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A B S T R A C T   

Nanotechnology is an arena of exploration and innovation concerned with building things generally, advancing 
resources and devices based on highly specific and superior nanomaterials with unmatched properties dependent 
on their morphology and diameter. 2D materials such as graphene have unique properties and applications 
varying from imaging, delivery of drugs, and theranostics of diseases. Each 2D material, ranging from the gra-
phene family, MXenes, chalcogenides, and 2D oxides, have a unique potential based on their shape and 
morphology. In addition, 2D materials have intriguing physiochemical characteristics, increased aspect ratio and 
associated increased reactivity that make them an ideal contender in multiple applications. This review aims to 
answer the existing knowledge gaps in various 2D materials having interdisciplinary roles. We have presented a 
brief overview of the 2D materials, followed by their synthesis methods and techniques. We have also highlighted 
the different characterization methods used to characterise various 2D materials. Next, we performed an in-depth 
analysis of the potential toxicities of 2D materials to assess their risks in multiple applications. Lastly, we 
conclude our review by presenting the challenges and future perspectives of 2D materials as promising fore-
runners of science and technology.   

1. Introduction 

The developing and promising field of nanotechnology signifies a 
multidisciplinary approach towards creating materials that can be 
measurable under 100 nm [1]. Nanomaterials (NMs) are entities with 
diameters between 1 and 1000 nm in any single dimension on a 
fundamental level. Nanowires, nanofibers, nanoplates, quantum dots 
are many nanoscale structures. The European Union Commission de-
scribes them as detached materials yet holds aggregated or 

agglomerated particles with external dimensions ranging between 1 and 
100 nm [2]. Nanotechnology is a rapidly evolving field. Over the years, 
several NMs with different modifications like their shape, crystalline 
nature, size have been discovered, each displaying a unique property 
[3]. Because of their unique properties, NMs are applied in numerous 
fields, from medicinal to industrial. The utilization of nanomaterials is 
ever-expanding for commercial purposes, for example, pacifiers, fillers, 
restorative fixings, water filtration agents, electronic parts, semi-
conductors, and others [4]. In addition, these materials are also used in 
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biomedical applications like nanomedicines, bioelectronics, cosmetics, 
biochips, and biosensors [5]. 

2D materials are significant among the different nanomaterials and 
play diverse roles in several fields. These are crystalline materials with a 
few atomic layers and possess strong interatomic interactions that are 
stronger than stacking interactions. Over a thousand 2D material 
structures have been discovered and sorted into several single or multi- 
layered structures, each displaying a different physicochemical property 
[6]. 2D materials like graphene, MoS2, hexagon boron nitride have 
received widespread attention in recent years [7–9], each possessing 
unique properties. For instance, graphene demonstrates unmatched 
strength [10], enhanced thermal conductivity [11] and carrier mobility 
[12], and superior optical activities [13]. Also, graphene possesses zero 
bandgaps and have metal-like properties. Because of these exceptional 
properties, graphene is used in many applications, including field-effect 
transistors [14], photodetectors [15,16], and energy storage materials 
[17,18], in sensing technology [19], during drug delivery [20], and 
others. On the contrary, 2D materials like phosphorene demonstrate 
high flexibility, can be exfoliated, are highly stable, and possess a high 
bandgap [21]. Likewise, other 2D materials contain varying band gaps. 
For example, materials like WSe2 [22], MoS2 [23], and boron nitride 

[24] have direct band gaps and can be used in applications like tran-
sistors, optical devices, and photodetectors. On the other hand, mate-
rials like VS2 [25] and borophene [26] have promising potential in 
energy storage materials, while stanene demonstrates potential in su-
perconductors [27]. Fig. 1 discusses the overview of the 2D materials, 
including the several types of 2D layered materials that have been 
studied in recent years. 

Despite their vast potential and varying useful functions (Fig. 2), the 
toxicological effects of 2D materials may drastically affect human well- 
being [32]. Though most of their toxicity is known, the exact size or 
concentration of 2D materials that play a crucial role in exhibiting these 
toxicological properties is unknown [33]. In recent years, though several 
literature review articles and research papers have been published, very 
few of them have discussed the toxicity of such materials. This infor-
mation is necessary for the restricted development and usage of such 
NMs. Therefore, a comprehensive overview of accessible toxicity as-
sessments of 2D materials has been presented in this article. This paper 
aims to understand the toxic potential of 2D materials like graphene 
family, Xenes, chalcogenides, and 2D oxides have been discussed in 
detail. In addition, we have also highlighted the synthesis and charac-
terizations of NMs in the article. 

Fig. 1. Overview of 2-D nanomaterials. (i) Schematic illustration of 2D nanomaterials including carbon-based nanomaterials, silicate clays, LDHs, TMDs, TMOs, BP, 
g-C3N4, h-BN, AM, B NSs and SnTe NSs. Adapted with permission from Ref. [28], copyright@2019 (Elsevier). (ii) Schematics of several typical types of 
two-dimensional-layered materials that have been widely studied recently. Adapted with permission from Ref. [29], copyright@2019 (Wiley). (iii) Schematic di-
agram of the crystal structures of (a) monolayer hexagonal MoS2 and (b) tetragonal MoS2. Adapted with permission from Ref. [30], copyright@2016 (Elsevier). (iv) 
Members of the graphene family materials: (a) few-layered graphene, (b) graphene nanosheet, (c) graphene oxide, and (d) reduced graphene. Adapted with 
permission from Ref. [31], copyright@2012 (Nature). 
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2. Synthesis of 2D materials 

The 2D materials are synthesized via different techniques, primarily 
using the bottom up or the top-down methods. The bottom-up is based 
on creating nanomaterial from other atoms or molecules. The following 

techniques are used in 2D material fabrication: sol-gel, chemical vapour 
deposition (CVD), and biosynthesis. The bottom-up synthesis crucially 
depends on the growth substrate. Thus, these substrates must be thor-
oughly studied for compatibility with the required 2D material [40]. The 
sol-gel method is a widely used bottom-up method for NMs development 

