
Furthermore, the conductivity of 2D materials can be tuned by con-
trolling structural defects, increasing the number of layers, doping or
even post-functionalizing the material [11]. Finally, 2D nanomaterials,
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due to their mechanical strength and flexibility, are compatible with
state-of-the-art technologies, such as ultrathin silicon channels [12,13],
printing methods [14], metal electrodes [15], and flexible and wearable
electronics [16].

The exponential increase in the number of publications studying the
applicability of 2D materials in combination with the current sensing
technologies testifies to their great potential in the field (Fig. 2) [12]. In
the following paragraphs of the review, we will present a brief summary
of the 2D materials studied in this area of research and a critical justi-
fication of the 2D materials benefits with their corresponding tuning
approaches to enhanced sensing performance.

Graphene, the most studied 2D material, presents a single layer
honeycomb crystalline structure of sp2 hybridized carbon atoms [8].
Graphene exhibits many excellent properties: high thermal conductivity
and density, flexibility, mechanical strength, and optical transparency
[17-19]. These properties can be modified with post-functionalization
to tune and adapt the material to the desired application [20,21]. Gra-
phene, and many other 2D materials, can be produced by two main
approaches: bottom-up and top-down. Top-down approaches typically
consist of the exfoliation of graphite into small flakes of graphene, and
they comprise liquid phase exfoliation (LPE), mechanical exfoliation
(ME), and electrochemical exfoliation (EE) [8,22]. The great advantages
of exfoliated graphene are the solubility, liquid processability and low
cost of production, while it is affected by some drawbacks such as an
elevated number of defects, reduced conductivity and optical opacity.
On the other side, the two most widespread bottom-up approaches are
chemical vapour deposition (CVD) and epitaxial growth [23]. These
strategies provide monolayer graphene with highly controlled chemical
composition and crystalline structure, elevated conductivity and optical
transparency [24].

TMDs are semiconductors formed by transition metals and elements
from group-VI, depicted as formula MX5, where M is a transition metal
(e.g., Mo, W Ti, Nb) and X can be S, Se or Te [25-27]. M atoms are ar-
ranged in one plane surrounded by two planes of X through a covalent
bond. TMDs presented unique chemical and physical properties such as
high charge mobility, layer-dependent bandgaps, absorption, and
emission of light [28]. The current applications of TMDs span from
photonics and sensing to optoelectronics applications [29-32]. Analo-
gously to graphene, TMDs can be produced by ME, LPE, and CVD
deposition [33]. An interesting feature of TMDs, and in particular of
molybdenum disulfide (MoSy), is that the crystalline structure of the 2D
material can be changed from 2H to 1T through ion intercalation
method in the exfoliation process [33,34].

BP was first synthesized in 1914, but it was not until the last decade
that it attracted tremendous attention [35,36]. BP is a layered semi-
conductor material in which individual atomic layers are stacked
together by van der Waals interactions. Each phosphorus atom is
covalently bonded with three adjacent phosphorus atoms to form a
puckered honeycomb structure [37]. Its direct bandgap, distinctive
wrinkled structure, high-hole mobility, excellent mechanical, electrical,
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Fig. 2. Number of publications per year under the topics by Web of Science:
Sensors with 2D materials, Graphene, MXenes, TMDCs, Black phosphorous,
Boron nitride in the period 2021-2011.

and optical properties make BP a promising material for many appli-
cations. Although, its poor stability and fast chemical degradation under
ambient conditions limit its use in many fields. Recently, BP was used for
energy storage devices [38], photocatalysis [39], sensing and biomed-
ical applications [40-44]. The most typically used protocol to produce
few-layer BP is based on liquid-phase exfoliation and CVD [45,46].

h-BN presents a honeycomb hexagonal structure similar to graphene,
where the boron and nitrogen atoms are presented in a 2D plane bonded
via sp? [47]. Their specific properties, such as high mechanical, thermal
and chemical stability, near-transparency, wide bandgap, and low
dielectric constant turn this inorganic material into one of the most
promising of the century, with possible applications from aerospace to
medicine [48-51]. Generally, h-BN could be obtained by diverse top-
down and bottom-up approaches [52], being the exfoliation method
widely applied to obtain a single atomic plane with outstanding chem-
ical stability, even in monolayer form [53].

MXenes are made from transition metal carbides and/or carboni-
trides, and their first appearance in the research community was in 2011
[54]. MXenes are labelled with the formula My, ;1 AX;,, where M refers to
a transition metal (Ti, Mo, Cr, Nb, V, Sc, Zr, Hf or Ta), A stands for Al, Si,
Sn, In, and X for carbon and/or nitrogen, and n could be equal to 1, 2, or
3. Due to their richness in chemical and morphological structures, hy-
drophilic nature and good electronic conductivity, MXenes could be
considered optimal candidates for several applications from energy
storage to photocatalysis and biomedicine [55]. Regarding their pro-
duction, MXenes are synthesized by exfoliation through selective
etching of the A layer from the MAX phase [56]: strong acid etching
solutions containing aqueous fluoride (e.g., HF) are typically used [57].

The way in which 2D materials can improve the performances and
the sensitivity of sensors is strongly dependent on the type of sensor
considered, the transduction mechanism and the nature of the 2D
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Fig. 1. Major classes of 2D materials considered in this review: Graphene, TMDs, BP, h-BN and MXenes.
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material. Generally speaking, 2D materials provide a large surface area
available to interact with the analyte, which permits the achievement of
elevated sensitivity and ultra-low limits of detection. Furthermore, their
surface is enriched with active sites that favor the interaction with tar-
geted species or the immobilization of additional recognition compo-
nents, such as metallic nanoparticles or bioreceptors, which can further
enhance the sensing performance of the device. Another property
characteristic of graphene and other 2D materials that enhances sensi-
tivity, mainly in electrically transduced sensors, is conductivity: the
electron transport, confined in the 2D plane, induces remarkable elec-
tronic properties [58].

For instance, the application of 2D materials in electrochemical
sensors can have several advantages that ultimately improve the sensi-
tivity and selectivity of the device. The large surface area and good
electron mobility are factors fundamental in determining the selectivity
of these materials. Furthermore, the presence of active sites provides
these materials electrocatalytic properties that improve the registered
currents while reducing the redox potential in the presence of the ana-
lyte. Wang et al. demonstrated that glassy carbon electrodes modified
with graphene could decrease the reduction potential of HyO, by
approximately 0.4 V while improving 20 times the faradaic current [59].
Furthermore, they demonstrated that the doping of graphene with het-
eroatoms could tune the electrocatalytic properties of the material,
improving further the electrode performances. As a result, electrodes
modified with graphene and N-doped graphene demonstrated tremen-
dous sensitivity in the detection of f HoO5 and Glucose. Silvestri et al.
demonstrated as well that the incorporation of graphene in enzymatic
sensors could improve 4 folds the sensitivity of the device [60].

In the case of gas sensing, several characteristics of 2D materials help
explain their excellent sensing performance. Due to the 2D geometry,
the whole surface of these materials is available to adsorb the gases,
maximizing their interaction with the surface. The high crystallinity,
together with the elevated conductivity, ensures noise reduction.
Finally, graphene can be easily integrated with diverse device archi-
tectures with low resistance ohmic contacts. Based on these principles,
Novoselov and coworkers presented a highly sensitive sensor made from
graphene that can detect a single gas molecule interacting with the
surface [61]. The authors demonstrated that graphene is an electroni-
cally quiet 2D material that can be used in single-electron detectors.

Different properties dictate the extremely high sensitivity of 2D
material-based strain sensors. The layered structure characteristic of
exfoliated 2D materials and the sub-nanometric gaps present among the
layers provide unique piezoelectric properties with elevated gauge fac-
tors (GF). As a result, devices based on 2D materials present an
extremely high sensitivity, allowing the detection of the weakest me-
chanical forces [62].

Surface modification or functionalization approaches (i.e., chemical)
to enhance the sensing performance of 2D materials are mainly classified
into covalent and non-covalent approaches (Fig. 3) [63-68]. Covalent
approaches are considered robust and allow attaching functional groups
to the surface of the 2D materials, leading to tuning their electronic
properties and modifying their crystal structure [69-71]. However, the
modification of their surface, while effective in selectivity, can disrupt
the electronic character making them poor candidates for sensing.
Oppositely using the versatile non-covalent functionalization, the elec-
tronic and physical properties of the 2D materials can be changed
without interfering with their crystal structure. In addition, non-
covalent approaches of 2D materials can be carried out via van der
Waals, electrostatic and © -n interactions, which can be used to tune
doping levels controllably.

