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6.1  INTRODUCTION

Rapid gas molecule detection at low concentrations is now crucial in a variety of modern applica-
tions, including environmental monitoring, interior air quality monitoring, modern farming, food 
quality monitoring, and medical diagnosis [1–5]. As a result, it has become crucial to develop 
low-powered, high-performance gas sensors that can identify and track a wide range of gases 
and vapors, including dangerous and toxic gases and vapors. Typically, gas sensors must adhere 
to several specifications depending on the applications for which they are designed, including 
high sensitivity and selectivity, rapid response and recovery, little drift, a low limit of detection, 
long-term stability, and minimal power consumption [6,7]. A variety of sensing technologies have 
been developed over the past few decades based on various underlying signal transduction mech-
anisms, such as electrochemical [8,9], thermoelectric [10,11], calorimetric [12,13], and optical 
devices [14], to address the challenges of low-concentration and quick detection of gas molecules. 
Among them, electrically transduced devices have drawn a lot of attention due to their ease of 
use, low cost, ability to monitor signals in real-time, ability to be miniaturized, and compatibility 
with other common electronic devices [6,15].

To create gas sensors, a range of materials have been investigated, including metal oxides 
(MOXs) [16,17], carbon nanomaterials [18–20], and conducting polymers [21,22]. Among them, 
MOXs provide highly accurate, affordable target gas molecule detection. As much as MOXs are 
an interesting choice of sensing layer material for gas sensors, these materials suffer from a lack of 
selectivity and high-temperature operation [23]. To address this, researchers have been on a quest 
to search for innovative gas sensing materials or structures with improved sensitivity and selectiv-
ity for operation at low temperatures, preferably room temperature (RT). It has been established 
that structure dimensions (0D, 1D, 2D, or 3D) of MOX materials can influence the gas sensing 
performance of the MOX materials [24–28]. The inimitable physical and chemical properties of 2D 
nanostructured MOX materials, which have lateral dimensions up to several centimeters and thick-
nesses ranging from a few to tens of nanometers, make them excellent candidates for electrically 
transducing chemical gas sensors [29–31].

2D MOXs can be split into three groups according to their crystal structure, i.e., layered, 
lamellar, and non-layered. Layered MOXs include materials assembled from M-O (M: Mn, Mo, 
or V) octahedral, whereby the in-plane atoms are joined by strong chemical bonding, and the 
stacking layers are combined by weak van der Waals (vdW) interface [32,33]. Different oxides 
from Al, Co, Cu, Fe, Gd, Ge, Mn, Ni, and Ti also possess a layered crystal structure with unique 
planar hexagonal coordination, which is different from their conventional non-polarized crystal 
structures seen at room temperature [34]. Most ultrathin 2D MOXs do not have a layered crystal 
structure because all atoms are bound by strong chemical bonds, leading to abundant unsatu-
rated bonds on surfaces or edges, resulting in high-activity and high-energy surfaces such as 
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ZnO, In2O3, WO3, and TiO2 [35]. Furthermore, it should be noted that the lamellar MOX consist-
ing of foreign ions incorporated into the atomic layer gaps has also attracted extensive research, 
of which Perovskite is a typical example [36,37].

MOX-based sensors function based on the well-known resistance change mechanism, which 
involves adsorption–desorption processes and catalytic reactions occurring on the surface of the 
MOX, followed by an electronic exchange between adsorbed molecules and the bulk of MOX.  
A change in resistance/conduction of the MOX sensing layer follows as a result of these reactions, 
which is proportional to the concentration of the test gas. Plenty of reports for both n- and p-type 
MOX sensing mechanisms in reducing or oxidizing gases at different environmental conditions 
have been reported before [38–43]. Normally, surface oxygen species are recognized as active sites 
that play an important role in the gas sensing process [43]. Oxygen species absorbed on the surface 
of metal oxides can react with the target molecules, release electrons, and conduct an interfacial 
redox reaction, resulting in higher oxygen vacancies [44]. However, these MOX gas sensing reac-
tions are not only dependent on the number of oxygen vacancies, but also highly dependent on their 
local environment, especially the symmetry of oxygen vacancies [45].

Despite considerable progress in the use of 2D MOXs as sensing materials, they still suffer from 
some inherent limitations. The ability of 2D heterostructures constructed from vdW stacking of 2D 
vertical heterostructures or edge covalent bonds of 2D lateral heterostructures has proven to not 
only solve the lack of performance problems of a single 2D MOX-based materials in chemical gas 
sensors, but also to generate many unique properties through the synergistic advantages of indi-
vidual 2D MOX-based materials. The selected MOX materials ultimately determine the principles 
of gas adsorption, reaction, and electrical structure.

Heterostructures are manufactured by integrating the p-type and n-type MOXs, which can com-
bine various properties of the individual materials into a single system. On a microscopic scale, the 
physical interface between two different materials is called heterojunction. Heterostructures offer 
combined effects of increased surface reactivity through catalysis/adsorption and charge transfer 
between heterojunctions, which leads to better gas sensing performance. It is well known from 
solid-state physics that by contacting two different semiconductor materials at the interface, the 
Fermi level reaches the same energy, which often leads to charge transfer and depletion layer for-
mation. Although this depletion zone is one of the most notable effects, many other factors may 
be responsible for improving the gas detection performance of these heterostructures-based gas 
sensors.

The work in this chapter is structured to discuss current advances in the development of chemi-
cal gas sensors using 2D MOX nanostructures and their heterostructures. Within this chapter, we 
will present an insight into the achievements and limitations of 2D MOX in the field of chemical 
gas sensors focusing on selected 2D. Experimental and computational perspectives will be used to 
understand the sensing performance of the 2D MOX-based chemical gas sensors and their func-
tional characteristics. We will first touch on the fundamentals of 2D MOXs, then discuss different 
types of MOXs and their gas sensing performance looking at both experimental and computational 
perspectives.

6.2  BASICS OF 2D METAL OXIDES

Based on structural characteristics, 2D MOXs are divided into three categories: layer, lamellar, 
and non-layer MOXs. The layered MOXs include the traditional layered MOXs (e.g., MoO3 and 
V2O5), emerging hexagonal MOXs (e.g., TiO2 and Ni2O3), and layered double hydroxides (LDHs). 
As an example of the traditional layered MOXs, Figure 6.1 shows the structure of MoO3 display-
ing a layered structure in which each layer is largely composed of distorted MoO6 octahedral in an 
orthorhombic crystal [46].

Layered planar hexagonal MOX includes mono- and few-layered hexagonal, such as TiO2 and 
Ni2O3 derived from the metal–gas interface [34]. Each atomic layer is composed of a hexagonal 
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ring that accommodates both the metal and oxygen atoms [48]. Figure 6.2 depicts the crystalline 
structure of TiO2 as an example of the layered planar hexagonal MOX.

