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Gas sensors based onmetal oxide heterostructures (MOHs) are popular due to their low cost, sensitivity, and

eco-friendly production. MOHs significantly improve trimethylamine (TMA) detection sensor performance

in different food analyses. These improvements stem from their capability to enhance reaction efficiency,

elevate adsorption potential, and create a region with reduced charge carriers. The synergistic effects of

these factors collectively enhance the sensor's sensitivity, selectivity, and signal transmission efficiency.

However, challenges still need to be addressed, including potential material migration at the junctions,

manufacturing process reproducibility, and sensing layer stability. This review highlighted the significant

role of MOHs in chemical sensing, with a particular emphasis on their application in detecting TMA for

food quality analysis. This review explored the growth and interfacial characteristics of MOHs-based

sensors of TMA, aiming to bridge the gap between laboratory research and practical applications.

Additionally, we surveyed the mechanisms and impact of different MOHs on the performance of TMA

sensors in food analysis, providing insights into their effectiveness and real-world implementation.

Furthermore, the role of microfluidic sensors and the significance of artificial intelligence were explored

to improve the significant factors in detecting toxic gases and monitoring environmental health quality.

Integrating AI and microfluidic technologies could enhance real-time calibration and detection accuracy,

addressing these limitations. Future work could be focused on improving sensor design and

environmental resilience to ensure the broader use of MOH sensors in food safety and environmental

monitoring.
1. Introduction

The food industry plays a vital role in shaping the global
economy, public health, and cultural practices, serving as an
essential sector that provides sustenance and inuences various
aspects of society.1 From the production and processing of food
to its distribution and consumption, this industry has a signif-
icant role in science and innovation development.2–5 Further-
more, the food industry is responsible for upholding stringent
safety and quality standards across the supply chain, ensuring
consumer health and compliance with regulatory require-
ments.6 Strict regulations and quality control measures are
implemented to prevent contamination, spoilage, and the
spread of diseases. Additionally, the industry plays a vital role in
promoting healthy eating habits by providing consumers with
a diverse range of food options and nutritional information.7–9

This helps combat issues such as malnutrition, obesity, and
diet-related diseases. One of the most important types of food is
rsity of Technology, Tehran, Iran. E-mail:

Tabriz University of Medical Sciences,
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the Royal Society of Chemistry
meat, including red meat, poultry, and sh, which are rich in
nutrients such as protein, fat and minerals.10–12

More than 20 percent of primary meat production in North
America is lost. In fact, this trend can be attributed to waste in
the supply chain.13 In Canada, the nancial burden of food
waste surpasses $31 billion annually and escalates beyond $100
billion when factoring in related costs like energy and water
consumption.14 Comparable patterns are observed in other
industrialized nations. This signicant level of food waste also
presents serious environmental concerns. The Food and Agri-
culture Organization of the United Nations reported that the
global carbon footprint attributed to food waste exceeds 4.4 Gt
CO2 annually, with meat spoilage accounting for more than
20% of this impact.15

In addition, foodborne disease is prevalent in the world, and
food freshness, quality, and avor can signicantly inuence
people's inclination to consume.16,17 Aroma and taste are
essential indexes of food avor and freshness, which impact the
overall food assessment and consumers' purchasing
behavior.18,19 With improper storage or too long storage time,
food will spoil with unpleasant vapors, such as TMA and
hydrogen sulde gas. Released from deteriorated types of food,
TMA is a hazardous, volatile organic compound (VOC) that has
RSC Adv., 2025, 15, 23605–23632 | 23605
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harmful results on human health.20–22 Prolonged human expo-
sure to elevated levels of TMA can lead to various adverse health
effects, including dyspnea, headaches, pulmonary edema,
nausea, and irritation of the upper respiratory tract. As
a precautionary measure, the National Institute for Occupa-
tional Safety and Health (NIOSH) in the USA has established an
exposure limit of 10 ppm over a 10-hour period to minimize
health risks.23,24

Various analytical techniques have been extensively
employed for the detection of TMA, including high-
performance liquid chromatography (HPLC), gas
chromatography-mass spectrometry (GC-MS), and ion mobility
spectrometry (IMS). These methods offer high sensitivity and
accuracy, making them effective tools for monitoring TMA
levels in different applications.25,26 These characterization
methods oen necessitate high-cost, sophisticated instru-
ments, specialized expertise, intricate operational protocols,
and extensive sample preparation, making them impractical for
real-time food freshness assessment.20 Research highlights the
evolution of sensors from basic detection devices to advanced,
high-performance systems with enhanced exibility, wear-
ability, nanoplasmonic properties, stretchability, and fatigue
resistance. These modern sensors exhibit superior temperature
tolerance and are increasingly integrated into large-scale
applications, including the Internet of Things (IoT) and trace-
ability systems, signicantly improving real-time monitoring
and data collection capabilities.27–30

The GS has been established for decades to gain rapid,
accurate, operation-friendly, and even online detection tech-
niques for odor quality of nutrition substances.31,32 Recent
research has shown that GSs are mainly designed according to
sensing materials and transducer devices.33 Among a type of
gas-sensitive materials, MOHs, including WO3, ZnO, MoO3, a-
Fe2O3, SnO2, and CeO2, have been widely considered.34–40 Today,
many scientists and researchers consider the use of MO in
various elds, especially sensor fabricating, to be a useful
Fig. 1 Global GS market size by region and value (2020–2030F). Actua
Research, GSs Market Report, 2024.