3. Transduction sensing mechanisms for 2D materials
A sensor is a system or device that detects, monitors and responds to

multiple inputs and converts them into a particular form that can result
in perception (i.e., readout). In detail, sensors transform these
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Fig. 3. Engineering 2D materials to achieve enhanced sensing performance via
covalent and non-covalent approaches.

variations, with a specific mechanism, into a marker to monitor the
device variable. In the next paragraph, we provide the featured princi-
ples of the standard transduction mechanisms of 2D materials employed
for sensing: electrochemical, electrical, piezoelectric and optical (Fig. 4).
Specific examples will be detailed in Section 4: Sensing applications.

3.1. Electrochemical mechanism

Electrochemical sensors are a class of sensors in which an electrode is
used as a transducer element in the presence of an analyte. Electro-
chemical sensors, thanks to their innate accuracy, specificity, sensitivity,
fast response, and easy-to-use set-up, are a popular choice among ana-
lytic platforms [72]. Electrochemical sensors detect electrochemical
reactions happening between the electrode surface and the analytes.
They typically convert chemical concentrations into quantitative elec-
tric signals. Electrochemical sensors are generally based on amperom-
etry, potentiometry and conductometric measurements. Thus,
quantitative detection of an electrochemical signal (i.e., electron transfer
of a particular analyte, oxidation or reduction) can be improved via a
specific design of the working electrode modified with 2D materials
[73]. Albeit not all analytes can induce redox reactions, in those cases,
external mediators are needed to generate an electrochemical signal
proportional to the analyte concentration [74].

In this section, we would like to highlight two of the most diffused
electrochemical sensors, voltammetric and amperometric [75,76]. Vol-
tammetric sensors measure the current in function of the potential
variation while redox reactions of the electroactive analyte, or mediator,
takes place [77]. Significant applications of voltammetric sensors
comprise the detection of small and biorelevant organic molecules
essential to monitor the health of the human system (e.g., dopamine,
ascorbic acid and uric acid) [73,78]. On the contrary, amperometric
measurements are performed at a constant potential. The Faradaic
current, generated during the redox reactions of the electroactive
molecule, is recorded continuously and used to determine the concen-
tration of the analyte. 2D materials have been used to design ampero-
metric sensors applied in the fields of health, environmental, food, and
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Fig. 4. Transduction mechanisms for 2D materials in sensing: electrochemical, electrical, piezoelectric and optical.

agriculture monitoring [79].

3.2. Electrical mechanism

Among the several electrical sensors using 2D materials, field-effect
transistors (FETs) are the most promising as they can provide elevated
sensibility, robustness, fast detection and easy operability [80,81].
Generally, FETs use the 2D material as a transport channel, driving
charges injected from the electrode and accumulated in the semi-
conductor thanks to their elevated electrons and hole mobility. In fact,
FETs present ambipolar performance, which involves the conduction of
positive and negative species. When 2D materials are exposed to
different species, a charge transfer mechanism occurs between the
semiconductive materials and the adsorbed molecules. This interaction
results in different changes in resistance [82]. Moreover, FETs are highly
sensitive, reliable, low-energy consuming and have a reduced recov-
ering time compared to chemiresistor devices [83]. FETs and electrical
sensors based on 2D materials have been proposed as proof-of-concept
devices with applications in mechanical, optical, gas, ion, protein and
bioelectric sensing [84].

Another electrical transduction principle relies on conductometric
measurements. Conductimetric sensors take advantage of the ability of
some analytes to modify the electrical current flowing between two
electrodes. In this field, 2D materials, specifically 2D hybrid nano-
materials including layered TMDs, graphene [85], and BP [86], play a
pivotal role in gas sensing at room temperature. These materials
demonstrated fascinating performances due to the large surface area,
high number of active sites, room-temperature conductivity and tunable
optical properties.

3.3. Piegoelectric mechanism

Piezoelectric sensors are physical sensors with high sensitivity that
have been applied in a wide number of applications. When stress is
applied, the resistance of piezoelectric sensors changes depending on
geometric factors and the resistivity effect. The resistance of a semi-
conductor under tension can be expressed as a function of the resistivity,
length and average cross-sectional area. The gauge factor (GF) is
popularly used to evaluate the sensitivity of strain sensors, which
convert external stimuli into electrical signals. Sensitivity can also be
expressed as the ratio between the change in normalized resistance and
the applied strain.

Graphene has been widely employed in piezoelectric sensors due to
its inherent piezo-electrical properties, such as the linear change of
resistance in the function of the strain. In particular, graphene piezo-
resistivity is attributed to three mechanisms: (a) structural deforma-
tion, (b) over-connection of graphene sheets, and (c) the tunnelling

effect among neighbouring sheets [87]. However, aside from graphene,
in-plane and vertical piezoelectricity have been predicted and demon-
strated for TMDs (d33). However, the challenge of controlled synthesis
of TMDs with large size (centimetres scale), high crystallinity and good
reproducibility limits their application in large-area integrated, flexible
sensor arrays [88]. It is worth mentioning that there are many examples
of piezoelectric sensors in which graphene is introduced in 3D struc-
tures: 3D scaffolds, microstructures with polymers or (micro)fibers [89].
However, this review only collected 2D-material-based examples.

3.4. Optical mechanism

Optical sensors are typically simple and cost-effective devices able to
quantify different properties of light, such as intensity, wavelength,
frequency, polarization and scattering. Optical techniques present ad-
vantages compared to electrical sensors since they are not affected by
electromagnetic interferences, possess chemical inertness, and allow
remote sensing. Furthermore, optical sensors can be highly sensitive and
even capable of single-molecule detection. On the other hand, the
combination of unique optical properties, high conductivity, exceptional
electron mobility, and the large surface-to-volume ratio of the presented
2D materials have become the ideal platform for creating optical sensors
[90]. Moreover, dopants or metallic nanostructures could assist in the
enhancement of the targeted signal [64,91]. Overall, the application of
optical sensors based on 2D materials is rapidly growing in many
essential fields such as biomedicine, environmental monitoring, and
food analysis [92].

In this section, we review the dominant technologies used to trans-
duce light signals in optical sensors: surface plasmon resonance (SPR),
surface-enhanced Raman spectroscopy (SERS), and fluorescence reso-
nance energy transfer (FRET) [90,92].

3.4.1. Surface plasmon resonance

Plasmonic sensors have been exponentially growing in the fields of
biochemical and environmental monitoring. In principle, plasmonic
sensors are based on the surface plasmon resonance methodology, which
is produced by the oscillations of conduction electron density and the
electromagnetic wave on a material surface under a specific stimulus
such as photons, electrons and phonons [93]. Some of the 2D materials
described here as graphene and TMDs are widely used for SPR sensing
due to their attractive physicochemical properties [94]. However, few
researchers have directly utilized the plasmonic effect of 2D materials in
the fabrication of SPR sensors [94,95]. In fact, the low absorption of 2D
nanomaterials in the visible and NIR range of the spectrum has limited
their direct application in plasmonic sensors. Thus, instead of 2D
nanomaterials, Au or Ag are frequently used to enhance the performance
of plasmonic sensors



M.V. Sulleiro et al.

3.4.2. Surface-enhanced Raman spectroscopy

Raman spectroscopy is a common non-destructive analytical tech-
nique which enables the structural identification of molecules as a
fingerprint. The application of Raman scattering in sensing is often
restricted due to the feeble signals that can be collected at a low analyte
concentration. SERS, discovered by Fleischmann et al in 1974, has
attracted extensive interest for its ultrasensitive detection of multifold
analyte traces (ie., enhanced up to 1019 [96,97]. The mechanisms
behind SERS are based on two phenomena: electromagnetic enhance-
ment (EM) and chemical enhancement (CM). In detail, EM is originated
from the localized surface plasmon resonance (LSPR), and CM arises
from the charge transfer due to dipole-dipole interactions between the
analyte and the substrate [98].

2D materials serve as efficient substrates for SERS due to their low
cost, easy synthesis, outstanding optical properties, and good biocom-
patibility [99]. For these reasons, 2D materials provide an interesting
alternative to noble metals, the state-of-the-art materials in SERS. In
fact, noble metal, even if highly efficient, presents a series of drawbacks
such as high cost, strong metal-adsorbate interaction, reduced stability
in time, and catalytic and photobleaching effects [97]. A popular
strategy is to combine 2D materials with noble metals, creating nano-
composites able to overcome the drawbacks of both.

3.4.3. Fluorescence resonance energy transfer

Fluorescence sensors present elevated sensitivity, straightforward
and low-cost design strategies, and portability [100]. Due to their
photoluminescent properties, the 2D materials described in this review
can be used in fluorescence-based chemical sensors as a quencher or
fluorophore [101]. In this section, we discuss the mechanism of how 2D
materials sensors operate through the fluorescence resonance energy
transfer (FRET) process.

FRET is considered a non-radiative energy transfer process having a
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fluorescent donor and a light-absorbing acceptor. This phenomenon
takes place when the emission spectra of the donor and the absorption
spectra of the acceptor overlap (<10 nm) [102]. Generally, 2D materials
present a good quenching capability [103]. Similarly, TMDs [103-105],
have been employed as acceptors in FRET sensors in diverse fields,
including cellular imaging, single molecule spectroscopy, biochemical
analysis and environmental monitoring [106].