LDHs are structurally conformed by a consecutive repetition of individual sheets located in 
parallel spatial planes that are electrostatically bonded by vdW interactions or hydrogen bonds 
along the perpendicular plane [49]. A schematic interpretation of the LDH structure is displayed 
in Figure 6.3, which reveals the LDH configuration comprised of stacked lamellas. The chemical 
composition of LDH materials can be expressed by the following general formula [49]:
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where M2+and M3+ are two metals, M2+ can be Mg2+, Ni2+, or Zn2+ and M3+ can be Al3+, Mn3+, Ga3+, 
and Fe3+, and An− is an anion such as Cl−, CO3

2−, SO4
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−, and x is usually between 0.2 and 
0 [49]. LDHs have a lattice structure formed by stacking positively charged brucite-shaped layers, 
consisting of a divalent metal ion M2+ octahedrally surrounded by six (OH) − hydroxyl groups. The 
substitution of the M2+ metal with a trivalent M3+ cation gives rise to the periodic repetition of posi-
tively charged sheets (lamellas) alternating with charge-counterbalancing An− ions that allow the 
electrostatic neutrality of the brucite layers. This charge displacement produces the possibility of 
dipole–dipole interactions onto the lamella surfaces, enabling interaction with anions or molecules 
possessing an electrical dipole. Moreover, inside the interlayer space, water molecules are generally 
accommodated, and a network of hydrogen bonds is present among layers, providing also interact-
ing sites for external molecules. The possibility of intercalating different anions in LDH structure 
has been largely demonstrated [50], and the possibilities of modifying the chemical, electronic, 
or optic properties of LDH by changing the anion [51]. In this way, at least in principle, the rela-
tive response to various volatile compounds could be tuned by means of anion substitution. LDHs 
possess a large surface-to-volume ratio and LDH structures can adsorb any kind of molecule [52], 
making them applicable for chemical gas sensing.

FIGURE 6.1  Crystalline structure of MoO3. (Produced using software provided by Ref. [47].)

FIGURE 6.2  Crystalline structure of TiO2. (Produced using software provided by Ref. [47].)
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In the lamellar MOXs, atoms or ions are bonded to the oxide layer by weak electrostatic forces. 
For instance, perovskite CaTiO3 (Figure  6.4) consists of corner-linked TiO6 octahedra with Ca 
atoms distributed between the octahedral [54]. At high temperatures, the crystal structure is cubic, 
but at room temperature, the crystal structure is orthorhombic, with a space group of Pbnm and a 
Glazer octahedral tilt system of a−a−c+ [55].

The fineness of the atomic scale gives 2D MOX interesting properties such as optical trans-
parency and mechanical flexibility, which can be used in flexible electronics and new optical 
electronics. Other advantages include high theoretical capacitance, large surface area, and the 
possibility of oxidation–reduction reactions, making 2D MOX ideal for high-density superca-
pacitors and batteries [56,57]. Furthermore, their excellent photoelectric properties and high 
surface chemical reactivity make them suitable for their use as photocatalysts and gas and bio-
sensors [58,59].

FIGURE  6.3  LDH general structure. (Reproduced with permission from Ref. [53], Copyright © 2017 
Elsevier.)
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6.3  THE APPEAL BEHIND 2D METAL OXIDES APPLICATIONS

For MOX-based sensing materials, the morphology influences gas sensing performance as 
structure dimension (1D, 2D, or 3D) and size affect the material’s characteristics, which then 
influence the sensing performance of the sensing material. 2D MOX nanostructures exhibit a 
notably greater specific surface area in comparison to their other 0D, 1D, and 3D counterparts. 
In addition, the gas sensing layers possess distinctive material characteristics due to dimensional 
confinement, such as the ability to manipulate electrical properties and visible light absorption 
through quantum size effects that adjust the band gap [60]. Moreover, the mechanical durabil-
ity and pliability of 2D MOX enable their integration with flexible substrates, exhibiting a high 
degree of compatibility and facilitating the exploration of novel applications, such as wearable 
chemical sensors [61,62].

Over the past decade, there has been notable advancement in the fabrication of 2D MOXs rang-
ing from nanosheets, platelets, etc., which have led to a better understanding of the principles behind 
their engineered synthesis [58,63–65]. This has also resulted in their increased utilization as chemi-
cal gas sensing layers. The simplest method is to obtain these 2D MOX structures using various 
exfoliation techniques from their parent layers, making them different from other low-dimensional 
nanostructure materials whose synthesis is heavily dependent on crystalline growth.

The thickness of these 2D layers corresponds to the crystal thickness of the individual layer, 
usually less than 5 nm. The side crystal size of layers of materials along the plane direction 
remains unchanged, leading to high morphological anisotropy of thickness of sub-nanometer and 
side dimension up to micrometer. Because the surface-to-volume ratio is close to one, these 2D 
MOX structures practically expose all components to the surface. This allows the hydrophilic, 
hydrophobic, surface charge, and surface structure to be adjusted as required for applications [66].  
Similarly, there are other techniques such as the top-down approach of soft chemical exfoliation 
methods that are equally efficient in obtaining 2D MOX structures. In the absence of interlayer 
interactions and low dimensions, overlaps are observed, improving the surface properties and 
surface instability of these structures. The description of the structure and properties of any 
material is essential to understand the resulting behavior and design of unconventional functional 
materials. This was made possible in recent years by the increase in the capability of the calcula-
tion of the First Principle. Similarly, Density Functional Theory (DFT) is widely used to study 

FIGURE 6.4  Crystalline structure of CaTiO3. (Produced using software provided by Ref. [47].)
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the intriguing properties of bulk and 2D MOX. However, when working with oxides in 2D form, 
unique properties begin to develop due to the presence of a large surface area and oxygen atoms 
on the surface, which leads to significant changes in surface energy that enhance the properties 
of the material.

The basic atomic structure of MOX determines the nature of conductivity, non-conductivity, and 
semi-conductivity. The relatively small thickness of 2D material influenced the quantum confine-
ment effect and its effects on electron band structure, charge transport, and optical properties. Due 
to technological miniaturization, increasing surface is the current need. Consequently, nanostruc-
ture MOXs were created by reducing their size to a few nanometers. This change has led to several 
technological developments toward the development of 2D ultra-thin structures derived from their 
bulk forms, with significant changes in structure and phase, and improved physiological chemistry 
properties such as better surface of adsorbents, tuned electronic band structures, and improved 
photocatalytic behavior.

The predominant avenue of research in the field of gas sensing mechanisms for 2D MOX-based 
materials pertains to the adsorption of gas molecules. This adsorption may take the form of physi-
sorption or chemisorption, and it is often analyzed through the lens of charge transfer theory. The 
adsorption of target gases on the surface of 2D MOX-based materials typically results in modifica-
tions to the resistance and carrier concentration. In general, 2D MOX materials demonstrate phy-
sisorption to gas molecules with relatively low binding energy because of vdW interactions. In the 
context of chemisorption, the increased binding energy of gas molecules is attributed to the charge 
transfer mechanism that occurs between the sensing material and the gas molecules. As a result, 
the recovery process for chemisorption is comparatively prolonged in comparison to physisorption.

It is widely recognized that 2D MOX-based materials exhibit either donor or acceptor behavior 
toward specific gas molecules. In the context of 2D MOX-based materials, if the Fermi level is situ-
ated below the highest occupied molecular orbital (HOMO) state of the adsorbate gas molecules, a 
phenomenon of charge transfer from the adsorbate to the 2D MOX nanomaterials takes place. This 
results in an upshift of the Fermi level of the 2D MOX-based materials. In contrast, when the Fermi 
level of 2D MOX-based materials surpasses the lowest unoccupied molecular orbital (LUMO) state, 
there is a transfer of charge from the 2D MOX-based materials to the adsorbate, resulting in a reduc-
tion of the Fermi level of the 2D MOX-based materials.