Fig. 2. Schematic overview of the functioning of 2-D- nanomaterials. (i) (a) Schematic diagram of PSC device fabricated using rGO/PANI-Ru as an electron donor, (b) 
Energy level diagram of rGO/PANI-Ru in PSC, (c) current density-voltage (J–V) characteristics of PSC device using PANI-Ru and rGO/PANI-Ru nanocomposites as an 
electron donor and (d and e) Tapping mode AFM image of PANI-Ru:PCBM and rGO/PANI-Ru:PCBM films. Adapted with permission from Ref. [34], copyright@2017 
(Nature) (ii) (a) AFM roughness image of GF. (b) AFM roughness image of GFPC 1. (c) AFM 3D image of GF. (d) AFM 3D image of GFPC 1. (e) HRTEM image of GF. (f) 
HRTEM image of GFPC 1. (g) SEM image of GF. (h) SEM image of GFPC 1. Adapted with permission from Ref. [35], copyright@2018 (Nature). (iii) Schematic 
representation of steps involved in the fabrication of siloxene SCSPC. (a) represents the preparation of siloxene sheets via topochemical deintercalation of calcium 
from CaSi2 in the presence of ice-cold HCl solution, (b) represents the fabrication process involved in the electrospinning of siloxene/PVDF piezofibers, and (c) 
indicates the fabrication of a siloxene SCSPC device using siloxene sheets-coated carbon cloth as two symmetric electrodes and electrospun siloxene–PVDF piezofibers 
impregnated with ionogel electrolyte as the separator. Adapted with permission from Ref. [36], copyright@2020 (Nature). (iv) Schematic device structure for 
thermoelectric measurement. (a) Schematic illustration of the electronic density of states (DOS) for three-dimensional (3D) and two-dimensional (2D) electrons. (b) 
The large effective mass m* enhances the DOS, which is favorable to the enhancement of the Seebeck effect. (c) Device structure for thermoelectric measurement. VSD 
and VG stand for the source (S)− drain (D) voltage and the gate bias voltage, respectively. When VG is applied to the Pt plate, ions in the ionic liquid are redistributed, 
forming an electric double layer on the surface of the FeSe film. (d) Enlarged illustration of the ionic liquid/FeSe interface. Under the positive gate bias, N, 
N-diethyl-N-(2-methoxyethyl)-N-methylammonium cations, DEME + , align on the surface of FeSe. The thickness d of the FeSe thin film was tuned by electrochemical 
etching. Adapted with permission from Ref. [37], copyright@2019 (Nature). (v) Schematic illustrations of the Gr/h-BN/Si solar cells fabricated by (a) the two-step 
method and (b) the one-step method. (c) Illuminated J-V characteristics of Gr/h-BN/Si solar cells fabricated by using the one-step and two-step method. The inserted 
table summarizes the corresponding photovoltaic parameters of the solar cells. In both devices the graphene films were co-doped by Au NPs and HNO3 vapour. 
Adapted with permission from Ref. [38], copyright@2016 (Elsevier). (vi) Schematic illustration of solvothermal-assisted exfoliation and optical photo of dispersion 
of BP sheets in ACN: Bulk BP (a), insertion of ACN molecules into the interlayers of BP (b), exfoliated BP sheets dispersed in ACN (c), the obtained few-layer BP 
nanosheets (d). Adapted with permission from Ref. [39], copyright@2018 (Elsevier). 

G.A. Naikoo et al.                                                                                                                                                                                                                              



Chemico-Biological Interactions 365 (2022) 110081

4

because of the relatively straightforward process. Large quantities of 
NMs can be fabricated from this process. Sol-gel is a chemical pathway 
that uses a chemical solution (sol) to produce an interlinked unit of 
discrete particles (gel). Chlorides and oxides of metals are the most 
preferred starting materials in this process [41]. The starting material is 
added into the host liquid using various techniques like stirring, shaking 
or sonication, resulting in the gel’s formation. Several techniques like 
filtration, sedimentation and centrifugation recover the nanoparticles 
[42]. 

The other synthesis method is spinning. An instrument spinning disc 
reactor (SDR) is used to synthesize NMs by spinning. SDR hosts a spin-
ning disc within a reactor such that the physical parameters can be 
monitored in this chamber. Nitrogen or any inert gas is added to a 
chamber to remove oxygen inside. Next, the precursor and water are 
added while the disc moves at varying speeds. The rotation results in a 
combination of core atoms, and they are separated, taken out and dried 
[43]. The third synthesis method is the chemical vapour deposition that 
produces tough, highly pure and robust NMs. In this method, the NMs 
are synthesized by settling a thin layer of gaseous reactants on the 
substrate. This reaction occurs at room temperature. This chemical re-
action results in the deposition of a thin layer of the final product on the 
substrate’s surface, which is then collected. The most frequently 
employed method for large production of NMs is pyrolysis. It includes 
burning a starter – either liquid or vapour with flame. The precursor is 
subjected to the furnace at high pressure through a small opening where 
it combusts [44,45]. The nanoparticles are recovered from by-product 
gases in various ways. The benefits of pyrolysis are an efficient, sim-
ple, continuous process and cost-effective. On the other hand, biosyn-
thesis is an eco-friendly method to produce nanoparticles that are 
biodegradable as well as non-toxic [46]. It utilizes microscopic organ-
isms, fungi, plant-derived products, among others. The nanoparticles 
thus made have significant roles in biomedical applications (Fig. 3). 