4. Sensing applications

In this section, we reviewed the advances of 2D materials in the field
of sensing. Along the following pages, we collected several examples of
sensing based on 2D materials in the areas we consider needing to be
updated, involving physical, chemical, and wearable sensors. Further
comparative details and examples of this section can be found in Table 1.

4.1. Physical and chemical sensors

The working principle of physical sensors resides in the transduction
of changes in physical properties of the matter into electroresistive op-
tical or mechanical outputs. These changes depend on morphological
characteristics such as single or multi-layer, intercalation species and
externally switched potential bias [107,108]. On the other hand, the
identification and quantification of chemical species is a topic of para-
mount importance. The monitoring and ultra-sensitive detection of
these compounds has been deeply studied, founding several applications
in the fields of environmental protection, safety, or clinical diagnosis
[109]. The performance of a chemical sensor based on 2D materials is
very similar to other approaches described above, the surface of the
material is able to sense a chemical specie, and the analytes interact with
the surface of the bidimensional material. In some cases, chemical
functionalization, natural defects, and/or doping of the surface of 2D

Table 1
Additional information of 2D Materials towards sensing technology.
Material Tuning approach”  Mechanism Target Limit of detention Sensitivity Reference
—6 -1 -2
MZXene/Prussian blue (Ti3CyTy) NC Electrochemical  Glucose and Lactate 323:1376 x fii t: 22,1 5272 [176]
MXene/PVA hydrogel (Ti3C,Tyx) NC Electrochemical Facial expression - 25 (GF) [208]
Mxene/PDMS (Ti3Cz) NC Piezoelectric Human motion - 7400 (GF) [194]
Mxene (TizCoTx) N.A. Electrical voC 50 ppb <ppm [137]
Mxene/PVA (Ti3C,Ty) NC Electrical voC 50 ppb 0.10 ppm™! [138]
AuNPs/Mxene-PDDA (Ti3C,Ty) NC Electrochemical Nitrite 0.059 pM 250 pA mM?! cm™? [209]
Mzxene (Ti3Cs) N.A. Optical ngJr 42.5pM 0.05-50 mM [210]
Mxene (Ti3CyTyx) N.A. Optical Ag 0.615 pM - [145]
) Interferon 476010 1°M 608010 1°M

Graphene-Pyrene NE Flectrical Interleukin tumor necrosis factor 61101075 M ) 11801
Graphene N.A. Electrical Brain stimulation 116.07-174.10 pC cm-? - [192]
Graphene-MoS, NC Piezoelectric Human Motion 6.06 kPa™* [211]
GO N.A. Piezoelectric Human motion - 25.1 kPa™t [198]
rGO/cellulose fibers NC Piezoelectric Human motion 8pum —8.9 (GF) [197]
Carboxyphenyl-G C Electrochemical ~ Ovalbumin 0.9 pg mL™* - [69]
rGO-aryl fluoride C Electrochemical =~ Ammonia 20 ppm 63% [70]
rGO-ferrocenylaniline C Electrochemical ~ Tumor necrosis factor 0.1 pg mL™! - [71]
Pt-loaded/h-BN NC Electrical Propane 2% 20000 ppm [212]
h-BN N.A. Electrical NO, 20 ppb 1.645 ppm ! [51]
MoTe, N.A. Electrical Ketone 0.2 ppm 100 ppm [27]
WS, N.A. Electrical NH3 1 ppm 10 ppm [119]
MoS, N.A. Electrical Pressure and temperature ~51kQ °C?! [213]
MoS,/hBN NC Electrical NOx 6 ppb 6 ppb [214]
MoS, N.A. Electrical NO, 0.15 ppb 1 ppb [132]
MoS, N.A. Optical Methanol 2.7 ppm - [215]
MoS,/Au NC Optical Antigen 0.5 pg/mL - [216]
MoS,/1GO NC Electrochemical ~ H,0, 0.19 uM 101.70 pAmM* em?  [217]
MoS,/rGO NC Electrochemical ~ NO, 0.17 uM 0.46 pA pM! em? [133]
BP/PEI-PEG NC Flexible CO, 200 ppm - [218]
BP NC Electrical NO, 20 ppb 20% for 20 ppb [42]
BP N.A. Electrical NO, 5 ppb 5 ppb [43]
BP N.A. Electrical NH3 80 ppb 10 ppm [44]
BP-AuNPs NC Electrochemical Patulin 0.03 x 10’3M, - [219]

# NC (Non-covalent), C (covalent), N.A. (not applicable).
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materials could improve the sensitivity and trapping of detected
chemical species.

4.1.1. Electroresistivity

Gas sensing is the most extended application of 2D materials referred
to electroresistivity, and it can be divided into two main categories:
chemiresistor and FETs [64]. Their work-principle are underpinned by
the changes detected during the adsorption of a gaseous analyte, ie.
resistance for chemiresistor and drain current for FETs. This interaction
is weak with bare 2D material and gaseous analyte, but it can be engi-
neered depending on the chemical composition of the material used. For
example, MXene possesses terminal oxygen groups, and g-CN includes
amines on its surface, allowing essential chemical modifications and
hydrogen-bonding interactions. Other 2D materials, such as BP or h-BN
nanosheets, present limitations due to their reduced light and oxygen
stability [107]. The most common gas-sensing analytes include
hydrogen (Hj), ammonia (NHs), nitrogen oxides (NOy), and sulfur di-
oxide (SO3). Frequently, reports of gas sensors are combined with
theoretical calculations where the interactions between the gaseous
analyte and the pristine material are explained [64]. Even though TMDs
present low sensitivity toward nonpolar molecules, dopant incorpora-
tion (generally metals) alters the electronic structures of the materials
and improves the sensor capability [64].

4.1.1.1. FETS. Feng et al. studied NH3; and NO; sensing properties of
molybdenum telluride (MoTey) using FET based on this material and
found it extremely sensitive to these gases. They demonstrated that the
recovery kinetics could be effectively adjusted by biasing the sensor to
different gate voltages, achieving 90% recovery after each sensing cycle
within 10 min at room temperature. They also presented a sensitive

a)

Sensing and Bio-Sensing Research 38 (2022) 100540

detection of NOy and NH3 with low detection limits of 12 ppb and 1
ppm, respectively [110]. FETs made by Tungsten Disulfide (WSy) exfo-
liated nanoflakes were used for ethanol and NHj3 sensing. The FET
showed high electron mobility of 12 em?V s and response in the
presence of reducing gases, thanks to its n-type nature. On the contrary,
the material presented significant drawbacks in the presence of
oxidizing gas such as oxygen, which depleted its n-type behavior,
reducing the conductivity [111]. Molybdenum diselenide (MoSes)
multilayer synthesized by CVD was used to manufacture FET for NO3 gas
sensors with ultra-high sensitivity (300 ppm), real-time response, and
rapid on-off switching. The device showed n-type behavior with field-
effect mobility of 65.6 cm V.51, The hole current significantly in-
creases when it is exposed to NO gas, which is attributed to extra band
gap states induced by the absorbed NO; gas [112]. In other examples
where MoSe; was gold-assisted exfoliated and deposited within a flex-
ible substrate (see Fig. 5a), the FETs device presented selectivity for
detectingNO, and NHj3 in the ranges of 2-10 ppm and 5-25 ppm,
respectively (Fig. 5b). The nanocomposite exhibited excellent n-type
electrical properties, including a high on/off ratio (>106), high mobility
(42.6 cm>V1s? for monolayer) and low threshold voltage (—8 V). In
this soft device, FET was displayed on human skin and connected to a
flexible print circuit board (PCB) configuration for streaming and
wireless recording (see Fig. 5c-d) [113]. Additional, Hong et al. used
polydimethylsiloxane (PDMS) stamp to transfer tungsten diselenide
(WSey) flake from its bulk counterpart to fabricate a back-gated p-
channel FET for detection of various oxidizing and reducing gases at
room temperature. Thus, when the device was exposed to equal con-
centration (1 ppm) of four different analytes (i.e., NOg, SO,, NHs, and
H3S) the maximum response was obtained for NO, while the minimum
response was recorded for SO, [114]. Exfoliated MoSz nanoflakes,
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annealed in air either at 150 °C or at 250 °C, produced ambipolar
behavior with NO; sensing capabilities. The sensor, annealed at 150 °C
in air, exhibited p-type behavior under NO; analyte. This behavior is
potentially ascribed to nitrogen substitutional doping of S vacancies in
the MoS; surface. Meanwhile, annealing at 250 °C resulted in n-type
behavior with 20 ppb sensitivity to NO, and a response as high as 5.8
times for low concentration of NO,. As well as NOy, n-type showed good
electrical response under Hy [115].