The utilization of DFT calculations is feasible for the evaluation of the complete charges trans-
ferred and the binding energy that exists between adsorbate and 2D MOX-based materials [67]. In 
addition, DFT calculations facilitate the determination of the sensing response that occurs when 
adsorbate and gas molecules interact, based on the calculated total charge and binding energy. It is 
noteworthy that chemisorption and physisorption can be distinguished by the respective indications 
of high binding energy and low binding energy [67]. Consequently, it is feasible to anticipate the gas 
sensing characteristics, such as sensitivity and selectivity toward gas molecules, for the surface of 
2D MOX-based materials.

In this section, we will give an overview of current advancements in a variety of chemical gas 
sensing performances of 2D MOX-based materials in their respective classes, coupled with DFT 
calculations used to understand the gas molecules’ interactions with the surface of the materials. We 
also compare each of their advantages and weaknesses, placing more emphasis on the overall gas 
sensor performances to determine the future research directions for better gas sensor performance.

6.4  GAS CHEMICAL SENSING WITH 2D METAL OXIDES

Nanostructured 2D MOX materials including nanoplates, nanosheets, and nanoflakes have advan-
tageous characteristics that cannot be achieved by traditional bulk materials. These characteris-
tics include high surface area and high-surface-to-volume ratio, providing more active sites for 
gas adsorption, chemisorption, and catalytic activities that control the gas sensing performance. 
Additionally, for 2D MOX, only one or two crystallographic planes are involved in the sensing 
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performance, thus simplifying the modeling of processes taking place on the MOX sensing mate-
rial surface, contributing to a better understanding of the influence of sensing performance, and 
allowing for ways to manipulate better selectivity of the material [68]. Theoretical and experimen-
tal results indicate that nanostructured materials with exposed crystal surfaces can exhibit special 
features in gas sensor applications [27,69,70]. For example, Su et al. [71] fabricated single crystal 
copper oxide nanoplatelets with a high percentage of {001} facets by a hydrothermal method. X-ray 
diffraction, Fourier transform infrared spectroscopy, field emission scanning electron microscopy, 
and high-resolution transmission microscopy were used to characterize the as-prepared materials. 
From the DFT calculations, it was determined that the {001} facets have the highest surface energy. 
Due to that, the CuO nanoplatelets revealed high sensing responses to ethanol, acetone, butanol, 
and isopropanol. In another work by Xue et al. [72], they demonstrated that ZnO nanodishes with 
exposed (0001) crystal facet sensor exhibited the best response of 49–100 ppm ethanol at 230°C 
among four as-synthesized samples, while non-customized ZnO was only 28.

Most 2D MOXs have high surface areas and porous structures that provide more gas diffusion 
channels and more active areas for sensor reactions. Therefore, porous structures improve MOX 
gas detection properties. Defects in crystal structures, including interstitial and vacancy defects, 
usually occur in MOXs. In addition to porous structures and high surface areas, surface defects are 
also considered to be an important factor in MOX gas sensitivity performance. For example, Liu  
et al. [73] prepared porous ZnO ultrathin nanosheets for the detection of acetylacetone. Their find-
ings revealed that porous ZnO ultrathin nanosheets had excellent selectivity and operational stabil-
ity, with a response four times higher than the ZnO clusters. They attributed the excellent sensing 
performance to the high specific surface area and ample surface oxygen vacancy. In another study 
by Xue et al. [72], the influence of oxygen vacancy (VO) and zinc interstitial (Zni) on the ethanol 
sensing performance was investigated. The results demonstrated that the ZnO sensor with rich elec-
tron donor surface defects Zni and VO displayed greater ethanol gas sensing. These results confirm 
that surface defects are advantageous for the gas sensing property of MOXs.

Although the advantages of 2D MOX-based materials are interesting, these materials still have 
some shortcomings when applied in gas sensing. It is difficult to fabricate large and thin 2D MOX 
nanomaterials using the normal MOX synthesis methods. For a sensor to be able to give a high 
response, the thickness of the 2D MOX nanostructured material should be comparable with the 
Debye length (2–5 nm) [39,74,75]; however, this is not the case for 2D MOX materials obtained 
from traditional synthesis methods; the 2D MOX nanostructured materials are found to be more 
than 30–50 nm, thus limiting sensitivity. Also, stacking of the 2D MOX nanostructured materials 
can result in the formation of a denser arrangement, which can hinder gas penetration into the inner 
voids of the 2D structures, thus decreasing the sensitivity [76]. Therefore, the synthesis of 2D MOX 
structures must be advanced to be able to yield ultrathin 2D MOXs to maximize their capabilities 
in gas sensing.

The following sections will discuss different 2D MOX-based materials in detail, as well as their 
applications in gas sensing, looking at selected examples of 2D-based MOX nanomaterials.

6.5  PREPARATION STRATEGIES OF 2D METAL OXIDES

In general, 2D MOX-based materials are prepared using traditional top-down and bottom-up meth-
ods. The top-down synthesis method involves intercalation and exfoliation of bulk-layer MOX in 
single-layer or few-layer 2D MOX [77]. Bottom-up approaches are a direct growth process that 
can control the substrate and thickness of desired materials. Wet chemical synthesis, a surfactant-
led approach, and self-assembly methods are used in the bottom-up approach [56,78]. In addition, 
hydrothermal chemical methods can be used to synthesize 2D MOX, with greater yields, easier 
processing and control, and less energy waste [79,80].

Sun et al. [81] reported a comprehensive and fundamental methodology for the molecular 
self-assembly synthesis of ultrathin 2D nanosheets of MOXs, such as ZnO, Co3O4, and WO3. 
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In their work, they proposed a methodology for the surfactant self-assembly of ultrathin 2D MOX 
nanosheets. The approach involved the formation of inverse lamellar micelles comprising poly-
ethylene oxide–polypropylene oxide–polyethylene oxide (PEO20–PPO70–PEO20, Pluronic P123) 
surfactant and ethylene glycol (EG) co-surfactant in an ethanol solvent. The molecular assembly 
process of ultrathin 2D MOX nanosheets from liquid solutions involves the strategic and collab-
orative self-assembly of MOX precursor oligomers into lamellar structures with the assistance of 
polymer surfactant molecules. Subsequently, these structures undergo condensation, polymeriza-
tion, and crystallization to form 2D MOX nanosheets. The synthesized crystallized ultrathin 2D 
MOX nanosheets were observed to possess limited thickness, a substantial specific surface area, 
and chemically reactive facets. The UV–vis adsorption spectra of TiO2, ZnO, Co3O4, and WO3 
nanosheets exhibited a blue shift in comparison to their bulk counterparts, indicating a pronounced 
quantum confinement effect in the thinnest dimension. The phenomenon known as the quantum 
size effect is observed when the conduction band is raised and the valence band is lowered due to 
the reduced size of MOX nanoparticles. This is commonly understood to result in a blue shift in the 
absorption edge.

Different synthesis techniques yield different structures with different functional properties, and 
therefore, it is important to find or design a synthesis technique that can yield the best characteristics 
for the application. For gas sensing applications, it would be great to design a synthesis method that 
can yield materials with high surface area and high carrier mobility. In the following section, the 
synthesis methods and chemical gas sensing performance of the various MOXs will be discussed.