2D materials are synthesized via the top-down method, which in-
volves the breakdown of a larger entity into nano-sized substances. 
Nanolithography, mechanical milling, laser ablation, thermal decom-
position, and sputtering are the most extensively applied top-down 
procedures for synthesizing NMs. Mechanical milling is utilized for 
grinding and post-annealing nanomaterials [50]: plastic deformation, 
fracture, and cold-welding influence mechanical milling to develop 
different kinds of nanoparticles. Lithography is used to create nano-
particles with a particular pattern or structure imprinted on them. This 
property makes this method a highly reliable way to develop nano-
particles. This method’s drawbacks are the requirement of complex 
types of machinery and high expenses [51]. Laser ablation is another 
synthesis method, which involves a beam that condenses a plasma plane 
after treatment with metal in a liquid solution [52]. The main advantage 
of LASIS is the production of NMs within the water and organic solvents, 
which do not require chemicals. Due to this characteristic, it is an 
environmentally friendly process. In yet another technique, sputtering, 
minute concentrations of NPs are layered on an intermediate accom-
panied with annealing. Some of the elements affecting the 2D materials’ 
diameter and shape are the temperature range, surface type, and time 
taken for annealing [53]. Another top-down method includes thermal 
decomposition, which breaks the chemical bonds in the compound by 
heat [54]. The NMs are created by breaking metal at particular tem-
peratures. The secondary products are made from NMs by undergoing a 
chemical reaction. 

Though 2D materials can be synthesized via either of the techniques 
mentioned above, in general, 2D materials are obtained by either of the 
following methods: physical vapour deposition (PVD), scotch tape 
method (micromechanical cleavage), or by CVD. During micro-
mechanical division, massive crystalline structures are broken down 
into single or multi-layered samples and are used in micro-sized elec-
trical and optical apparatus. The size and shape of the sheets exfoliated 
can be carefully monitored and controlled using various exfoliation 
methods [55]. The major drawback of this technique is that it is 

time-consuming and requires skilled professionals to do the work. In 
addition, this method is ideal for developing layered 2D materials. For 
instance, this method can exfoliate bulk allotrope like graphite to gra-
phene. Thus, this method is limited to producing limited 2D materials 
only [56,57]. However, this method can become more inclusive via 
exfoliation procedures that use solutions instead of crystalline structures 
[58] and this way, 2D material is produced in hefty amounts. 

On the other hand, the PVD method uses a heat source that monitors 
the deposition of materials on the substrates [59]. To develop synthetic 
elemental 2D materials, PVD uses an ultrahigh vacuum environment and 
a highly pure atomic source. In the CVD process, the chemical reaction 
of gaseous, liquid, and solid materials under a highly regulated envi-
ronment produces 2D materials [60,61]. The mechanism of action 
during this process differs with each substrate; substrates that possess 
low insolubility perform the catalysis of self-limiting development of 
very thin sheets of atomic size. On the contrary, substrates with high 
precursor solubility dissolve large quantities of the substrates that 
separate when cooled. This segregation makes the use of solid-state 
precursors by the growing substrate. The development of 2D materials 
happens when the substrate is warmed up to switch on the sublimation 
or the diffusion action and thus develops a sheet on the surface that is 
rich in the precursor. After this, it undergoes condensation to form the 
2D phase material. However, the substrate chosen depends on the ones 
that possess a precursor element like during the development of 
epitaxial graphene on SiC [62]. Therefore, for the synthesis and growth 
of any 2D materials, the reactions with the substrates are essential [40, 
63]. Fig. 4 shows the various synthesis methods for different 2D mate-
rials, including the development of graphene and hBN via CVD and 
synthetic steps of GA-MNPs and LMNPs via non-ionic reverse micelle 
methods. 

3. Characterization of 2D materials 

Various techniques have been used to characterise 2D materials, and 
each provides information about morphological, structural, particle size, 
surface area, and optical properties of the material. Microscopic tech-
niques, namely TEM, SEM, and polarized optical microscopy (POM), are 
most widely used. The fundamental properties of 2D materials are 
analyzed using standard techniques such as XRD, energy dispersive X- 
ray (EDX), XPS, Raman, BET, and Zeta size analyzer, among other 
methods. The essential technique in analyzing the systemic and 
conformational characteristics of 2D materials is XRD. It provides 
enough information about the phase (single and multiple) and crystal-
linity of NMs. Methods like XRD, AFM, SEM and TEM can indicate the 
diameter of 2D materials. UV–Vis, DRS, and photoluminescence (PL) 
techniques help understand optical properties like the absorption, 
reflection, and phosphorescence of 2D materials [67,68]. 

3.1. Characterization of graphene family 

Characterization of graphene, like any other characterization pro-
cedure is essential to study the properties of graphene, morphology, 
limitations, and the number of layers in the molecule using varying 
techniques, like microscopic and spectroscopic assays [69,70]. The most 
commonly used techniques for the characterization of the graphene 
family include Raman spectroscopy, SEM, TEM, XRD, and UV–vis 
spectroscopy. 