23606 | RSC Adv., 2025, 15, 23605–23632
endeavor. As illustrated in Fig. 1, the global market for gas
sensors (GSs) has shown a consistent growth trend from 2020 to
2024, with continued expansion projected through 2030. The
demand is driven by emerging applications in environmental
monitoring, industrial automation, healthcare, and particularly
in food quality and safety. Notably, the Asia Pacic region leads
the market, followed by North America and Europe, indicating
both technological and regional dynamics in sensor adoption.
This trajectory underscores the increasing importance of GS
technologies, including advanced architectures such as metal
oxide heterostructures (MOHs).41 They are widely regarded as
cost-effective materials for GSs, offering several benets,
including exceptional sensitivity, rapid response and recovery,
low detection limits, and affordability in fabrication. Addition-
ally, they stand out for their ease of manufacturing, straight-
forward measurement processes, and long-lasting functionality
in comparison to other SC materials.42–45 The metal oxide
semiconductor (MOS) are widely regarded as cost-effective
materials for GS applications. They offer several advantages,
including exceptional sensitivity, rapid response and recovery
times, low detection limits, and affordability in manufacturing.
Additionally, their straightforward fabrication process, ease of
measurement, and long-term functional stability make them
superior to many other SC-based sensors.20,46,47

Since the 1970s, they have been designed as porous poly-
crystalline lms, serving as standard sensor materials for
conductometric GSs in the market.48 HS nanomaterials (NMs)
exhibit outstanding electrochemical properties, including
improved conductivity, remarkable charge storage capacity,
extended cycle life, and enhanced energy and power output.
These superior properties arise from the synergistic interaction
among their components, making them highly sought-aer for
resistive sensor design. The incorporation of heterostructure
(HSs) into heterojunctions (HJs) enhances sensing capabilities
by leveraging catalytic activity, increasing adsorption efficiency,
and facilitating the formation of a depletion layer.49–51 HSs are
l values up to 2024 and projected values from 2025 to 2030. TechSci

© 2025 The Author(s). Published by the Royal Society of Chemistry
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generally categorized into mixed, bi- or multi-layered, deco-
rated, core–shell, and branched congurations.52 Given the
rapid advancements in GSs for food quality assessment, this
review specically focuses on MOH-based sensors used in the
detection of trimethylamine (TMA), a key volatile compound
associated with food spoilage. While several comprehensive
reviews have been published on general MOH GS technolo-
gies,90 our study provides a TMA-centered perspective by
systematically comparing the structural, compositional, and
morphological characteristics of MOHs and their specic
impact on TMA sensing performance.49,53–55
2. Historical review of TMA sensors

In recent years, applying GSs to evaluate food quality has
become a new approach, and it has been considered world-
wide.56 Some recent studies in Table 1 showcase the TMA
sensing performance of various MOs. According to Song et al.,
incorporating noble metals (NbMs) into the sensor material is
considered an effective strategy for enhancing GS perfor-
mance.57 Therefore, a new GS material was prepared to detect
TMA gas by decorating Au nanoparticles (NPs) on WO3 nano-
rods (NRs). GS tests conrmed that the maximum response of
the Au@WO3 sensor is 76.4 at a functional temperature of 280 °
C for 100 ppm TMA. Also, the short response/recovery time (6/7
s) in this type of sensor was one of its remarkable features in the
detection of TMA gas. In another study by Lee et al.,58 electro-
spinning and a deposition method realized a exible TMA
sensor based on In2O3 nanobers (NFs). The sensor demon-
strated the ability to detect TMA gas concentrations as low as
1 ppm at 80 °C, with a response value of 3.8.