6.6  GAS SENSING PERFORMANCE

It is important to compare and systematically select the synthesis method according to the type 
of application. Different methods have different advantages and disadvantages for preparing 2D 
MOXs. Therefore, it is necessary to choose the method based on its advantages and disadvantages. 
The following is a discussion on studies for the gas sensing performance applying different 2D 
MOXs with an emphasis on their methods of fabrication and characteristics correlated with their 
sensing performance. The experimental and computational perspectives will be considered in the 
discussion.

6.6.1  Traditional Metal Oxides

Traditional MOXs such as semiconducting metal oxides ZnO [82,83], SnO2 [84,85], TiO2 [41,86], 
CuO [87], and NiO [88] have been extensively studied for chemical gas sensing applications. 
Particularly in 2D format, traditional MOXs have been synthesized through different techniques. 
These 2D MOXs have seen applications for the detection of several gases such as NO2, NH3, and 
H2S [58,89]. Gas sensing mechanisms are known to be based on resistance changes in sensing 
materials caused by surface oxygen species and target gases. The amount of oxygen adsorbed 
on the surface is directly affected by the particle size, shape, surface area, surface defects, and 
interface properties of the sensor material. All these characteristics rely on the method of obtain-
ing the sensing material. For these MOXs, usually the n-type such as ZnO and SnO2 are favored 
in contrast to their p-type such as CuO and NiO; this is because even in the same conformations, 
for instance, rod-shape, the response in p-type MOXs is nearly the square root of the response in 
n-type [90].

As one of the popular traditional MOXs explored for chemical gas sensing, ZnO is one of the 
important wide band gap, n-type MOX that is mostly used for chemical gas sensing applications. 
2D ZnO structures have been shown to be sensitive to a variety of gases under different conditions. 
For example, Zhang et al. [91] employed a hydrothermal method to synthesize porous 2D ZnO 
single-crystal nanosheets with hexagonal wurtzite and mesoporous structures. This was achieved 
by synthesizing zinc carbonate hydroxide hydrate precursors at a low temperature of 80°C in an 
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environment-friendly hydrothermal method that did not include the use of any surfactant or organic 
solvent, followed by annealing at 300°C for 0.5 h in an air environment. The ZnO nanosheets-
based gas sensor unveiled notable sensitivity and rapid response and recovery times when detecting 
ethanol concentrations within the range of 0.01–1000 ppm. The sensor also demonstrated a low 
detection limit of 10 ppb (Ra/Rg = 3.05), as well as exceptional selectivity and stability at 400°C. 
The high ethanol response of the ZnO nanosheets-based sensor was attributed to its large specific 
surface area, single-crystal structure, plane-contact between nanosheets, and the small thickness 
(10–40 nm thickness). These findings suggest that these nanosheets are highly suitable for the devel-
opment of ethanol sensors with practical applications.

Oosthuizen et al. [92] used a sonochemical method for the synthesis of p-type CuO nanoplates 
by the transformation of copper nitrate solution under basic aqueous conditions into CuO nano-
platelets and flower-like nanostructures, without the assistance of any surfactants and additives. 
Their study demonstrated the effects of reaction time on the diameter of the CuO nanostructured 
materials, whereby the diameter was found to decrease with increasing reaction time. They also 
observed that, under the same reaction condition, the modification of the [Cu(H2O)6]2+ ion com-
plex to [Cu(NH3)4(H2O)2]2+ ion complex, before the addition of NaOH as a base, allowed the 
surface morphology to change from nanoplatelets to flower-like nanostructures. The as-prepared 
CuO nanoplatelets were comprehensively characterized in detail using X-ray diffraction, scan-
ning electron microscopy, transmission electron microscopy, Raman spectroscopy, photolumines-
cence spectroscopy, and Brunauer–Emmett–Teller (BET) surface area analyses. The structural 
analyses disclosed a size-dependent broadening due to the decrease in platelet size as the reac-
tion temperature was increased. From PL studies, it was observed that the CuO nanostructures 
displayed several emissions, which were attributed due to various sizes and shapes of CuO nano-
platelets, suggesting that the luminescence property of CuO is dependent on the morphology 
of the nanomaterials. They further performed a study on the gas sensing performance of the 
CuO nanoplatelets toward various gases, including CH4, CO, H2S, NH3, and NO2. Their findings 
revealed that the surface area, sensing response, and point defects are dependent on the synthesis 
reaction temperature.

The sensing capabilities of the asymmetric 2D Ga2O3 monolayer were examined by Zhao et al. 
[93], who conducted a study on the adsorption properties of six harmful inorganic gas molecules 
namely CO, NO, NO2, NH3, H2S, and SO2, as well as three common ambient molecules namely O2, 
CO2, and H2O using DFT calculations. The findings indicated that significant variations in adsorp-
tion between the upper and lower surfaces were observed due to the inherent internal electric field. 
The 2D Ga2O3 monolayer exhibited distinctive adsorption properties for NO gas molecules. The 
computed results pertaining to the transport properties of Ga2O3 MOSFETs indicated their poten-
tial as a viable and recyclable sensor for detecting NO gas. Also, it has been seen that using biaxial 
strain engineering on a single layer of 2D Ga2O3 can make it possible to get gas sensing capabilities 
that can be changed.

The study conducted by Li et al. [94] utilized DFT computations to examine the adsorption 
of ten gaseous molecules namely O2, N2, NH3, NO, CO, CO2, CH4, C2H6, HCHO, and H2S on 
three distinct 2D WO3 nanolayers. They employed a non-equilibrium green function (NEGF) 
methodology to accurately evaluate the electron transport characteristics, which is a crucial 
aspect of gas detection. The study’s findings also indicated that the 2D WO3 nanolayers exhib-
ited notable sensitivity and selectivity toward NH3, NO, HCHO, O2, and H2S. The analysis of 
transport properties, specifically transmission functions and current–voltage (I–V) character-
istics, suggested that the electronic device characteristics (ON and OFF) of gas sensors can be 
effectively achieved through the presence or absence of gas molecules on the 2D WO3 nanolay-
ers. The binding energies computed indicated that the intermolecular interactions between the 
gas molecules and 2D WO3 nanolayers, which were extracted from the (0 0 1) plane of WO3 bulk 
crystal, exhibited greater strength compared to those with certain other 2D materials such as 
graphene and borophene.
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6.6.2 L ayered Double Hydroxides: Synthesis and Sensing Performance

In recent years, LDHs have been explored for gas sensor applications. This class of materials has 
attracted attention in the field of gas sensors due to their inherent characteristics such as hierarchi-
cal structure, significantly higher stability over a prolonged period, compositional flexibility, anion 
exchangeability, and a large specific surface that is useful for rapid gas adsorption and desorption 
[95,96]. LDHs contain anions (e.g., CO3