Monochromatic laser-based Raman spectroscopy is used to analyze 
and study the quality and layers of graphene and its derivatives struc-
ture. During this, atomic or often molecular vibrations are produced, 
which causes changes in the laser energy of the molecules. This, in turn, 
leads to the formation of different peaks depending on the molecule [71, 
72]. The peak intensity ratio gives an idea of the number of layers or any 
disorders in graphene molecules [73,74]. With an increasing proportion, 
the number of graphene layers decreases. On the contrary, UV–Vis 
spectroscopy is used to study the kind of graphene molecule (graphene 
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Fig. 3. Schematic overview of various 2-D nanomaterials, their applications, and characterizations. (i) Optical characteristics of CTE formation in 2D perovskite 
heterostructures. (a) Absorption and PL spectra are shown for 2D perovskite heterostructured [(PEA2PbI4)0.999:(PEA2SnI4)0.001] film. The absorption spectrum 
indicates that the bandgap is governed by the host (PEA2PbI4) component in the heterostructures. (b) PL spectrum is shown for 2D perovskite heterostructured 
[(PEA2SnI4)0.999:(PEA2PbI4)0.001] film after switching host and guest components. (c) Schematic diagram illustrates the formation of CTEs at the interfaces be-
tween PEA2PbI4 and PEA2SnI4 components in 2D perovskite heterostructures [(PEA2PbI4)1− x:(PEA2SnI4)x]. Adapted with permission from Ref. [47], copy-
right@2020 (Nature). (ii) Band alignment and local conductivity with 2D perovskite. (a) Schematics of the device incorporating polycrystalline 3D perovskite film 
with 2D perovskite at grain boundaries and (b) band structure of each layer in device analyzed by ultraviolet photoelectron spectroscopy (UPS) and Tauc plots. 
Conductive atomic force microscopic (c-AFM) images of (c, e) bare FAPbI3 and (b, d) with 2D perovskite films on SnO2 coated ITO glass. The measurement was 
carried out with bias voltage of 100 mV under (c, d) room light or (d, f) low intensity light illumination provided by the AFM setup. Inset of each image shows 
corresponding topology of the films. Scale bar at left side is for (c) and (d) while at right side is for (e) and (f). Adapted with permission from Ref. [48], copy-
right@2018 (Nature). (iii) Schematic illustration of the working mechanism of the siloxene SCSPC device. (a) The initial state of the siloxene SCSPC device with no 
applied compressive force. (b) With an applied compressive force to the siloxene SCSPC device, the siloxene/PVDF creates a piezoelectric potential that drives the 
electrolyte ions towards the electrode surface. (c) An equilibrium state has been reached between the piezoelectric potential created and the electrochemical reaction 
of the siloxene SCSPC device. (d) State of siloxene SCSPC when the compressive force is stopped, i.e., the disappearance of piezoelectric potential and leads to 
attaining the equilibrium state. (e) State of siloxene SCSPC after completion of one self-charging cycle. Adapted with permission from Ref. [36], copyright@2020 
(Nature). (iv) Synthesis procedure of rGO/PANI-Ru hybrid nanocomposite. (v) FE-SEM image of (a) GO, (b) rGO, (c) PANI-Ru, (d) rGO/PANI-Ru and (e and f) TEM 
image of rGO/PANI-Ru nanocomposite with different magnification. Adapted with permission from Ref. [34], copyright@2017 (Nature). (vi) Photograph of GFPC 1 
along with the detailed structure (grey = C; red = O; blue = N). Adapted with permission from Ref. [35], copyright@2018 (Nature). (vii) (A) Schematic illustration 
of AChE/AuNPs/cr-Gs nanoassembly generation by using PDDA for pesticide detection. (B) A reliable and robust methyl parathion sensor has been developed using 
heterostructured MoS2/graphene. Adapted with permission from Ref. [49], copyright@2018 (Elsevier). (viii) Schematic of three categories of 1D-2D synergized 
nanostructures. Adapted with permission from Ref. [29], copyright@2019 (Wiley). (ix) Schematic representation of steps involved in the fabrication of siloxene 
SCSPC. (a) represents the preparation of siloxene sheets via topochemical deintercalation of calcium from CaSi2 in the presence of ice-cold HCl solution, (b) rep-
resents the fabrication process involved in the electrospinning of siloxene/PVDF piezofibers, and (c) indicates the fabrication of a siloxene SCSPC device using 
siloxene sheets-coated carbon cloth as two symmetric electrodes and electrospun siloxene–PVDF piezofibers impregnated with ionogel electrolyte as the separator. 
Adapted with permission from Ref. [36], copyright@2020 (Nature). 
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oxide, reduced graphene oxide or pristine graphene) and the number of 
layers in the molecule. The absorbance results are obtained due to the 
electron transfer at the carbon pi bonds (pi to pi* transitions) [75]. The 
number of layers or the width of the molecule is analyzed via ultraviolet 
transmittance. When the number of layers in the graphene molecule 
increases, the transmittance reduces [76]. The other technique used to 
characterise the graphene family is the TEM utilized to examine the 
quality of the graphene and the number of layers within the molecules. 
The results are obtained by the transmittance of the electron beam 
through the molecule to be studied. SEM is also widely used to analyze 
any impurities, unevenness or folding within graphene molecules. On 
the other hand, XRD studies unit cell dimensions of the molecule and 
thus performs the phase identification of the substance. The examples of 
different characterization methods, including XRD pattern, SAED 
pattern, lattice fringes, SEM and TEM images for various 2D materials, 
have been shown in Fig. 5. 

3.2. Characterization of MXenes 

2D transition metal carbonitrides, usually referred to as MXenes, are 
often characterized visually. When the precursor transforms itself into 
MXene molecule, there is an observation of colour change that is very 
distinctive. The precursors are usually grey coloured, and the products 
given possess different colours that are dependent on the overall struc-
ture and composition of the molecules [80]. The most commonly used 
characterization techniques employed for the characterization of 
MXenes include XRD and SEM. Among the two, XRD quickly confirms 
the MXene production [80]. When the precursor is converted into 
multiple layered MXene, characteristic XRD patterns are obtained for 
that 2D material. Also, due to the hydrophilic nature of MXenes, the 
spaces between the layers within the structures are wide enough to 
include intercalating agents, which influences the XRD patterns pro-
duced [81]. In addition, XRD gives an idea on the electrochemistry of the 
reaction taking place on the MXene surface during any electrochemical 
reactions. Thus, XRD improves our ability to understand MXenes and 
how their properties can be exploited in different fields. 

Fig. 4. Synthesis of various 2-D- nanomaterials (a) Schematic growth of in-plane graphene and hBN heterostructures by various techniques. (i) Simultaneous in situ 
CVD growth, (ii) Sequential in situ CVD growth. (iii) Lithography-assisted growth and (iv) Conversion growth. Adapted with permission from Ref. [64], copy-
right@2016 (Elsevier) (b) Schematic representation of the synthesis of materials using different types of templates. Adapted with permission from Ref. [65], 
copyright@2020 (Royal Society Chemistry) (c) (i) Schematic showing the synthetic steps of the GA-MNPs. (ii) Synthesis of L-MNPs through the non-ionic reverse 
micelle method. Adapted with permission from Ref. [66], copyright@2017 (Nature). 
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The SEM technique aids in the visualization of MXene structure 
formation, gives a detailed overview of the structure of the 2D material 
produced. Often EDS is used along with SEM to provide better qualita-
tive and quantitative data about the molecule [80]. Other techniques 
like pair distribution function (PDF) analysis [82], X-ray absorption 
spectroscopy (XAS), and atomic force microscopy (AFM) methods are 
also used to analyze MXenes. The PDF studies give information about 
the surface groups attached to the MXenes [83], the influence of etching 
on these 2D materials [84], and the precise location of the different 
atoms within the MXene molecule [85]. The other method used for 
MXene characterization of the XAS uses synchrotron radiation that acts 
as a bright X-ray source and helps study the electronic structure of these 
2D materials at the primary level [80]. This technique helps analyze the 
adsorption and other catalytic reactions that occur at the surface of 
MXenes [86]. 