4.1.2. Chemiresistive

In a pioneer study, Zhou et al. studied the specific interaction of toxic
gas molecules (Hy, Oz, NH3, NO, NO3, and CO) at the surface of WSy
monolayers by density functional theory (DFT). Band structure calcu-
lations showed that the valence and conduction bands of monolayer WS,
are not disturbed upon adsorption of Hy, NHs, and CO. However, some
of the lowest unoccupied orbitals for Oy, NO, and NO; are pinned around
the Fermi-level when they are adsorbed on the monolayer of WS, [116].
Apart from NOy, n- and p-type WS, materials were used by several au-
thors for proton-rich analytes such as ammonia and water. Some authors
suggested the effect of an increase in acidity when adsorption and/or
solvation-assisted of these molecules were onto the surface of the ma-
terial, producing a catalytic effect [108].

There are a large number of examples for chemiresistive 2D material
sensors. For instance, Matatagui and co-workers developed a very easy,
low-cost, on-paper substrate WS, nanoplatelets device by abrasion-
induced deposition. The device was employed successfully for high-
sensitivity and selective detection of NO, at room temperature [117].
WS; nanosheets fabricated by liquid exfoliation were deposited by drop
casting on interdigitated electrodes (IDE) and used as chemiresistive
humidity sensor. The affinity to protons indicated an n-type perfor-
mance of the exfoliated WS,. The response of the sensor varied from
11.9 to 80% relative humidity (RH). The sensor exhibits swift response-
recovery characteristics when exposed to different RH levels. The cor-
responding response time was found between 13s (11.9% RH) and 17s
(80% RH) [118]. In another work, Li et al. ball milled commercial bulk
WS, powder to obtain p-type WS, nanoflake. In this case, IDE with 200
pm gap electrodes was prepared by dip coating. The sensor performance
indicates good sensitivity and response/recovery speeds to the different
concentrations of ammonia from 1 to 10 ppm at room temperature
[119].

Apart from exfoliation methods, there are other works that grow the
material “in situ” on top of the device. O’Brien et al. presented a method
for low-temperature synthesis of WSy throughout the sulfurization of
tungsten trioxide (WOg3) using HoS plasma. Interdigitated WS, elec-
trodes were manufactured with WO3 sputter dependence thickness. A
sensitivity of 1.4 ppm NHjs in nitrogen at room temperature was ach-
ieved [120]. As interesting as CVD, ultra-thin WSy nanosheets with a
thickness of about 5 nm were synthesized by an economical hydro-
thermal method combined with a calcination process. Three-
dimensional wall-like structure was formed by the interconnecting
WS, nanosheets. The resistive gas sensors achieved a superior response
of 9.3% to 0.1 ppm NO; gas at 25 °C and good stability in low and
moderate humidity [121].

Regarding WSe,, Guo et al. reported a simple and effective method to
exfoliate WSey into few-layered nanosheets with N-methyl-2-pyrroli-
done (NMP) as a dispersant. The chemiresistive sensor showed excellent
selectivity, extremely high response (50 ppb) under a low detection
concentration of NO, and reliable long-term stability within 8 weeks.
The authors hypothesized a mechanism based on the physisorption of
the NO3 gas molecules and charge transfer between the surface of WSe;
nanosheets and the molecules of NO, adsorbed. The electrophilic NOy
molecules on the surface of WSe, nanosheets extract electrons from the
valence band of WSey, increasing the hole concentration and reducing
the resistivity of the sensor [122].

On the other hand, a monolayer of MoS; was selected as a chemical
sensor with high selectivity for trimethylamine (TEA). The response
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mechanism refers to the transient surface physisorption that affects the
conductance of the MoS monolayer. The authors compared TEA sensing
against conventional carbon nanotubes-based gas sensors. Interestingly,
MoS,-based devices showed a high order of selectivity compared to the
tube-based device [123].

Cho et al. grew by CVD layered-MoS; using molybdenum trioxide
(MoO3) and a sulphur powder as a precursor. They deposited the ma-
terial onto a sapphire substrate forming interdigitated electrodes with
100 pm of separation (see Fig. 6a). Transient resistance responses were
investigated in two analytes gases, NO, and NH3 at concentrations from
1.2 to 50 ppm. In the NO; gas mode, the resistance increased at room
temperature and 100°C (positive sensitivity). In this case, NO5 acted as
an electron acceptor, bringing the Fermi level closer to the valence-band
edge and resulting in p-doping. Meanwhile, NH3 acted as an electron
donor (i.e., n-doping), shifting the Fermi level of the MoS, to the
conduction-band edge; therefore, it possesses a negative sensitivity at
both temperature regimens (see Fig. 6b). The surface of the material was
saturated at approximately 20 ppm, irrespective of the operating tem-
perature, as observed in Fig. 6¢. Finally, the authors also confirmed by
DFT the charge-transfer mechanism between the gas molecules and the
MoS,, besides its probabilistic position within the mechanism proposed
(see Fig. 6d) [124].

A simple but effective method for fabricating large-scale TMDs layers
on a flexible substrate was reported by Zhao and coworkers. MoS; was
grown at a low temperature of 200 °C directly on hard (SiO,) and soft
substrates (polyimide, PI) via CVD with molybdenum carbonyl (Mo
(CO)g) and HsS. The grown crystal produced by low temperature pos-
sesses a layered structure with good uniformity, stoichiometry, and a
controllable number of layers, characterized by Raman spectroscopy.
MoS; grown on a soft substrate was used to sense ammonia and NO,. By
applying 500 ppm of an analyte, the 2D MoS,-based flexible gas sensor
showed a much higher NO5 response of approximately 300% compared
with the NHjz response of approximately ~ 5%. The difference resides in
the adsorption of the gas molecules on the defect or basal plane due to
the 2D nature. The sensing was also performed with a bending radius of
~7 mm, and the durability of the MoSy-based flexible gas sensor was
evaluated upon 2000, 4000, and 6000 bending cycles [125]. Cho et al.
used a CVD approach based on a controlled vertical and horizontal
growth of the MoS; nanosheets, boosting the sensing capabilities of the
material throughout the area exposed. They compared different elec-
trode configurations of MoS; nanosheets exposure for NO, sensing ca-
pabilities: basal plane (horizontal), edge (vertical) and a mixture of basal
plane/edge exposed (horizontal and vertical). They found fivefold
enhanced sensitivity when edge exposed configuration was used and
demonstrated its area-in-contact dependence [126]. In the line of nano-
shapes, cone-shaped (CS)-MoS; bilayers were grown by depositing 2 nm-
thick MoOj3 layers on a 2 three-dimensional (3D) cone-patterned sap-
phire substrate (CPSS) followed by a sulfurization process via chemical
vapor deposition. The sensor was used for ppb level detection of NO with
a large response (200%). This architecture improved the sensing at
room-temperature thanks to the increase up to 30% of the exposed area
[127].

Single- and few layers of MoSey nanosheets were deposited at room
temperature by mechanically exfoliating bulk crystals onto pre-cleaned
300 nm SiOy/Si substrates. The as-prepared MoSey gas sensor devices
were fabricated using electron-beam lithography and presented a non-
linear response for ammonia concentrations ranging from 50-500 ppm
[128]. MoSe; chemiresistive devices were synthesized via ultra-
sonication-assisted liquid exfoliation in other work. The size of the
nanoflakes was tuned by varying the centrifugation speed. Moreover,
the exfoliated material was drop casting in an interdigitated electrode
and used as a sensor for selective HaS gas at 200°C. The response of the
device was driven between 15.87-53.04 % for HsS concentration of 50
ppb-5.45 ppm when operated in ambient and 7.13-19.87 % for the
concentration range of 500 ppb-5.45 ppm when performed in a flowing
environment of synthetic air [129].
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Choi et al. reported a MoSe; nanomaterial doped with niobium (Nb)
for NO, gas sensor. Nb was carefully incorporated via plasma and
compared with pristine MoSey. Control of the doping was demonstrated
for optimum gas sensing response. In the first round of doping (MoSe;:
Nb-1C), the sensor yielded the highest response for detecting 3 ppm of
NO,. They hypothesized that incorporating Nb increased the surface
area to volume ratio, making it more sensitive than pristine MoSe;.
However, the increment of Nb dopants caused a significant increase in
the number of metallic niobium diselenide (NbSe,) clusters, which were
not responsive to gaseous molecules, dropping the effectiveness of the
sensor [130].

In a new addition to the class of layered TMDs, MoTe,, Zhang and
coworkers used the typically great chemisorption of TMDs for NO,
combined with its photoresponsivity properties that enhance the re-
covery rate of the sensor. The exfoliated material increases the sensi-
tivity by one order of magnitude under 254 nm UV illumination
compared to dark conditions, leading to a meagre detection limit of 252
ppt. Furthermore, the recovery rate was improved from 10% to 40% in
dark conditions to 100% under UV illumination within 160 s at different
NO; concentration ranges. Finally, the p-type MoTes sensor also
exhibited excellent sensing performance to NO5 in ambient air, indi-
cating its great potential in practical applications [131]. Using analo-
gous approaches with TMDs similar behaviors were observed [132,133].