2− and Cl−), intercalated between positive layers, which 
significantly affect their structure. By varying the metallic cations, their ratio, and the interlayer 
anions, a great number of LDH types can be formed. LDHs structure exhibits a pathway facilitating 
carrier diffusion; therefore, they received considerable attention for direct potential applications in 
gas sensors for monitoring a wide class of gases and vapors [42]. Numerous studies related to the 
synthesis of LDH-based materials have discussed simple and inexpensive methods for synthesis in 
the laboratory and on an industrial scale [42]. Materials obtained from Pt/Zn/Al LDHs were the 
first attempts to use LDHs gas sensors whereby changes in the absorbance of all the samples before 
and after reducing treatments were studied by FT-IR spectra [97]. They reported that due to their 
memory effect, after calcination, LDHs do not lose their network structure and are able to rebuild it, 
and this happens after rehydration. Also, the initial structure of LDH does not change after calcina-
tion and does not lose its specific surface area. Polese et al. [53] synthesized chlorine-intercalated 
Zn-Al-LDH and used it for the detection of five volatile compounds, i.e., CO, CO2, NO, NO2, and 
CH4 at concentrations of 25, 62, 100, 125, 162, and 250 ppm per gas at room temperature (~ 22°C). 
Each concentration was obtained by diluting in nitrogen CO, CO2, NO, NO2, and CH4 concentra-
tions measured from certified bottles. The sensors were exposed for 60 s to six gas concentrations 
and then cleaned in wet nitrogen for 500 s. During the entire measurements, the humidity was kept 
constant at 50% relative humidity (RH) fluxing 100 standard cubic centimeter (sccm) of pure nitro-
gen through a gas bubbler containing deionized water. The RH level was maintained constant to 
avoid possible changes in the LDH interlamellar content of water. Finally, every volatile compound 
was measured in triplicate at room temperature, and the DC sensor resistances were measured by 
means of an Agilent 34401a multimeter connected to a PC. Under the applied conditions, the LDHs-
based sensors showed the ability to differentiate several concentrations with very good short-term 
stability. The ability of these LDH structures to detect various pollutant volatile compounds at room 
temperature without the requirements of a heating element is quite interesting in the sensors field as 
this suggests that the sensors will not require power to operate, thus they are energy-saving. Since 
this work was one of the very first works on LDHs as sensing materials, the mechanism behind the 
response could not be fully concluded.

Shinde et al. [30] synthesized a self-assembled Zn-Cr-WO interconnected sheet-like LDH struc-
ture to detect gas Cl2 at room temperature. Exfoliation-restacking-based intercalative hybridization 
routes have been used to introduce foreign species of polyoxotungstate (POW) in the Zn-Cr-LDH 
grid, which has led to crucial changes in the chemical composition of host LDH materials. Compared 
to the original Zn-Cr-LDH, the resulting self-assembled Zn-Cr-WO displayed improved surface 
characteristics, extended base spacing, and micromesoporous structure. The Zn-Cr-WO sensors 
were studied at room temperature for various oxidizing and reducing gases, i.e., NO2, Cl2, LPG, 
H2, H2S, CO, and NH3. The selectivity results showed that the Zn-Cr-WO sensor was significantly 
selective to Cl2 compared to other interference gases. The lowest POW content of Zn-Cr-WO-1 
nanohybrid (Zn-Cr-LDH/POW = 0.66) had excellent dynamic response recovery characteristics, 
with a gas detection limit of 0.1 ppm and a 66.6% response rate to Cl2. Compared to a variety of 
Cl2 sensors such as SnO2, ZnO, In2O3, WO3, and SWCNT, the LDH-based sensors have shown a 
lot of promising functions in gas sensor applications, with excellent sensing responses and supe-
rior room temperature repeatability [30]. They attributed the great Cl2 sensing performance to the 
unique interconnected sheets-like mesoporous microstructure, which facilitated excellent perme-
ability for gas adsorption. The structure also provided enhanced surface area with active surface 
sites for chemical interaction. Additionally, with expanded interlamellar spacing of 0.73 nm due to 
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the intercalation of foreign POW fractions, Zn-Cr-WO-1 exhibited wider mesopore channels that 
continuously accelerated the gas molecules adsorption in the inter-gallery space between laminated 
LDH nanosheets [30]. LDHs have unique physicochemical properties such as high surface area and 
high porosity, anion and cation exchange capacity, and adjustable structure engineering with high 
controllability. LDHs have drawbacks including agglomeration and low conductivity, which make 
their use in gas sensing limited.

6.6.3 P erovskites Oxides: Synthesis and Sensing Performance

Another family of MOX with layered 2D structures is the Perovskites family with a general formula 
of ABO3, with A and B cations of different sizes [98]. Perovskites consist of three types of layered 
phases, which are the Aurivillius (AU) with general formula [Bi2O2]-[A(n−1)BnO3n+1], Dion-Jacobson 
(DJ) with general formula MA(n−1)BnO(3n+1), and Ruddlesden–Popper (RP) with general formula 
An+1BnX3n+1 [99]. In the Ruddlesden–Popper Perovskite (RPP), R is a long chain alkyl or aromatic 
group that acts as a spacer covering the perovskite layer, and because of isolation, the moister resist-
ibility increases. The number of perovskite layers between spacers is denoted as n [100]. 2D MOX 
perovskites have several advantages, including air, phase, and thermal stability. Improvements in air 
stability in 2D perovskites are associated with vdW interactions of capping agent molecules [100].

Despite the superiority of 2D MOX perovskites, the quantum confinement effect increases the 
band gap of 2D MOX perovskites compared to other dimensions. Furthermore, due to the isolation 
characteristics of organic space cations, 2D MOX perovskites exhibit high-sensitivity transporta-
tion behavior, high inorganic conductivity, and low layers. The physical characteristics of 2D or 
almost 2D perovskite materials are determined primarily by the bulky organic cations present in 
the system. These cations play a crucial role in defining the dimensionality and phase behavior 
of the material, as demonstrated in the studies conducted by Saparov et al. [101]. The electronic 
characteristics of the resulting materials are solely determined by the properties of the inorganic 
layers due to the substantial HOMO/LUMO gap exhibited by these organic cations. Maheshwari  
et al. [102] employed DFT calculations to demonstrate that the incorporation of electron-withdrawing 
and electron-donating molecules results in the creation of localized states, which can be observed in 
either the organic or inorganic component. Additionally, it has been demonstrated that the energy 
levels of the bands located in the organic and inorganic components can be adjusted separately. 
Modulation of organic cation levels can be achieved through alterations in the electron-withdrawing 
or -donating properties, while the manipulation of energy levels in the inorganic component can be 
accomplished by adjusting the number of inorganic perovskite layers.