3.3. Characterization of chalcogenides 

Characterization of chalcogenides is generally done using optical, 

structural, compositional, and electrical methods, including XRD, EDS, 
FESEM, UV–Vis, differential scanning calorimetric method, and dielec-
tric spectroscopy. XRD helps identify the crystal phase and gives an in- 
depth analysis of the dimensions of the 2D material [87]. With this 
technique, the structural analysis of complete crystals or even thin 
sheets of 2D materials is done to study the overall morphology of the 
material, its geometry and orientation and the lattice constraints within 
the molecule. The XRD pattern produced is then compared with the 
existing data on the given structure, enabling us to understand the 
chalcogenides better [88]. EDAX is also an instrumental technique to 
characterise chalcogenides and is often used along with FESEM to study 
the elemental or chemical composition of chalcogenides [89]. It gives 
the quantitative analysis of large crystals and thin sheets of 2D material. 
The other technique used is FESEM, which uses a field emission gun that 
produces better resolution images even under small accelerating volt-
ages, giving better results than typical SEM imaging [90]. 

Among the optical characterization techniques is UV–Vis spectros-
copy, which quantifies the light absorbed and deflected by the material. 
This method is advantageous to study the stability of the chalcogenides 

Fig. 5. Characterization of 2-D nanomaterials. (i) (a) XRD pattern (b) SAED pattern and (c) lattice fringes of as-synthesized ZnO nanoparticles. Adapted with 
permission from Ref. [77], copyright@2018 (MDPI). (ii) Fabrication of suspended Si nanowires: (a) SEM image of implanted Si for fabrication of nanowires (b) 
fabricated high aspect ratio (~625) suspended Si nanowires with length ~25 μm; inset in (a) and (b) show SEM magnified representative SEM image of implanted 
line profile and fabricated NW, (c) A high resolution SEM image of a Si NW, demonstrating the NW down to ~31 nm, (d) Evolution of NW width against implantation 
line dose at 1.5, 10 pA beam current; SEM images of fabricated suspended Si: (e) Rectangular, (f) Circular mesh. Adapted with permission from Ref. [78], copy-
right@2020 (Elsevier). (iii) TEM images of (a) GA-MNPs and (b) L-MNPs. (c) Change of surface morphologies before and after DC sputtering: (a) Nanoscale 
roughness of Cr-SP4000 (5 × 5 μm2 in AFM resolution). (b) Microscale roughness and capillary flow channels (30 × 30 μm2 in AFM resolution). Adapted with 
permission from Ref. [79], copyright@2017 (Elsevier). 
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[91]. At the same time, photoluminescence spectroscopy gives an idea 
about the overall electronic structure of the chalcogenides, any persis-
tent impurities or disorders within the structure [92]. Furthermore, the 
differential scanning calorimetric method gives details like the kinetic 
parameters of the 2D material and allows for the study of fusion and 
crystallization events of chalcogenides [93]. On the other hand, 
dielectric spectroscopy measures the dielectric properties of the chal-
cogenides and gives an idea of the molecular structure of the material. In 
addition, this method also helps understand the molecular mechanisms, 
dielectric properties, and any impurity within the structure [94]. 

3.4. Characterization of 2D oxides 

The most commonly used characterization techniques to study 2D 
oxides include the AFM, Raman spectroscopy, and TEM. The methods 
AFM and TEM help analyze the structure and stability of the 2D oxides 
[95]. In addition, Raman spectroscopy is also used to study the vibra-
tional spectra and the phonon modes and the crystalline axes of the 2D 
oxides [96]. These characterization techniques help check both bulky 
crystals and thin sheets of the 2D-oxides, thereby giving precise 

quantitative and qualitative characterization results of the various 2D 
oxides. The examples of different characterization techniques including 
TEM, FESEM, and AFM imaging of various 2D materials can be seen in 
Fig. 6. 

4. Toxicity of 2D materials 

The majority of the recent studies on 2D materials have been pri-
marily on their synthesis methods, stability (Fig. 7) and the various 
characterization techniques to study their electrochemical properties 
and unique behavioural aspects [99]. However, understanding the 
biochemical and ecological Furthermore, risk characterization of 2D 
materials is essential so that potential uncertainties and any hindrances 
to their development, commercialization, and applications can be 
avoided (see Fig. 8). 

4.1. Toxicity of graphene family 

The potential toxic properties of 2D materials constitute a significant 
concern for scientists and the research field. Because of their small size, 

Fig. 6. Characterization techniques of various 2-D- nanomaterials. (i) TEM images of copper nanoparticles prepared by gradual addition of L-ascorbic acid (3 mL/ 
min) from different 0.5 M ammoniacal leachant solutions:(A, B) amm. citrate; (C, D) amm. carbonate; (E, F) amm. chloride at the optimum leaching conditions. 
Adapted with permission from Ref. [97], copyright@2020 (Elsevier). (ii) FESEM images of ZnO nanoparticles at different magnification (a) 65,000 × ; (b) 120,000 ×
; (c) 200,000 × ; and (d) 350,000 × . Adapted with permission from Ref. [77], copyright@2018 (MDPI). (iii) Particle size distribution curves of GA-MNPs and 
L-MNPs. (d) AFM topographic image of the L-MNPs in an small area of 2 × 2 μm2. Adapted with permission from Ref. [66], copyright@2017 (Nature). (iv) Different 
synthesis approaches available for the preparation of metal nanoparticles. Adapted with permission from Ref. [98], copyright@2018 (Springer Nature). 
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these materials can easily be transported and accumulated in cells and 
related structures over time. In the past decade, graphene has gained 
much attention from the scientific community. Therefore, the toxic 
behaviour of graphene in biological systems is a fundamental issue that 
needs particular focus. Currently, several different groups have 
researched the effects of graphene-based materials on bacterial growth. 
Unfortunately, observed results may be inconsistent due to other 
experimental conditions and material preparations. Many studies have 
also shown the biodistribution and in vivo toxicology of graphene and its 
derivatives functionalized through different animal administration 
routes. For instance, Liu and colleagues have conducted a dose and size- 
dependent toxicity and biodistribution of GO [103]. They noted that 