Additionally, it exhibited rapid response (6 s) and recovery
times (10 s).58 Both studies emphasize the importance of
fabrication techniques and material selection in improving
Table 1 TMA sensing performance of various MOs

Morphology Composition TMA (ppm)

Nanocomposite Au@WO3 100
Nanocomposite Au/WO3 25
NF In2O3 1
Hierarchical architectures a-Fe2O3 100
Membrane nanotubes (NTs) TiO2 40–400
Nanoplates MoO3 5
NR Pd–ZnO 5–5.5
Nanocomposite SnO2–ZnO 1–500
Nanocomposite Au@MoO3 5
Nanowires (NWs) Cr2O3–ZnO 5
NF ZnO–In2O3 5
NRs a-Fe2O3/TiO2 50
Nano-materials CdO–Fe2O3 1000
Thin lms Al2O3, TiO2, and

V2O5-doped ZnO
2

Nanocomposite NiO–In2O3 10
NRs 1-NiMoO4/MoO3 0.1–10
Microspheres ZnFe2O4/ZnO 31.5–100
Nanocages Co3O4/ZnO 0.013–50

© 2025 The Author(s). Published by the Royal Society of Chemistry
TMA sensor sensitivity, response time, and stability. While
Au@WO3 sensors offer high performance at elevated tempera-
tures, In2O3 NFs provide a more exible and lower-temperature
option. The use of NbMs and novel nanostructures (NSs) not
only improves the detection limits but also contributes to
enhanced sensor speed, which is critical for real-time applica-
tions. However, the performance stability of these sensors over
extended use, particularly in real-world conditions, remains
a challenge that requires further investigation. In another
study, Rodrigues et al. synthesized Co-doped ZnO NSs (5% and
15%) using a hydrothermal method. The 15% Co-doped sample
showed the highest response (86.1%) to 50 ppm TMA at 100 °C,
with fast response (19.4 s) and recovery (15.5 s) times. The
sensor also exhibited high selectivity toward TMA over various
amines and maintained stable performance over a 70-day
reproducibility test.59 In a study by Yun et al., porous In2O3

nanoparticles decorated with varying concentrations of CuO
(6.7–28.4 at%) were synthesized via a microwave-assisted
hydrazine reduction method for TMA GS. The optimal sensor
(CuO/In2O3), with 23.8 at%, exhibited a response of 5.7 to
2.5 ppm TMA at 325 °C, approximately 2.8 times higher than
that of pristine In2O3. The enhanced sensing performance was
attributed to the p–n HJ formation between CuO and In2O3 and
the catalytic activity of CuO.50 A highly sensitive room-
temperature TMA sensor was fabricated by integrating MoO3

nanobers with layered Ti3C2Tx MXene, as reported by Ma et al.
The composite exhibited a strong response of 4.0 to 2 ppm TMA,
with fast response and recovery times of 10 s and 7 s, respec-
tively. These properties were attributed to the formation of a p–
n HJ, high surface area, and abundant active sites that
enhanced gas adsorption and charge transfer. The sensor also
demonstrated a low detection limit and excellent stability,
making it a promising candidate for TMA detection in exhaled
breath diagnostics.60 Hu et al. reported a high-performance
Temperature (°C) Synthesis route Ref.

280 Hydrothermal 57
300 Solvothermal 68
80 Electrospinning 58
260 Solvothermal 69
80 Electrochemical anodization 70
300 Solution base 35
300 Simple wet-chemical 71
330 Hydrothermal 20
280 Hydrothermal 23
400 Thermal evaporation 72
300–450 Electrospinning 58
250 Electrospinning 73
230 Co-precipitation 74
300 Sputtering 75

200 Hydrothermal 76
200 Simple two-step solvothermal 77
240 Hydrothermal 78
190 Thermal decomposition

(assemble template)
79

RSC Adv., 2025, 15, 23605–23632 | 23607
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TMA GS based on a hollow ower-like NiO structure co-doped
with Sn and W, synthesized via a simple hydrothermal
approach using a metal–organic framework precursor. The
sensor exhibited an impressive response of 95 to 100 ppm
TMA—approximately 63 times higher than that of undoped NiO
nanoowers. It also demonstrated a ppb-level detection limit,
with a notable response of 1.5 to just 0.1 ppm TMA. The supe-
rior sensing performance was attributed to the synergistic
effects of high initial resistance (Ra), abundant oxygen vacan-
cies, the unique hollow spherical morphology, and an elevated
Ni3+/Ni2+ ratio in the doped NiO NS.61 Recent studies have
extensively focused on enhancing the selectivity and sensitivity
of TMA GSs through heterostructure engineering, surface
functionalization, and hybrid nanomaterials. Among them, the
work by Meng's team introduced a NiMoO4-functionalized
MoO3 heterostructure that demonstrated remarkable sensitivity
and ultra-low detection limits. Their optimized 7% NiMoO4/
MoO3 sensor responded strongly to 0.1 ppm TMA at 200 °C,
with a theoretical detection limit of 2.48 ppb. This improvement
is attributed to the formation of p–n heterojunctions, enhanced
interfacial charge transfer, and the high surface area of the
nanosheet structure.62