Recently, various perovskite-based sensors have been reported to detect several gases such as 
NH3 [103,104], NO2 [105], and O2 [106] and humidity [107]. When a film is exposed to gas/vapor, 
the gas/vapor can fill the gaps in the film, thereby significantly increasing the film’s conductiv-
ity. In contrast, when inert gas/vapors reach the perovskite film, the inert gas/vapor molecules 
remove the target gas/vapor molecules and increase the number of vacancies, thereby reducing 
the conductivity of the perovskite film [105,107]. Although 3D perovskites have made signifi-
cant advances in device efficiency, due to their poor stability in water, oxygen, heat, and con-
tinuous light exposure, their optical and long-term stability is limited [105,106,108,109]. On the 
other hand, 2D perovskites are more interesting because of their good stability, unique structure, 
and excellent optical and electron characteristics [110]. Different findings have previously been 
reported highlighting the potential for the use of 2D perovskites to produce gas sensors, such as 
those by Tien et al. [111], whereby they compared 2D-(PEA)2PbBr4 perovskite with 3D-MAPbBr3 
perovskite. They found that the horizontal vapor sensor of 2D-(PEA)2PbBr4 perovskite was much 
superior to 3D-MAPbBr3. They attributed high responses to a large ratio of surface to volume and 
showed a 2D transverse perovskite layer suitable for ethanol detection. Another study by Wang  
et al. [37] reported on the comparison of 2D NbMoO6, NbWO6, TaWO6, and TaMoO6 nanosheets 
synthesized through liquid exfoliation and their gas sensing performance toward H2S and other 
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small molecules of volatile gases. The gas sensor performance toward 5–500 ppm H2S revealed 
that, among the four perovskites with similar structures, nanosheets made from n-type NbWO6 
showed high sensitivity to H2S, with response and recovery time of 6 and 30 s at 50 ppm H2S at a 
low operating temperature of 150°C. The H2S sensor performance of the 2D NbWO6 perovskite 
was attributed to the high surface areas with nearly fully exposed active sites, which significantly 
facilitated the H2S gas molecules adsorption–desorption, diffusion, and transmission for high 
selectivity under low operating temperature. Another reason was the high crystalline framework 
of the 2D NbWO6 nanosheets that promoted fast transport of electrons between surface and bulk 
for significantly enhanced response and response dynamics and sensitivity. The electronic trans-
fer associated with the gas sensing process was further explained using the DFT calculations. 
The DOS of the NbWO6+H2S showed a new energy level in the conduction band and the band 
gap was narrowed, which was attributed to the strong bonding adsorption of H2S on the NbWO6 
nanosheets, which decreased the resistance for high selectivity and sensitivity. The adsorption con-
figurations of the (110) plane on the NbWO6 nanosheets were optimized, and no obvious changes 
in configurations were observed after the adsorption of gas molecules onto the NbWO6 nanosheets. 
These NbWO6 nanosheets could find application for fast and effective detection of H2S, especially 
for the environmental standard set threshold of H2S which is at 0.1–100 ppm [112].

6.7  HETEROSTRUCTURES OF 2D METAL OXIDES

By growing 2D MOXs monolayers and restacking them into blends with 0D, 1D, 3D, or other 
2D nanostructures, different types of heterostructures can be created. Together with the ability to 
overcome the immanent restrictions of each component material, the many ways that 2D MOX 
nanostructures can be mixed with other materials create new opportunities to create devices con-
figurations with a flexible electronic property that goes beyond a single material’s scope [113,114].

Due to their intriguing features that are absent from bulk semiconductor heterojunction devices, 
heterostructures of layered 2D MOX nanostructured materials show outstanding potential for appli-
cations in many fields. Initial attempts to combine 2D layered nanomaterials with 0D and 1D nano-
structures have opened a new area of nanoscale material integration and opportunities to develop 
new applications for devices that offer exceptional performance [115–118]. Since then, a lot of work 
has been done on the fabrication of 2D–2D heterostructures made by vertically and laterally stack-
ing several 2D layered nanostructured types. These initiatives have made it possible to control and 
modify the generation, confinement, and transportation of charge carriers [119,120].

Beyond 2D–2D heterostructures, 2D–3D heterostructures, created by combining unique func-
tionalities of 2D layered materials with standard 3D bulk materials, utilize both the benefits of 3D 
bulk materials as well as their innovative functions [121]. Although heterostructure and hetero-
junction are sometimes used interchangeably in the literature, a heterostructure device typically 
combines several heterojunctions. Normally, when two different materials are connected electri-
cally, a heterojunction is formed at the boundary of the two materials. Charge transport via the 
interface causes a layer of depletion that results in band alignment because Fermi levels through the 
heterointerface tend to be balanced at a fixed energy level. The most important step in the hetero-
structure-based devices used for gas sensing is the adsorption and diffusion of analyte gas toward 
the heterojunction, which further changes junction properties and improves the sensor response by 
synergy effects [122,123].

6.8  THE APPEAL BEHIND METAL OXIDES-BASED HETEROSTRUCTURES

Compared to pure MOXs, sensors based on heterojunctions of MOXs show improved gas sensing 
performance toward the analyte gas. In contact with each other, the transfer of the carrier between 
the two materials is induced by the inconsistent Fermi levels at the interface. In n–n or n–p het-
erojunctions, the Fermi values of the two MOXs move to equilibrium, causing the energy bands to 
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bend and create potential barriers between them. The gas sensing performance of the investigated 
MOXs is mainly explained by redox reactions of the adsorption analyte gas on the surface of the 
sensor material. The changes in carrier concentration caused by the redox reaction on the compos-
ite surface may affect the height of the integrated potential barrier. This process has an additional 
effect on the resistance or conductivity of the sensor, which is based on n–n or n–p heterojunction 
as follows [124]:
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where ΔR is the resistance change of the sensor, ΔVb is the reduction of the height of the potential 
barrier, kB is the Boltzmann constant, and T is the temperature [124,125]. As a result, small changes 
in the height of potential barriers would greatly affect the resistance of the sensor under study, which 
would improve the gas sensing properties of the heterojunction. In p–n or p–p heterostructures/
heterojunctions, the interaction between the target gas and the sensing material also changes the 
sensor charge carrier, particularly holes, resulting in an additional variation in the thickness of the 
heterojunction accumulation layer and a more effective modulation of the carrier’s conductor chan-
nel width. Therefore, sensors based on p–n or p–p heterojunction sensors also have improved the gas 
detection properties of reduced or oxidizing gases [117,126]. In addition, heterostructures consisting 
of heterojunctions of MOXs always have a specific surface higher than pure MOXs. The higher sur-
face area allows the gas molecules to diffuse smoothly to the surface, interact more easily with the 
components, and provide more active sites. Using high specific surface areas increases the size of 
pores, facilitating the diffusion of gases into sensor materials, and increases the active surface of the 
internal component of the heterostructure for the adsorption of gases. Gas molecules’ adsorption and 
desorption can also be accelerated in response and recovery processes based on the heterojunction of 
the MOXs. Thus, the high specific surface area is another positive factor that contributes to improved 
gas sensing performance in the heterostructure. Compared to the effects of specific surface areas, 
the study of enhanced gas detection mechanisms by heterojunctions of the MOX sensor materials is 
more complex. The role of heterojunctions in improving gas sensor performance should be analyzed 
in detail to fully understand their direct and significant effects on improving gas sensor performance. 
The gas sensor mechanism of MOX to common reducing and oxidizing gases was extensively dis-
cussed in the literature, and the effects of different often studied heterojunctions on improved gas 
sensor properties of composites were systematically investigated [123,126].