S-GO was primarily deposited in the liver, and there were few aggregates 
in the lung and spleen. Compared with s-GO, I-GO showed more accu-
mulation in the lungs and had a residual amount of about 19% after 180 
min. TEM analysis of the lungs showed that s-GO in phagocytes accu-
mulated in the cells, while 1-GO particles (greater than 1 μm) were 
placed in the lung cell space. 

In yet another study, Strojny and colleagues studied the intraperi-
toneal toxicity of GO, graphite and nanodiamonds in 6-week-old female 
Wistar rats [104]. The NP suspension was introduced at a 4 mg/kg dose 
at three days for 4 or 12 weeks. After 1–3 months, the mice were 
euthanized, and the liver and blood were taken for further studies. The 
authors observed nanoparticle clusters in the peritoneal cavity near the 

Fig. 7. Stability of various 2-D nanomaterials. (i) Mechanical stability of ZnO nanorods and nanosheets. (a) Load-displacement curve of ZnO nanosheets and 
nanorods using nanoindentor. Nanoindentation testing gives insight into the ZnO nanorods and nanosheets which respond differently under uniaxial compression. 
(b–d) and (e–g), Schematic images describing the morphological development of ZnO nanorods and nanosheets, respectively, according to the applying load of below 
and above Pcrt. Adapted with permission from Ref. [100], copyright@2013 (Nature). (ii) (a) A schematic shows the preparation process of the TiO2/PDMS sponge 
layer. (b) Digital photographs of different thickness of the spongy PDMS layer loaded with photocatalyst TiO2 NPs. SEM images of the microstructure of (c) PDMS and 
(d–e) TiO2/PDMS sponge. (f) Schematic of the CS-TENG with photocatalyst-loaded PDMS spongy as friction layer. Adapted with permission from Ref. [101], 
copyright@2020 (Elsevier). (iii) (a) Temperature variation of PDMS precursor during MW irradiation. (b) Photograph and FE-SEM images of fabricated porous 
PDMS. (iv) A schematic diagram of fabrication process. Adapted with permission from Ref. [102], copyright@2018 (Nature). (v) Morphological and elemental 
analysis of siloxene sheets. (a–c) Field emission scanning electron micrographs of the siloxene sheets. (d) Elemental mapping analysis showing the overlay map and 
(e–f) EDS mapping of Si and O present in the siloxene sheets; (g) EDS spectrum of Si and O present in siloxene sheets; (h) high-resolution transmission electron 
micrograph of individual siloxene sheets; (i, j) EDS mapping of Si, and O elements present in the siloxene sheets; and (k) elemental composition spectrum of Si and O 
present in siloxene sheets. Adapted with permission from Ref. [36], copyright@2020 (Nature). (vi) The optimized atomic geometry and the electronic band structure 
of GFPC 1. (a) Top-view and (b) side-view of GFPC 1. Note the π-π stacking between aromatic rings in DdIC chromophore and graphene. (c) The electronic band 
structure of GFPC 1 photocatalytic system. The electronic band of pristine graphene is also shown with circles. The hybridization between molecular orbitals in 
chromophore and graphene is noticeable around K point. The Dirac point of graphene lies around the center of HOMO-LUMO gap of the chromophore. Adapted with 
permission from Ref. [35], copyright@2018 (Nature). 
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site where it was injected. Smaller aggregates were seen in the mesen-
teric and liver serosal membranes, indicating that nanoparticles were 
transported and accumulated in the liver. At any time (4 weeks or 12 
weeks), no further worsening of health was noted for either of the 
nanoparticles (GO, graphite or nanodiamond). Blood tests and liver 
enzyme levels are standard, indicating that the liver has good biocom-
patibility. Under the microscope, granulomatous reactions appear in the 
lungs, interstitial fibrosis, peri-scalp emphysema, necrosis, and severe 
vascular sclerosis appear [105]. Rarely, extensive tissue necrosis results 
in large cavities filled with black fatty fluid. Non-asbestos objects with 
black graphite cores are similar to the characteristic iron-containing 
things observed after asbestos exposure, distributed in the lungs and 
sometimes found in sputum [106]. 

In a closely similar study, Hu and group studied the antibacterial 
activity of GO and rGO on E. coli cells at concentrations of 0, 20, and 85 
μg/mL [107]. It was found that the metabolic activity of E. coli was 
reduced to ~70% and ~13%, respectively. RGO has an incubation time 
of 2 h and shows antibacterial activity. The coliform bacteria containing 
85 μg/mL rGO solutions can only produce 24% of cell viability. MET 
studies have shown that cell integrity is lost after exposure to GO and 
rGO due to physical damage to the cell membrane. Also, cells grown on 
GO and rGO paper can damage bacterial cell membranes. The authors 
concluded that the charge transfer between the graphene’s basal plane 
and the bacterial cell body caused the antibacterial effect. When eval-
uating the effect of common wheat on growth, similar results were ob-
tained that reported the graphene’s adverse effects. In addition to 

inhibiting growth, graphene also disrupts photosynthesis. Furthermore, 
it leads to an imbalance of nutritional homeostasis, which is manifested 
by reduced shoot biomass and root hair numbers, reduced chlorophyll 
content and PSII activity, and nutrient deficiency [108]. From the above 
results, it can be understood that graphene’s physical and chemical 
properties, like the surface functional groups, fillers, coatings, size and 
structural defects, can affect its behaviour in vitro/in vivo and its toxicity 
to biological systems. 