On the other hand, Gautam et al. have synthesized a tridimensional
architecture of h-BN for humidity and liquefied petroleum gas (LPG)
detection. They used a bottom-up approach using a mixture of boron
trioxide (B2O3) and h-BN. Afterwards, the as-prepared material pre-
sented a tridimensional porous architecture. Similar to other 2D mate-
rials, the method for sensing within the prepared material was based on
chemisorption. In this example, the h-BN showed a resistivity range
from 1.47 to 0.29 MQ/%RH for low (10-40% RH) and for high (40-90%
RH) humidity, respectively [134,135]. Using a low-temperature sol-
vothermal method to synthesize h-BN, the material showed a nearly
transparent morphology with a thickness of ~1.36 nm (four atomic
layers). The variation in conductance was caused by charge transfer
between the chemical absorption/desorption process of oxygen mole-
cules on the sensor surface. The gas sensed 100 ppm at different working
temperatures. In detail, ethanol sensitivity reaches 1.72, 2.9 and 4.5 by
increasing the temperature to 240, 260 and 300 °C. Moreover, the

device presented a fast recovery along the time and good response
ability [136].

The good conductivity of MXenes, as well as a large number of
functional groups on their surface, makes them good candidates for
chemical sensors, unlike other materials such as pristine graphene (often
with an inert surface and a weak uptake of chemical species) or MoS;
(with high selectivity performances but lower signal to noise ratio).

The relevance of which elements are found on the surface of the
device is demonstrated by Kim and co-workers [137]. They developed a
MXene chemical sensor with high selectivity to detect volatile organic
compounds (VOC). The good LOD of the sensor is caused by the con-
ductivity of the material. Besides, the surface, enriched by various
functional groups, contributes to the selectivity and good interaction of
the VOC. The authors test one type of MXene (Ti3C,Tx) and highlight the
potential possibilities for improvement due to the rich diversity of this
family of compounds. Excellent results have also been obtained by Yuan
and co-workers in the self-assembling of the MXene by electrospinning.
The sensors showed good versatility and flexibility with no decrease in
performance after 1000 cycles, demonstrating great potential for in-
dustrial applications [138].

4.1.3. Optical-based sensing

4.1.3.1. Raman spectroscopy sensor. Lu et al. reported a device based on
graphene oxide (GO) decorated with Ag nanoparticles (AgNPs) for
detectioning nitroaromatic compounds by surface-enhanced Raman
scattering. In detail, different fluorophores such as rhodamine 6G,
methyl violet and methylene blue were detected. The device performed
with sharp and intense peaks when the GO-AgNP combination was used.
The results showed some order of magnitudes of improvement than
pristine GO. These results suggested the crucial role of the AgNP in
enhancing the signal [139]. Gold nanorods (AuNR) stabilized with poly
(N-vinyl-2-pyrrolidone) were self-assembled with GO via electrostatic
interactions. The GO-AuNR materials showed a great increase of the
Raman signal for the detection of crystal violet and neutral red aromatic
dyes, which demonstrated the use of cationic and anionic aromatic dyes
as molecular probes [140].

Criado and co-workers proposed an exfoliation method that leads to
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highly-enriched 1T phase MoS; (94.5%). The exfoliated 1T-MoSy
showed surface-enhanced Raman scattering with a low detection limit
throughout rhodamine 6G and crystal violet [34]. The same material but
modified with a monoclonal antibody was used as a capture probe of
o-fetoprotein (AFP) at highly detection level (1 pg mL~ to 10 ng mL™)
and LOD lower than 0.03 pg-mL™!. They decorated the functionalized
MoS; with silver-coated gold nanocubes to increase the density of “hot
spots” on the surface of the immunosensor [141]. Similarly, Su et al
decorated MoS; nanosheets with gold nanoparticles to detect rhodamine
6G. The mixture of both materials produced an amplification of the
signal in comparison with the pristine itself. They also observed the
necessity of control and precision of the functionalization for a maxima
optical signal. The SERS enhancement capacity was therefore associated
with particle aggregation, where the number of hotspots was maximized
[142]. Aside from TMDs, Ti3C, functionalized decorated with silver,
gold or platinum nanoparticles was synthesized to detect methylene
blue throughout surface-enhanced Raman scattering. As well as in the
other TMDs, the functionalized 2D material showed an enhancement of
the analyte signal besides slight shifts in peak positions. The authors
determined the enhancement factors based on the nanoparticles-
decorated TisCy, i.e., silver, gold and palladium, to be 1.50-10°,
1.17-10° and 9.61-10% respectively [143].

4.1.3.2. Colorimetric sensors. Metal ions can be easily detected by
colorimetric assays based on 2D material sensing platforms. Zhang et al.
performed a colorimetric detection of Hg?' in aqueous solutions
mimicking peroxidase performance. Two-dimensional rGO/PEI/Pd
nanohybrid was synthesized for such purpose. The presence of mercury
ions makes the nanohybrids rGO/PEI/Pd promoted oxidation, and
3,3/,5,5'-tetramethylbenzidine (TMB) produced from dark to blue color
that could be detected by the naked eye. The nanohybrids performed an
ultralow detection limit of 0.39 nM for Hg?" in ddH,0 and ~1 nM in
wastewater [144].

Wang and coworkers showed an easy procedure using MXenes as a
trigger of optical signals through the reduction of Ag" to Ag NPs. These
NPs remain on the surface of the material, having good selectivity. Be-
sides its detection on a UV-vis spectrometer, the authors report the
possibility of detecting it through a conventional smartphone [145].

4.1.4. Flexible photodetectors

Apart from conventional sensors, 2D materials have been reported as
highly efficient channel materials in photodetectors. TMD-based pho-
todetectors exhibit broad spectral detection, short response time, low
dark current, high responsivity, and tunable electrical properties [88].

The 2D InSe material was manufactured on flexible polyethylene
terephthalate (PET) photodetectors or rigid on SiOy/Si substrate. The
InSe presented a broad-band ranging from the visible to near-infrared
regions (450785 nm), high photoresponsivities up to 12.3 A-W ' at
450 nm (on SiO,/Si) and 3.9 AW at 633 nm (on PET). Besides, the
photodetector possesses a response time of ~50 ms and exhibits long-
term stability in photoswitching [146]. Castellanos and co-workers
presented an easy-to-implement technique in which large-area WSy
photodetectors were manufactured on top of flexible polycarbonate
substrates. WS, photodetector on polycarbonate presented well-
balanced performances with responsivity up to 144 mA-W™ at 10 V of
Vsa. The photodetector response time was down to ~70 ps with a de-
tective value of 108 Jones [147]. The electrode was fabricated using an
abrasion-induced method previously reported. This powerful technique
was illustrated by manufacturing 39 different Van der Waals materials
on standard copy paper, including superconductors, semi-metals,
semiconductors, and insulators [148]. Few layers of MoSe, films were
modified with amine-terminated poly(styrene) to form a p-n junction
photodetector. The device shows a fast response time of 100 ms, a
responsivity of 2.5 A-W'! and a high detectivity value of 2.34-10'* J. The
device was flexible and stable after 1,000 bending cycles, i.e. curvature

Sensing and Bio-Sensing Research 38 (2022) 100540
of 7.2 mm [149].

4.1.5. Flexible Piezo-resistivity sensors

CVD graphene synthesized onto SiOy was first photolithographed
and then treated with reactive ion-etching to manufacture a device in a
desired shape and dimension. After that, 2 mm thickness of poly-
dimethylsiloxane (PDMS) was transferred onto the patterned graphene.
The final instrument was a transparent and stretchable strain sensor. The
strain sensor had a GF between 2.4 and 14. The lower GF was similar to
traditional metallic strain gauge materials [150]. In other work, PDMS
was modified and transferred on top of a ripple-like morphology with a
certain periodicity. The manufactured sensor was used as strain-based
sensor and presented a strong dependence on their original shapes and
ripple-dependence morphology. The rippled graphene could afford large
strain deformation while giving a negative GF (-2) when the applied
strain was performed from 0-20%. On the opposite, the buckled gra-
phene showed high GF values when increased from 0 to 30% due to the
re-arrangement of graphene domains [151].