6.9 � GAS SENSING PERFORMANCE OF 2D METAL OXIDE  
HETEROSTRUCTURES

Because it improves reaction and adsorption sites and results in higher catalytic activity than a 
single material, the development of heterostructures is a preferred method for improving gas sens-
ing performance. When two different materials are combined, such as n–n, p–p, or n–p semicon-
ductors, the interfaces have a synergistic effect that is equal to Fermi energy due to the electron 
transfer from the highest energy to the lowest energy level that is empty. Due to the band bending 
caused by different Fermi energies, a potential energy barrier is created in the contact. To overcome 
this potential energy barrier, electrons must cross the area of depletion (interface). The energy band 
diagram and heterojunctions manufactured with semiconductors n and p are shown in Figure 6.5. 
At the interface, an electron depletion layer with higher-energy conductivity band states is formed 
due to electron loss, as well as an electron accumulation layer with lower-energy conductivity band 
states [127]. Most of the charge carriers transferred from the higher to the lower state of the valence 
band at the p–p metal oxide heterojunction interface (Figure 6.5b) are holes containing the higher 
and lower states of the valence band. Due to its stability in low oxygen conditions and its compatibil-
ity with the measurement system, n-type materials are increasingly used [90]. A p–n heterojunction 
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FIGURE 6.5  Types of heterojunctions build from (a) n–n, (b) p–p, and (c) p–n junctions. 
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can improve the performance of gas sensing. Depending on the backbone material, electron–hole 
recombination causes electron transfer from n-type to p-type or hole transfer from p-type to n-type 
at an n–p or p–n heterostructure interface (Figure 6.5c). This allows for more oxygen to be absorbed 
because of the higher electron density [122]. In comparison to n–n or p–p heterojunctions, these 
heterostructures have more free electrons [40,122]. There is a space charge area at the p–n interface 
because n-type materials often have intrinsic Fermi levels that are greater than p-type materials. 
Heterojunctions can accelerate electron transport and improve oxygen adsorption, resulting in an 
abundance of oxygen vacancies on the heterostructure surfaces and providing new active sites for 
higher sensing performances.

6.9.1 H eterojunction p–n Type Sensing Performance

A p–n heterojunction is created by combining a p-type semiconductor material with an n-type 
semiconductor material. This interface causes a bending of the energy bands and modifies the 
electronic properties at the junction. For example, Ju et al. [128] reported on the synthesis of ZnO/
NiO heterostructures using a pulsed laser deposition technique, whereby they attached p-type NiO 
nanoparticles onto the surface of n-type ZnO nanosheets. When pure ZnO nanosheets are exposed 
to air at a high temperature, a depletion layer will form on the surface of the ZnO nanosheet due 
to the adsorption of oxygen molecules, leading to the high resistance state of sensing materials, as 
shown in Figure 6.6a and b. When NiO nanoparticles are embedded in the ZnO nanosheet surface, 
the electrons in ZnO and the holes in NiO diffuse in the opposite direction because of the great 
gradients of the same carrier concentration. Afterward, the internal electric field is generated in the 
interface of ZnO/NiO, and the spread of the carrier is finally balanced. After this, the energy band 
bends into the depletion layer until the system achieves a Fermi (EF) level equilibrium (Figure 6.6e). 
Furthermore, the formation of the NiO/ZnO p–n interface with a new depletion layer at the inter-
face increases the resistance of the sensor to further increase the air (Figure 6.6f). However, once 
the NiO/ZnO sensor is exposed to a reducing Triethylamine (TEA) gas, TEA reacts with oxygen 
ions absorbed on the surface of the ZnO nanosheet and releases electrons back to ZnO. Thus, the 
sensor resistance decreases. Furthermore, TEA releases electrons in NiO p-type and electron–hole 
recombination leads to a decrease in hole concentration. The decrease of holes in NiO results in 
the increase of electrons and reduces the concentration gradient. The reduction of holes in NiO 
increases electrons and reduces the concentration gradient of the same carrier on both sides of the 
p–n connection. As a result, the diffusion of the carriers is weakened, and the interface depletion 
layer becomes thin. Thus, the resistance of the NiO/ZnO sensor in TEA is even reduced. Figure 6.6g 
shows a model of the NiO/ZnO-based sensor when exposed to TEA gas. In comparison to the ZnO 
sensor, the formation of p–n junction in the NiO/ZnO-based sensor greatly increases air resistance 
and reduces TEA gas resistance. Therefore, based on the sensor response definition (S = Ra/Rg), 
the increase in S to TEA is mainly due to the resistance variation caused by the formation of p–n 
junction.

6.9.2 H eterojunctions p–p and n–n Types Sensing Performance

The creation of p–p and n–n heterojunctions provides band bending energy levels in an alike method 
as in p–n heterojunction. For p–n heterojunction, few electrons are involved at the interface due to 
electron–hole recombination that raises the resistance, whereas at the interface of n–n type hetero-
junction, there is just the transport of electrons from a material with higher Fermi level to lower 
Fermi level unoccupied state, making an accretion layer instead of a depletion layer. This accretion 
layer can be worn out by the successive oxygen adsorption on the surface, which certainly raises the 
potential energy barrier at the interface and enhances the sensing response.

In a study by Yang et al. [129], n–n type heterostructure based on CeO2/SnO2 was prepared 
and tested for 3H-2B sensing capabilities. Referring to Figure 6.7b, they reported that the Fermi 
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level of CeO2 was higher than that of SnO2, resulting in the electron transfer from CeO2 to SnO2 
until achieving the equilibrium states of their Fermi levels. This would make an n–n type het-
erojunction at the interface and a depletion layer formed at the interface between CeO2 and SnO2 
and increase the potential barrier height built into the air due to oxygen adsorption. Normally, 
the oxygen molecules prefer to be adsorbed on the asymmetric Ce-O-Sn sites to predominantly 
dissociate to active O-(ads) species on the surface of the porous CeO2/SnO2 nanosheets. When 
3H-2B gas is introduced, it interacts with the adsorbed oxygen species on the surfaces, and elec-
trons are released back to the conduction band of CeO2/SnO2 nanosheets. The released electrons 
would decrease the thickness of the depletion layers between CeO2 and SnO2, further resulting in a 
decrease in the height of the potential barrier. This process would increase the conductivity of the 
sensor and significantly enhance the 3H-2B sensing performance of the CeO2/SnO2 nanosheets. 
Coupled with results from DFT, they showed that the active O−(ad) species originated from the 

FIGURE 6.6  (a, b) The energy band diagram of ZnO nanosheet and its schematic model in air. (c, d) The 
energy band diagram of ZnO nanosheet and its schematic model in TEA. (e) The energy band diagram of 
p-type NiO and n-type ZnO heterostructure. (f, g) Schematic model for the ZNS sensor exposed to air and 
TEA gas, respectively. (Reproduced with permission from Ref. [128], Copyright © 2014 Elsevier.)
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asymmetric Ce-O-Sn sites, as the adsorption energy (Eads) for 3H-2B on (110) plane of SnO2 was 
calculated to be −0.477 eV for asymmetric Ce-O-Sn sites and that of symmetric Sn-O-Sn sites was 
−0.36 eV, as depicted in Figure 6.7c and d, which further enhanced the adsorption and reaction 
kinetics of 3H-2B on the CeO2/SnO2 nanosheets surface, thus resulting in quicker response and 
recovery times. The porous 2D MOX nanosheet structure in this case endowed the materials with 
more surface-active sites and a much shorter diffusion pathway, which is highly desirable for the 
diffusion and adsorption of 3H-2B molecules on the surface of the material, further improving 
their sensing performance. It was also demonstrated that the local environment of oxygen species 
influences the sensing performance.