4.2. Toxicity of MXenes 

2D materials have several types of compounds and thus display 
different chemistries; this necessarily means that though a few of the 
chemistries involving these compounds may be safe and some may not 
[112]. The MXene are a volatile group of compounds and contain over 
thirty such compositions that have been explored so far [113]. However, 
only limited groups, including Ti3C2Tx [114–117], Nb4C3Tx [114], 
Mo2Ti2C3Tx [114], and a few others, have been studied in terms of their 
toxic potential and effects on the environment. So far, none of the studies 
has confirmed any adverse consequences or poisonous potential of 
MXenes on human or animal cells. 

For instance, in a study by Jastrzębska and colleagues, it was seen 
that Ti3C2Tx does not cause any cytotoxic effects up to concentrations of 
500 μg mL− 1 [118]. In a closely similar study by Han and colleagues, it 
was observed that prolonged exposure to high concentrations of Ti3C2Tx 
(600 μg mL− 1) does not result in any cytotoxic conditions [119]. 

Fig. 8. Toxicity of graphene and its derivatives. (a) A schematic diagram elucidating signalling pathway of TLR4 and TLR9 responsible for GFNs-induced cyto-
toxicity. GFNs can be recognized by TLRs, thus activate IKK and IκB by a MyD88-dependent mechanism, resulting in the release of NF-κB subunits and initiating the 
translocation into the nucleus. Thus, pro-inflammatory factors were transcribed and secreted out of nucleus, modulating the immune responses initiating pro-
grammed autophagy, apoptosis and necrosis. Adapted with permission from Ref. [109], copyright@2016 (Springer Nature). (b) Larvae zebrafish 96 hpf free GO 
treated. Zebrafish exposed to free GO showed a positive response to anti–HO–1 (i) and anti-iNOS (ii) in whole body. Adapted with permission from Ref. [110], 
copyright@2018 (Frontiers). (c) Mode of cell death analysis in graphene derivatives exposed human lung cells. (i) Flow cytometry based Annexin V/PI assay showed 
a significant increase in necrotic cells in A549 (upper panel) whereas apoptotic cells increase in BEAS-2B (lower panel) after 24 h exposure. (ii) Representative TEM 
photomicrographs showing necrosis in A549 and apoptosis in BEAS-2B cells (red arrow – apoptotic bodies). Adapted with permission from Ref. [111], copy-
right@2016 (Nature). (d) Pathways through graphene derivatives enter the human body. 
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Another study by Nasrallah et al. on zebra-fishes confirmed that this 
MXene is ‘practically non-toxic’ [120]. Feng et al., in their research on 
Mo2CTx, also observed no cytotoxic effects on normal cells or cancer 
cells even on prolonged exposure, even when the MXene was taken in 
large concentrations of 400 μg mL− 1. Similar trends have been observed 
in all the MXenes investigated, irrespective of their etching approach or 
the number of layers present in the 2D material [121–123]. Thus, among 
the 2D materials, MXenes possess maximum application potentials with 
the least toxic ability. 

4.3. Toxicity of chalcogenides 

Among the various chalcogenides, 2D transition metal dichalcoge-
nides (TMDs) have been extensively studied in recent years. Among 
these, there are three TMDs whose in vitro evaluations have been 
extensively studied: MoS2, WS2 and WSe2 [124]. Generally, the MoS2 
nanomaterials of the TDG group have been studied most. Their 
biocompatibility was further studied on the cell lines CCC-ESF-1 (human 
embryonic epidermal fibroblasts), A549 (lung adenocarcinoma cells) 
and K562 (leukaemia cells) [125]. After treating the cells with a 
maximum concentration of 3.52 mg of substance 1 for 48 h, the parti-
cles’ administration did not significantly affect the CCC-ESF-1 cell line’s 
growth. However, the study showed that the application of 3.52 mg/l of 
MoS2 particles alone caused about 10% of cell death, thus demonstrating 
high toxic potential within. 

Among the different TMDs, the ones with S, Te, Po, or Se are the most 
commonly available. Upon decomposition, the chalcogenides release 
free Te or Se elements, responsible for high toxic effects within the 
human body and in the environment [126,127]. When present in high 
concentrations, Se is known to cause high incidents of hair loss, blind-
ness and premature deaths in animals [128]. Likewise, acute Te expo-
sure causes suppression of salivary and sebaceous glands in humans, 
along with paralysis of the secretory nerves and a high incidence rate of 
somnolence [129]. Furthermore, exposure to either of these two ele-
ments containing chalcogenides can result in the displacement of sulfur 
atoms in the proteins and peptides [130]. In addition, during the 
development of Te or Se based 2D materials, poisonous gas like H2Se or 
H2Te are released that harms the environment and plant and animal life 
alike [131]. 

Apart from the material’s chemical composition, it also shows that 
the exfoliation method can significantly change TMD materials’ 
behaviour in vitro and in vivo and their toxic potentials. For example, 
compared with the aggregation of MoS2 (Agg-MoS2), its exfoliated 
lithographic printing plate (Lit-MoS2) and Pluronic F87 (PF87–MoS2) 
distributed MoS2, which has severe inflammation and pro-fibrosis ef-
fects on cells [132]. However, compared to Agg-MoS2, 2D-MoS2 nano-
materials are safer in lung injury. Furthermore, in another study, Yin 
and coworkers replaced MoS surface with chitosan, enhancing 
biocompatibility. As a result, a decrease was observed in the two types of 
cell lines KB (human epithelial cancer cell line) and Panc-1 (derived cell 
line) [133]. Overall, these in vitro results indicate that the surface 
modification of two-dimensional nanosheets can significantly reduce 
these 2D materials’ toxicity and be safely used in biomedical 
applications. 