In the way of using other polymers as a flexible substrate, poly-
propylene was coated with graphene solution by the layer-to-layer
method. The device showed excellent durability and a high GF
(~1000) in the strain range of 0.05% to 0.265%. Moreover, it was used
for the detection of wrist pulse, finger bending and throat movement
during pronunciation [152]. rGO doped with polystyrene nanoparticles
was assembled to manufacture a highly responsive, flexible piezor-
esistive strain sensor. The sensor was prepared by depositing a mixed
solution of PS nanoparticles and GO fragments onto PDMS film, fol-
lowed by laser-scribe patterning through thermal reduction (see Fig. 7a).
The work-function of the sensor consisted of a change in the physical
stacking of rGO fragments, producing a deformation. It creates partially
connected conducting channels that can amplify the signal as resistance
changes. Accordingly, even under minor strains of 1.05%, GF values of
250 could be obtained. The device was used for real-time monitoring of
human body activities, including swallowing, lower back posture and
pulse on the neck. Fig. 7b shows the increasing and decreasing of the
resistance associated with the pharyngeal phase and esophageal phase,
as the result of larynx and pharynx movements and muscle stress. In
Fig. 7c, the sensor was attached to a human’s lower back to monitor
different back bending postures (form P1 to P4). Since resistance change
is related to strain deformation, the differences can be used to evaluate
the level of muscle tension [153].

Across the synthesis of ultra-long CVD graphene bundles, Wang et al.
fabricated core—sheath nanofibers significant valuable for flexible and
wearable microelectronics. First, the graphene wires were grown on
dozens of copper wires (~80 wires) by the CVD method. After copper
wires etching, they coated it again with different concentrations of
Polyvinyl alcohol (PVA), forming G@PVA core—sheath fibers with
various sheath thicknesses. The highest concentration of PVA (G@10wt
%) presented a mechanical strength of 590 MPa, besides a high con-
ductivity of 9.6-10% S-m™’. The fiber exhibited a highly sensitive response
to the bending and stretching forces in terms of relative resistance
change [154]. In other work related to wires, silver nanowires and
graphene were embedded in a polyurethane matrix forming a film and
used as a composite for physical vibrations, wrist pulses and recognition
of sound. The composite presented a GF high as 20 for strain changes less
than 0.3%, 1000 in the 0.3% < Ae < 0.5% range, and 4000 in the 0.8% <
Ae < 1% strain range. This strain gauge also displayed high sensitivity to
bending, high strain resolution and high operating stability [155]

Referring to TMDs, an ultrathin conformal MoS,-based device was
integrated with a graphene electrode to result in a flexible tactile sensor.
The sensor shows high sensitivity, good uniformity, and linearity even
after 10,000 loading cycles. Moreover, the device worked over a strain
of 1.98% and had good optical transparency of over 80%. The MoSy/
graphene flexible electrode was used as a high-density array electrode
and high switching speed through active matrix circuitry [156]. MoS,,
situated within dielectric sandwich layers, was engineered to achieve a
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Fig. 7. a) Laser scribing process of PS nanoparticle doped rGO strain sensor. The schematic morphology of the PS nanoparticle doped rGO strain sensor is included
within the red inset, b) rGO strain sensor placed on the front neck for swallowing pattern monitoring (left) and the responsive electrical signal collected by the sensor
(right) and c¢) rGO strain sensor placed to monitor the posture of a human back (left) and the responsive electrical signal collected by the sensor (right).
(Figure adapted from reference [153]).

high and reliable performance strain sensor. The tactile sensor presented 4.2. Wearable sensors
a large area (8 x 8 arrays), offering a wide sensing range (1-120 kPa),

sensitivity value (AR/RO: 0.011 kPa™}), and a response time (180 ms) Continuous and real-time monitoring of physiological parameters
with excellent linearity. In addition, the device showed potential for and biomarkers is a powerful tool in chronic and degenerative diseases
multi-touching, tracking trajectory, and detecting shapes of external for their diagnosis, management, and treatment [158]. In that line,
objects [157]. implantable and wearable sensors offer great promise to high quality

and easy continuous monitoring; therefore, great efforts have been made
in the last decades to miniaturize such biomedical sensors for human
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Fig. 8. Summary of wearable and implantable 2D materials-based sensor or health monitoring and of the tissues/organs monitored up to date. Reprinted with
permission of ref. [164].
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organ implantation [159]. Ultrathin 2D conductors and semiconductors
have become ideal candidates for producing a large variety of
implantable and wearable bioelectronics, given their sensitivity, fast
response, long-term stability, transparency, flexibility and biocompati-
bility [160,161]. Among them, graphene and MoS; have been the most
explored ones for sensing multiple organs or tissue (Fig. 8) [162-166].

The architecture of the sensing devices is crucial to simultaneously
detect efficiently low and transient concentrations of analytes and avoid
immune response in in vivo sensing. FET, electrochemical biosensors and
piezoresistors are suggested as the most suitable devices, given their
operation in a point-of-care manner, fast response, and low limit of
detection [167]. Graphene FETs (gFET) are composed of a CVD layer of
graphene deposited between two metallic electrodes, resulting in
extraordinary charge mobility, high transconductance, low intrinsic

Cytokine Storm
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noise and sensitive detection with an elevated signal-to-noise ratio
[168]. Electrochemical biosensors give in real-time information about
the chemical composition of a system, by coupling a specific biological
or chemical receptor to an electrochemical transducer. Graphene and 2D
materials have been successfully used to develop this kind of efficient
transducing platform, since they offer several options to immobilize the
recognition biomolecule [169,170]. Finally, piezoresistors have been
used for strain and force sensors. The layered structure of 2D materials
confers them with elevated GF, which are reflected in high sensitivity of
the devices [62]. Sensors have been applied in multiple organs and
tissues of the human body for multiple purposes. Among them, the skin
is the most accessible and largest tissue and allows non-invasive moni-
toring; therefore, it is not surprising that most publications evaluating
wearable or implantable sensors have been applied to the skin to
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Fig. 9. (a) Scheme of the aptameric dual channel gFET biosensor for the detection of cytokine storm syndrome caused by COVID-19. (b) Photograph of the flexible
and wearable aptameric gFET device. (c) The device is worn on different human body parts, e.g., forehead, chest, and arm. (h) Time-resolved and in real-time
measurement of IFN, TNF, and IL-6 in human sweat. Adapted from ref. [180], Copyright 2021 Wiley.
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monitor motion and vital bio-signals [171].

4.2.1. Biosensors

Biosensors can be achieved by chemically modifying 2D materials,
with multiple receptors, such as antibodies, enzymes, and aptamers, to
provide high specificity towards several bio-analytes [172]. In this
section, we will review the most advanced technologies used for
detecting a large variety of body analytes in sweat, saliva and tears and
the detection of neurotransmitters.

4.2.1.1. Chemicals in sweat. Sweat is one of the most accessible bio-
logical fluids and very rich in biomolecules, such as hormones, ions,
proteins and metabolites. For this reason, it is very attractive for the
diagnosis of diabetes, chronic stress [173], dehydration, anaerobic
metabolism, hypokalemia, hyponatremia and cystic fibrosis [174,175].
Glucose sensors are among the most studied biochemical sensors [176].
They allow non-invasive real-time monitoring of glucose levels in
chronic diabetes, which are directly related to the amount of glucose in
the blood. In recent studies, skin chemical sensors of graphene were
developed to detect low traces of glucose, thus avoiding the current
blood extraction for the same purpose [177]. Such devices are based on
the electrochemical oxidation of glucose through enzymatic or non-
enzymatic sensing, in which graphene is employed as an electrode.
Furthermore, graphene can also be used to detect the oxidation of HyO»,
an intermediate product of the enzymatic process of glucose. For such a
purpose, Lee and co-workers fabricated a multifunctional device based
on a bilayer structure of gold-doped CVD graphene modified with
glucose oxidase [178]. In addition, the device was implemented with
drug-loaded microneedles that where thermically activated when the
sensor exceeded a glucose threshold. The authors demonstrated accurate
electrical signals from the skin of two healthy volunteers and thera-
peutic effects on diabetic mice models. Similarly, but not in sweat, the
electrochemical investigation of the MXenes with Pt nanoparticles was
developed for the analysis of a wide range of molecules but in particular
for the detection of HyO5 [179].

One relevant example of sweat sensing has been recently reported by
Hao et al., who developed an aptameric dual channel gFET, shown in
Fig. 9, for the in-situ detection of several cytokines in COVID-19 pa-
tients, with high specificity and LOD around 600 - 10> M [180]. Note
that abnormally elevated levels of cytokines are considered prognosis
biomarkers for severe or critical progression of COVID-19, and their
early detection facilitates treatment to patients before they become
critically ill. The device was fabricated on flexible substrates and inte-
grated into a wireless system to enable continuous monitoring of cyto-
kines in hospitalized patients. Apart from sweat, the gFET sensing
capability toward the target cytokines was also tested in different bio-
fluids, including plasma, saliva, and urine.

MoS, ultrasensitive electrochemical dopamine sensor based on
manganese-doped synthesized via a scalable two-step approach was
reported for Lei and co-workers. The authors found a selective dopamine
detection with a detection limit of 50 pM in buffer solution, 5 nM in 10%
serum, and 50 nM in artificial sweat [181].