Porous MoO3/SnO2 nanoflakes with n–n junctions were also reported by Gao et al. [130] to 
demonstrate an improved gas sensing property with a higher gas sensor response of 43.5 toward 
10 ppm H2S at 115°C compared with that of the pure SnO2. The improved H2S sensing performance 
was attributed to the formation of n–n junctions, which played an important role in enhancing the 

FIGURE 6.7  (a) Demonstration of the surface sensing mechanism of 3H-2B on CeO2/SnO2 nanosheets sur-
face, (b) demonstrations of the 3H-2B sensing mechanism band diagrams for CeO2/SnO2–400 nanosheets, (c) 
adsorption configurations of 3H-2B adsorbed on Ov of SnO2, and (d) Ov near asymmetric Ce-O-Sn sites of 
CeO2-SnO2 interface. (Reproduced with permission from Ref. [129], Copyright © 2022 Elsevier.)
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sensing characteristics of MoO3/SnO2 nanoflakes. Also, the BET surface area of the heterostructure 
was found to be around 1.8 times larger than that of the pure SnO2 nanoflakes. Because of this, more 
gas molecules were able to participate in surface reactions leading to a greater change in the resis-
tance when the heterostructure was exposed to different gas atmospheres. Additionally, the hetero-
structure nanoflakes possessed larger pore volume than that of the pure SnO2 nanoflakes and larger 
pore volume advances gas diffusion, facilitating the enhancement of H2S sensing performance 
[130]. Other remarkable achievements in the use of n–n type MOXs for chemical gas sensing have 
been reported including WO3@SnO2 core–shell nanosheets [131], SnO2:CeO2 nanosheets [132], and 
TiO2/SnO2 nanosheets [133]. Their sensor performance has been summarized in Table 6.1.

In the p–p type heterojunction, the gas sensing is similar, but the dominant charge carriers are 
holes and the change in resistance after interaction with analyte gases is reversed in comparison to 
the n–n type heterojunction. For example, after the heterojunction of NiO-CuO [134] forms at the 
interface between NiO and CuO (Figure 6.8), a hole depletion layer and a hole accumulation layer 
form at the interfaces of NiO and CuO. The adsorbed oxygen ions create holes in the hole depletion 
layer, making them thinner than pure NiO and less resistant. The reaction between H2S molecules 
and deposited oxygen ions fills holes and increases the resistance measured when the heterojunction 
is exposed to H2S.

Table 6.1 summarizes some of the works found in the literature on 2D MOXs and their hetero-
structures-based sensing materials. The gas sensing performance including the operating tempera-
ture, response, analyte gas and concentration, response, and recovery rate has been summarized. 
A lot of progress has been made in the chemical gas sensor space, particularly in the use of MOX-
based materials, and as evidenced by the referenced works.

6.10  CONCLUSION AND FUTURE OUTLOOK

Over the past two decades, research into 2D MOX materials has been ongoing, and all literature 
works have paved the way, leaving no doubt about the potential of 2D MOX materials for sensing 
applications. The research in the sensor technology space is based on a long-term goal of commer-
cializing sensing devices that contain 2D MOX materials. The key industrial aspects to get these 
devices commercialized are to find 2D MOX development techniques that are reliable and are of 
low-cost production and scalable. 2D MOX materials are made up of traditional MOXs such as 
ZnO, TiO2, and NiO, and the perovskite oxide family and LDHs do have a potential for industrial 
production based on their characteristics that are beneficial for gas sensing. However, traditional 
MOXs suffer from high operating temperatures, making them highly energy-consuming. Even 
though LDHs have unique physicochemical properties such as high surface area and high porosity, 
anion and cation exchange capacity, and adjustable structure engineering with high controllability, 
they have drawbacks including agglomeration and low conductivity, which make their use in gas 
sensing to be limited.

Progress in the manufacturing process of 2D MOX materials has enabled the pairing of 2D 
structures with different dimensions to form heterostructures. The idea of combining various MOX 
materials to form heterostructures is relatively recent and stems from the need to improve the selec-
tiveness and other important sensor parameters of chemical gas sensors, such as operating tem-
perature, selectivity, and stability. Heterostructure materials present strong interactions between 
closely packed interfaces, giving superior performance compared to the construction of single MOX 
materials. It has also been widely reported that smaller molecules exhibit higher reactions in micro-
structures of similar sizes, thereby demonstrating higher selectivity. Since wide-band-gap materi-
als generally have fewer reactions, heterostructure materials can be selected to increase surface 
reactivity through surface–gas interactions. 2D MOX heterostructures-based materials have shown 
higher possibilities of being used for developing high-performance sensors for detection of different 
analytical gases. Nonetheless, many discoveries and detailed research remain to be made to fully 
recognize the opportunities of these materials to realize commercialization. The utilization of DFT 
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TABLE 6.1
Performance of Gas Sensors Based on 2D Metal Oxides Nanostructures and Their Heterostructures

2D Metal Oxide Method Gas Temp. (°C) Response Tres/Rec (s) Ref.

ZnO nanosheets Hydrothermal Acetylacetone, 100 ppm 340 191.1 19/94 [73]

ZnO nanosheets Solvothermal NO2, 10 ppm 200 74.68 – [135] 

In2O3 nanosheets Hydrothermal NOX, 10 ppm 120 213 4/10 [136]

SnO2 nanosheets Hydrothermal HCHO 240 3 – [31]

MoO3 nanosheets Exfoliation C2H6O 300 33 21/10 [137] 

MoO3, nanosheets Hydrothermal DIPA, 10 ppm 217 30.4 4.3/– [138]

WO3 nanosheets Chemical bath deposition NO2, 10 ppm 100 460 54/63 [139]

NiO nanosheets Hydrothermal NO2, 20 ppm 250 80% – [140]

NiO lotus-root slice-shaped Hydrothermal N2H4, 100 ppm 92 107.6 50/29.6 [141]

Co3O4 nanosheets Hydrothermal Acetone, 100 ppm 150 11.4 150-41/300-65 [142]

Co3O4 Solvothermal Xylene, 100 ppm 150 74.5 – [143]

NbWO6 Perovskite High-temperature calcination H2S, 50 ppm 150 12.5 6/30 [37]

LaCoO3 - ZnO Sol–gel method Ethanol,100 ppm 320 55 2.8/9.7 [144]

LDH- Ag/LDH Glucose reduction Methanol, 100 ppm RT 3.35 10/20 [145]

Pd/TiO2 nanosheets GO template H2, 1000 ppm 230 9.1 1.6/1.4 [146]

WO3-rGO nanoflakes Hydrothermal NO2, 10 ppm 90 4 10/9 [147]

TiO2/SnO2 nanosheets PLD TEA, 100 ppm 260 52.3 12/22 [133]

SnO2:CeO2 nanosheets Hydrothermal Ethanol, 100 ppm 340 44 25/6 [132]

NiO/Co3O4 nanosheets Hydrothermal Xylene, 100 ppm 140 12.27 22/55 [148]

ZnO-SnO2 nanosheets Co-precipitation and decomposition Ethanol, 50 ppm 240 80 7/42 [149]

CeO2/ZnO nanosheets Hydrothermal Ethanol, 100 ppm 310 90 20/4 [150]

Co3O4/MoS2 nanosheets In-situ anchored NH3, 5 ppm RT 2.1 105/355 [151]

Pt-BiVO4 nanosheets Colloidal Acetone, 100 pm 300 12.5 – [152] 



120 Advanced Two-Dimensional Nanomaterials for Environmental and Sensing Applications

studies will significantly contribute to the rapid and comprehensive advancement of 2D MOX mate-
rials in the field of gas sensing. This is primarily attributed to DFT’s capability to offer a profound 
understanding of atomic geometries and the underlying chemical bonding, thereby serving as a 
valuable tool for understanding surface–adsorbate interactions through the precise determination 
of their adoption energy and electronic properties.
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