4.4. Toxicity of 2D-oxides 

Many 2D oxides are highly reactive and possess toxic properties, 
especially when they are present as nanoparticles. This is because they 
demonstrate enhanced catalytic function and high dissolution rates 
when the size of the 2D metal oxide decreases. For instance, V2O5 is a 2D 
metal oxide with considerable toxic potential and is commonly known as 
a highly poisonous chemical [134]. This 2D material is released in large 
quantities even during natural events of volcanic eruption and forest 
fires that can cause significant harm to the environment and is also 
known to cause genotoxicity [135]. In a study by Uche et al. it was 

observed that exposure to V2O5 also destroys the liver and testes of 
guinea pigs and also disrupt mice development stage [136]. 

Likewise, another 2D oxide material like MoO3 also demonstrates 
severe toxic properties. Though this 2D material is used to develop other 
2D materials like MoS2, it is also known to harm human and animal life. 
For example, MoO3 solids, when ingested at doses of 1.2–6 g, have been 
shown to cause death in guinea pigs and rats [131]. However, this 
toxicity is observed only when it is present in solid form and when 
available in gaseous form, MoO3 does not lead to any fatality. 

Studies have also demonstrated that elements like copper oxide 
nanoparticles (CuO NPs) also show toxic traits in multiple cell lines. This 
was seen in the work by Morris et al., who showed that the diameter of 
these nanoparticles causes serum sensitive toxicity in human bronchial 
epithelial cell lines Beas-2B cells [137]. The authors recorded that CuO 
NPs function as an irritant, and in the presence of serum, the Beas-2B 
cells experience squamous differentiation. Furthermore, the re-
searchers studied the cellular uptake of varying size of CuO NPs and 
observed that the hydrodynamic diameter reduces when more serum is 
added to the cell culture. Furthermore, they also observed that the serum 
enhances the overall cell area and results in dose-dependent toxicity in 
CuO NPs with larger diameters. Therefore, this study showed that the 
size of CuO NPs and the serum levels in cell culture affects the func-
tionality of Beas-2B cells. This means that multiple factors influence the 
toxicity of CuO NPs that including the diameter, morphology, func-
tionalization, and concentration of the NPs, among others [138]. Studies 
also demonstrate that surface coatings on nanoparticles also play a 
crucial role in their toxicity. For instance, chitosan coating of copper 
nanoparticles has been shown to reduce the effects of in vitro toxicity and 
results in an inflammatory response in lung cells [139]. Thus, further 
research on the physical and chemical parameters of nanoparticles, 
including the dissolution factor, surface modifications, and exposure 
routes, will help better understand and minimise 2D nanomaterial 
toxicity [140]. 

Table 1 below discusses the synthetic methods, characterization 
techniques, applications, and toxicity of different 2-D materials. 

5. Conclusion and future prospective 

Over the past couple of decades, scientists have explored tremendous 
advancements in synthesis, characterization, and development of 
various verities of advanced 2D materials for promising potential ap-
plications in diverse fields. However, complete control over the 
morphology of different 2D materials is required to reach their optimal 
activity. These 2D materials play a diverse role in packaging, sensing, 
automation, energy production, energy storage, electronic devices, drug 
delivery, orthopedic applications, biochemical sensing, among many 
other applications. As discussed in this review, there is a vast array of 
preparative processes for 2D materials, each of which has its own unique 
set of advantages and limitations. Hence, suitable methodologies must 
be employed that can be adjusted based on their target application and 
respective composition. Apart from their toxicity concerns, one of the 
significant aspects that need to be addressed immediately is their 
nanosafety while being handled. Most 2D materials are capable of 
causing biological and environmental toxicity. External conditions like 
ionic strength, temperature, and changes that these materials undergo 
inside the body affect their toxic conditions. Many surfactants used to 
monitor the diameter and morphology of the 2D materials during their 
production also contribute towards their poisonous traits. Hence, al-
ternatives to the presently utilized surfactants will have to be considered 
to confer better functionality and lesser toxicity to the 2D materials. 
Factors like their stability within cells and their capacity to degrade and 
expel from the body also have to be considered to understand 2D ma-
terial toxicity. 

Other analytical processes need to be carried out to evaluate the real- 
time, in-situ regulation to enhance 2D material production efficiency. 
Moreover, this way, their expense, impurities, and mechanistic details 
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can also be regulated. The main aim of nanotoxicology is to promote 
reproducible and relevant biosafe research and introduce precise 
toxicity biomarkers. Scientists also agree that there must be a dual 
approach to understanding 2D material toxicity before their imple-
mentation – understanding human and environmental toxicologies. 
There has been a vast outcry in the scientific field for investing in 
nanotechnology’s development and furthering in recent years. There are 
various resultant engineered nanostructures and processes because of 
nanotechnology. However, further work is required to enhance the 
design and production of better nanomaterials. Knowledge on the size, 
shape and further aggregation studies because of their toxic potential is 
still needed to make this technology completely dependable. Moreover, 
their characterization methods must be further developed and carefully 
realized to broaden their usage. Specific protocols must be set to study 
separate NPs to understand the complete toxic potential and adverse 
effects of the particular nanomaterial. Further studies need to be carried 
out to create 2D materials that are environmentally safe to be used in 
therapeutic and diagnostic applications. 
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Table 1 
Toxicity of 2-D materials.  

2D Materials Toxicity References 

Graphene Cause dose-dependent toxicity in cells and 
tissues. These include lowered cell viability, 
apoptosis, kidney and liver tissue damage, 
cause lung granuloma formation 

[141–143] 

CuS, CuSe, Cu2-xS, 
Cu2-xSe 

Damage liver cells, accumulate reactive 
oxygen species, cause apoptosis 

[144] 

CuInS2, CuInxGa1- 

xS2, Cu2ZnSnS4 

Severe heptatotoxicity [145] 

Au@Ag Could be taken up by the cells and increase 
the overall toxicity of the cells 

[146,147] 

ZnSe, ZnS Cytotoxicity, ROS production, damage to 
liver and brain tissues, apoptosis 

[148,149] 

Rh Low cytotoxicity [150,151] 
CdS Increase in ROS species, morphological 

changes, biochemical disorders, 
neurotoxicity, pulmonary toxicity 
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