4.2.1.2. Sensing in saliva. Human saliva is another interesting corporal
fluid for non-invasive diagnostics and monitoring. As sweat, it is very
rich in several biomarkers, e.g., glucose, lactate, phosphate, hormones,
proteins, and antibodies, whose abnormal concentrations can be corre-
lated to multiple diseases, such as stress, infectious diseases, or cancer
[182]. However, only a few examples in the literature of graphene-based
wearable and implantable sensors for saliva exist, being most of the
work focused on ex vivo sensing. Mannoor et al. developed a salivary
bacterium graphene sensing platform for tooth enamel [183]. Graphene
was functionalized with antimicrobial peptides to selectively bind bac-
teria in saliva and printed on a water-soluble silk substrate to allow the
easy transfer to the tooth enamel. Furthermore, the authors integrated
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an inductive coil antenna in the device to allow wireless monitoring.
Apart from bacteria detection, the proposed device was used for real-
time monitoring of respiration.

4.2.1.3. Tears. Another rich, useful, and available fluid in the human
body is the tears. Therefore, one branch of the biochemical sensors is
devoted in fabricating contact lenses implemented with biochemical
sensors as a non-invasive and continuous detection tool of metabolites in
tears. Such ocular prostheses have specific requirements in their design,
including high softness, flexibility and transparency, to perfectly adapt
to the hemispherical curvature of the eye and the retina and allow a
clear vision.

As in sweat sensors, glucose has been one of the main targets in this
kind of smart lenses, aimed at the real-time diagnosis and monitoring of
diabetic patients. For instance, Kim et al. developed a transparent and
stretchable sensor composed of glucose oxidase-modified CVD graphene
film (gFET) deposited on metal nanowires contact and integrated into
soft contact lenses for wireless detection for this purpose [166]. The
authors demonstrated the feasibility of their smart lenses through in vivo
detection on a rabbit eye.

In a second application, smart lenses can also be useful in the remote
monitoring and therapy of chronic ocular surface inflammation (OSI).
Jang et al. constructed a gFET-integrated lens functionalized with anti-
gen binding fragments (Fab) of immunoglobulin G (IgG) for the quan-
titative and selective detection of metalloproteinase-9 (MMP-9), a
known biomarker for OSI diagnosis [165]. In addition, the authors
implemented the system with an eyelid heat patch for hyperthermia
treatment, connecting both diagnosis and therapeutic devices wire-
lessly: with the increased detection of MMP-9, the patch was heated,
yielding to the lipid expression of the meibomian gland and, therefore,
relieving the symptoms of OSI.

4.2.1.4. Detection of neurotransmitters. In the recent years, graphene
and MoSy-based electronics have been widely applied in the develop-
ment of innovative neural interfaces [184]. Detection of brain bio-
molecules, and in particular neurotransmitters, has been pointed out as
a promising tool to achieve a better understanding of brain function-
ality, as well as diagnosis and treatment of several neurodegenerative
diseases. 2D materials emerged as promising candidates for building
new neural interfaces that combine flexibility and transparency with
suitable electronic properties and good biocompatibility.

Graphene neural implants can be classified into two subclasses:
electrodes and transistors. The first example was published in 2016, in
which real-time detection of dopamine in mice brain was achieved with
high sensitivity and response rate using a carbon fiber microelectrode
modified with electropolymerized PEDOT/rGO composite. The addition
of the conductive composite not only increases the surface area but also
the presence of rGO allows the adsorption of the oxidation quinone
containing products, shown to be able to catalyse the dopamine-
electrode electron transfer, thus resulting in a significative enhance-
ment of the LOD [185].

Regarding multichannel devices, Liu and co-workers developed a
multielectrode array as a neural probe to detect HyO2 produced during
ischemic cascade in a rat model [186]. The device was composed of an
rGO-gold oxide (rGO/Auy03) nanocomposite and showed good selec-
tivity, even in the presence of common interferences as glucose and
dopamine, fast response, and low limit of detection. In addition, such
architecture allowed further validation of the functional neuronal
changes by recording neural evoked potentials characteristic of ischemic
stroke, thus simultaneously monitoring electrophysiological and chem-
ical signals.

On the other hand, acetylcholine (ACh) plays an important role in
regulating body function, and recently, Dai et al. proposed a neuro-
transmitter molecular nanogap device composed of BP electrodes, which
could distinguish the ACh from other central neurotransmitters at a low
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positive bias. It has been experimentally verified in the linear sweep
voltammetry (LSV) [187].

4.2.2. Wearable sensors

Physiological signals, which are generated during the body func-
tioning, hold information about the state of the functioning of physio-
logical systems. More specifically, electrophysiology studies the
electrical properties of cells and tissues by measuring the voltage
changes or electrical currents from single ion channel proteins to whole
organs. The monitoring and analyses of such signals are, therefore, of
great interest for the diagnosis and follow-up of a large variety of
diseases.

4.2.2.1. Electrophysiological signals. The cardiovascular system gener-
ates multiple electrophysiological signals or biopotentials that can be
detected non-invasively through the skin. Such activity, analysed
through electrocardiograms (ECG), is currently recorded with Ag/AgCl
wet electrodes, where the conductive gel is required between electrodes
and the skin. However, such gels are easy to deteriorate, strongly
affected by patient movements and can cause skin reactions and al-
lergies. In order to overcome such drawbacks, multiple scientists fabri-
cated dry-electrode devices based on 2D materials able to measure ECG
[188]. Among them, it is worth mentioning the work of Akinwande
et al., who developed the first graphene-based electronic tattoo (GET)
sensor with a thickness of 463430 nm for ECG measurements [189]. The
GET system worked as a temporary transfer tattoo; the authors proved
that the recording performed on the human chest were analogous to the
commercial gel electrodes. Apart from the simple preparation, the main
advantage of the GET technology is the softness, which allows to obtain
reproducible signals also during natural skin stretches and movements.
In the same line, but not wearable sensor, a novel electrochemical
aptasensor based on gold nanoparticles decorated on boron nitride
nanosheets for the sensitive and selective detection of myoglobin was
developed by Adeel and co-workers [190].

A second type of electrophysiological signal that is easy to monitor is
the electromyography (EMG), i.e., the muscle response or electrical ac-
tivity in response to a nerve’s stimulation of the muscle. One of the few
examples in the literature is based on a wireless nanomembrane device
based on ultrathin, low-profile, lightweight, soft, and stretchable gra-
phene sensors that could be laminated to the skin over the target muscle
to record EMG activity on free moving mice during mastication [191].

The current trend is to move towards multidevice arrays architec-
tures to enhance the spatial and temporal resolution of the devices. With
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them, simultaneous recording and stimulation of brain activity can be
done. For instance, a 16-channel electrodes flexible array composed of
4-layers graphene was used to stimulate the mice brain and simulta-
neously record calcium imaging [192]. Such a tool exhibited great po-
tential for the treatment of neurodegenerative diseases (Fig. 10).

4.2.2.2. Human motion. Body motions can be monitored through pres-
sure and mechanical stress using strain or piezoelectric pressure sensors.
In fact, 2D materials, and in particular MXenes, gained increased
attention in this application as they can offer a piezoelectric effect with
high GF, thus showing high sensitivity [62,193,194]. The main chal-
lenge is to ensure proper adhesion to the skin in both dry and wet
conditions. In fact, most of the sensors employed for monitoring body
movements are also used to record ECG signals and other mechanical
motions, such as speech vibrations or respiration [195].

One of the most interesting examples was a tactile fingerprint sensor
produced by Park and co-workers [156]. The authors used MoS; over
CVD grown graphene electrodes to fabricate a very flexible, transparent,
and ultrathin sensor of 75 nm that was perfectly adaptable to the tiny
imperfections of the skin, including fingerprints. Such technology has
great potential to restore human functions, such as tactile sensibility lost
in damaged or burned skin. In a second example, a wearable piezo-
resistor made of palladium nano-islands on single-layer graphene was
employed to monitor swallowing ability in patients after cancer radia-
tion therapy, who might present reduced swallowing activity and
dysphagia [196]. Furthermore, the authors implemented their technol-
ogy with machine-learning to distinguish among other body motion
signals, coming from coughing, turning of the head, and swallowing
boluses of different consistencies.

4.2.2.3. Breath monitoring. The analysis of the amount and quality of
respiration is the most critical and real-time monitored signal to un-
derstand if hospitalized patients are taking proper, healthy breaths.
Commonly, a wearable mask implemented with a strain sensor is used to
detect the pressure changes in the breathing airflow. Graphene-related
materials have been shown to provide a large working range and
elevated sensitivity, a key requirement for this application. Among the
large diversity of substrates, graphene-based textile and paper sensors
are lately employed for respiration monitoring, as they are low-cost,
easy to prepare, soft and green materials [197,198]. In one example,
tissue paper was soaked into GO and then reduced through a thermal
approach [199]. The resulting device exhibited high sensitivity (17.2
kPal) and a large working range (0—20 kPa), allowing also pulse

(peak) +670 ms

(peak) +260 ms

Fig. 10. (a) Representation of multielectrode array implantation over motor cortex for electrical stimulation in mice model; (b) Three different kinds of neural
probes. (c) SEM image of graphene electrode. (d) Calcium imaging fluorescence visualization of the intensity of neural response at different time points. Reproduced

from ref. [192], Copyright 2018 American Chemical Society.
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detection, voice recognition, and intense motion detection.

In another approach, strain sensors can be attached to the chest of
the patient and, usually, can havedual functionality. For instance,
Ramirez and co-workers developed a graphene/palladium device sup-
ported on PEDOT:PSS to monitor simultaneously respiration and
heartbeat [200]. The resulting sensor exhibited high sensitivity at low
strains and an extensive working range (up to 86%), which are essential
to detect heartbeat (small strain, shorter time interval) and respiration
(large strain, longer time interval) at the same time (Fig. 11).

An alternative to strain sensors in breath monitoring are humidity
sensors, which measure the relative humidity differences between
exhalation and inhalation. Among the diverse 2D materials, GO is the
most widespread, given the large surface area and superpermeability of
water molecules. Moreover, GO can promote protons generation in
contact with water. For instance, He and co-workers developed a wire-
less humidity sensor composed of polydopamine and GO that was based
on the continuous binding and unbinding of H-bonds between the
polymer and water molecules [201]. This kind of sensing devices exhibit
a very low impedance, high sensitivity, ultrafast response, and reduced
hysteresis, thus allowing real-time respiratory detection of slow, me-
dium, and rapid breathing. On the other side, WS5 films have also shown
great humidity sensing performance, with a rapid response and sensi-
tivity good enough to allow mask-free monitoring [202].

4.2.2.4. Sound and voice sensing. In the past years, the interest in speech
recognition for human-machine interaction and speech ability recov-
ering has increased significantly. Multiple works have been published
where pressure sensors with multiple architectures and supports have
been upgraded with ultra-high sensitivity, required to capture the subtle
muscle movement during speech and rapid response speed [164].
However, probably the most innovative and avant-garde work, pub-
lished a couple of years ago, is a wearable artificial throat built with LIG
on polyimide substrate able to simultaneously detect and generate
sounds (Fig. 12) [203]. The technology showed outstanding properties
(high sensitivity, low limit detection, high thermal conductivity, and
low heat capacity) for the thermoacoustic sound sources. The authors, in
addition, demonstrated its ability to recognize different intensities and
volumes of hum, cough, and scream, convert those unclear throat vi-
brations into controllable sounds and, thus, differentiate between
different pronounced words and sentences. Overall, this work is
considered the starting point towards specific phonation recognition,
aiding and speech rehabilitation training for disabled patients.

4.2.2.5. Photosensing. Apart from piezo-resistivity, which is useful to
produce highly sensitive strains and force sensors, some 2D materials,
such as metal dichalcogenides, have a unique photo-absorption and
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photocurrent properties, which can be interesting for optoelectronic
devices [30,204]. In particular, MoS; has been used to fabricate efficient
phototransistors with elevated sensitivity and ultrafast response times
(below 50 ms) [205,206]. In one application, such devices can be
applied as artificial retinas: the synapses happening in the retina have a
light evoked excitatory and inhibitory behavior; MoS, and 2D perovskite
are able to transduce light pulses into electrical signals, thus functioning
as artificial synapses. Chansoon and co-workers developed a hemi-
spherical curved soft optoelectronic device inspired by the human eye
using ultrathin CVD MoS; and graphene films [207]. Under illumina-
tion, the image sensor generates a photocurrent that is proportional to
the incident light intensity, while allowing aberration free imaging and a
wide field of view (Fig. 13). Furthermore, the captured image was not
affected by the IR radiation from the blindness of the MoS,-based pho-
totransistor, originating from material bind gaps. The authors demon-
strated its feasibility when implanted in rat eyes, showing that attached
to the retina, this device successfully stimulated the optic nerves and
then transferred to the visual cortex.

5. Conclusions and future perspectives

In this review, we have discussed numerous examples in which 2D
materials contribute to developing physical, chemical, bio and wearable
sensors. The large contact surface area in a small volume ratio is one of
the key points for this type of 2D-based sensors, achieving a good limit of
detection (LOD) and sensitivity.

In the chemical and physical sensors applications, the selection of the
2D material sensing platform plays an important role. The use of pristine
and defect-free materials may alter the selectivity of the device. For this
reason, the presence of anchor groups onto the surface can favor the
analyte absorption. In chemiresistive devices, the application more
extended is gas sensing, and authors have focused mainly on NO,, NH3
and humidity sensors. The field requires looking forward to other toxic
gases in industry, but other approaches aside from n- or p-doping are
needed. The role of decorating 2D materials with metals in optical-based
devices has also been reviewed. Their combination helps to facilitate
electron transfer processes, improve the selectivity and sensitivity and
enhance the limit of detection of sensors. For piezoresistive devices,
graphene has demonstrated great potential for artificial electronic skins,
human activity detection, health monitoring and wearable applications.
However, micro-manufacturing and processing in sub-microscale on
flexible substrate is still a challenge and represent its main drawback. In
the case of 2D TMD-based materials for flexible electronics, the field
requires advancements, including new synthetic pathways, new tech-
niques in device fabrication and improvement in the material-substrate
interaction. Tungsten and molybdenum 2D materials are the most
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Fig. 11. (a) Application for respiration detection. (b) Response curves for breathing before and after exercise. Reproduced from ref. [199], Copyright 2017 American

Chemical Society.
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Fig. 12. Schematic representation of the graphene-based artificial throat (a) One-step LIG fabrication. PI is converted into LIG by laser irradiation at 450 nm (Scale
bar, 2.5 cm). (b) LIG has both the ability of emitting and detecting sounds. (c) The artificial throat is able to detect the movement of the throat, generating
controllable sounds [203].
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Fig. 13. CurvIS array based on MoS;,-graphene heterostructure. (a) Schematic illustration of the CurvIS. (b) Optical image of the device. In the inset is shown the
image captured by the CurvIS array. (c) Schematic illustration of the layered structure of the device. In the inset is represented an optical microscope image of a single
phototransistor. (d) Transmission electron microscope image of the MoS,-graphene phototransistor cross-section. (e) Optical (left) and magnified scanning electron
microscope (right) image of the high-density CurvIS array mounted on the concave hemisphere. Reproduced from ref. [207], Copyright 2017 Nature.

explored, while tellurides and other 2D members, such as h-BN and BF are often modified with biomolecules. This fact limits their applications
remain much less explored. because it increases production costs, in addition to their poor stability.

Besides, the research of graphene-based sensors for skin has made Even though the biocompatibility of some implantable 2D materials-
remarkable achievements, but there still exist some limitations that based biomedical devices in vitro has been demonstrated, the main
nanomaterials are not solving yet. Except for a few examples, most 2D challenge for their clinical use is their in vivo biocompatibility. Bio-
sensing derivatives cannot detect target analytes by themselves, so they mimetic mechanical properties or coating with biocompatible materials
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have been shown to reduce inflammation and immune responses. The
long-term stability and functionality of both wearable and implantable
devices are essential for possible commercialization. Regarding cyto-
toxicity, only a few studies have been published about the cutaneous
toxicity of graphene-based or TMDs-based sensors. In general, the most
likely scenario is skin irritation and allergic response, but the cause re-
mains unclear. The current challenge for 2D materials concerning bio-
sensing is the improvement of reproducibility between devices.

Every year new sensing platforms are described, and the field is
advancing quickly. The next horizons are multiplatform sensing through
the combination of various materials. The formation of cross-linked
heterostructures not only for 2D-2D blocks but also with other low-
dimensional materials is becoming an important topic, producing un-
precedented features that cannot be reached by individual 2D counter-
parts [220,221].

Research on 2D materials has been going on for 18 years since it was
first proposed, and all the works in literature pave the way and leave no
doubt about the potential of 2D materials for applications in sensing.
But, up to now, we cannot find so many products containing 2D mate-
rials in the market. Albeit it is challenging, the researcher’s long-term
goal is moving towards the commercialization of sensing devices con-
taining 2D materials [222]. In this regard, achieving a reliable product
design, scalability and low-cost production are the key industrial aspects
of being in the market. 2D materials, such as graphene, TMDs, and their
heterostructures, are considered the most viable candidates for indus-
trial fabrication. An Industry-University Cooperative Research Centre
has achieved scalable synthesis and sensor fabrication methods for the
electrodeposition of TMDs (Atomically Thin Multifunctional Coatings).

Nonetheless, nowadays, the deposition and growth of 2D materials
can be suitable for wafer-scale. Still, defects and contamination are not
yet in line with manufacturing standards and only partially meet in-
dustrial specifications. Addressing these critical manufacturing obsta-
cles is the clear goal of the European 2D materials pilot line.
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