In a parallel effort, Yang reported the development of hollow
In2O3 nanotubes derived from metal–organic frameworks and
surface-modied with RuO2. The 1.5 wt% RuO2–In2O3 sensor
exhibited a record-high response (Ra/Rg= 338) to 100 ppm TMA,
outperforming pristine In2O3 by more than 30-fold. With
a response time of just 3 s and a low detection threshold of 50
ppb, this sensor benets from both chemical and electronic
sensitization effects of RuO2 and the structural advantages of
the nanotube architecture.63

Moreover, Sui and co-workers demonstrated that MoO3/V2O5

nanocomposites synthesized via hydrothermal methods could
detect TMA at room temperature with excellent performance.
Their composite sensor exhibited a response of 11.37% to
20 ppb TMA—signicantly higher than pure MoO3 or V2O5

components. Density functional theory simulations further
conrmed the synergistic role of the n–n heterojunction in
enhancing the adsorption and sensing capability. The sensor's
successful detection of TMA in simulated exhaled breath
underlines its promise for non-invasive biomedical diagnos-
tics.64 Similarly, Ji developed a novel ower-like Co3O4/In2O3 p–
n heterostructure sensor, which not only reduced the operating
temperature by 50 °C compared to pure In2O3 but also achieved
a detection limit down to 1 ppm TMA. The enhanced perfor-
mance is ascribed to the catalytic effect of Co3O4 and the opti-
mized charge separation enabled by the heterojunction
interface. This work provides a deeper understanding of the
structural and electronic factors governing GS.65 Similarly, Xie
explored a hybrid approach by integrating one-dimensional
In2O3 nanobers with two-dimensional Ti3C2TX MXene. The
resulting composite sensor exhibited a rapid response/recovery
time (4/3 s) and a response value of 12.44 to 50 ppm TMA at
120 °C, which is more than twice that of pristine In2O3. The
improved performance is attributed to the large surface area
and synergistic effect of the 1D/2D interface and the formation
of p–n heterojunctions, offering a new avenue for the design of
23608 | RSC Adv., 2025, 15, 23605–23632
advanced hybrid GSs.66 Finally, building upon these innovative
strategies, Wang and colleagues synthesized Co3O4-modied
WO3 microspheres via a straightforward hydrothermal route
using ZIF-67 as a sacricial template. The resulting hybrid
material exhibited outstanding gas-sensing properties toward
TMA. Notably, the WO3/Co3O4-based sensor achieved a high
response of 198 to 100 ppm TMA at 285 °C, alongside a fast
response/recovery time (11.7/2.1 s), excellent selectivity, long-
term operational stability, and a low detection limit of
0.17 ppm. The remarkable performance is attributed to several
synergistic factors: the large surface area facilitated by the
microspherical morphology, the p–n heterojunction formed
between WO3 and Co3O4, which modulates the resistance effi-
ciently upon gas exposure, and the inherent catalytic activity of
Co3O4 that accelerates the redox reactions at the sensing
interface. This study further conrms the vital role of compo-
sitional tuning and heterostructure engineering in advancing
the eld of high-performance TMA GSs.67 Collectively, these
advancements underscore the critical role of heterostructure
design, surface modication, and dimensional hybridization in
overcoming long-standing challenges such as low sensitivity,
high humidity interference, and poor selectivity. These
approaches pave the way for the development of next-
generation TMA sensors tailored for applications ranging
from food safety to non-invasive medical diagnostics.

This review focuses on recent advancements in the design,
fabrication, and application of MOHs for the detection of TMA,
a VOC of signicant importance in food safety, environmental
monitoring, and medical diagnostics. The synergistic effects
between different MOs in HSs are explored, highlighting how
they improve GS performance through mechanisms such as
enhanced charge transfer, catalytic activity, and surface area.
Key strategies for tailoring HS properties, including doping,
morphology control, and interface engineering, are discussed in
detail. Furthermore, the review addresses current challenges,
such as achieving high selectivity in complex gas environments,
improving long-term stability, and scaling up for practical
applications. Finally, future research directions are proposed to
overcome these limitations and unlock the full potential of
MOHs for TMA sensing. This comprehensive overview aims to
guide researchers toward innovative solutions in the eld of GSs
and monitoring of TMA as a VOC.

3. Classification of HS

HJs play a critical role in enhancing the GS performance of MO-
based sensors, especially for electron-donating analytes such as
TMA. The formation of junctions between two semiconductor
(SC) materials (e.g., p–n, n–n, or p–p) leads to built-in electric
elds and charge separation regions that facilitate more effi-
cient carrier transport and gas-surface interactions. These
effects improve key sensing parameters, including sensitivity,
selectivity, and response/recovery time. Before exploring the
structural categories of HSs, it is important to understand this
mechanism as the foundation of their relevance in TMA
detection. Several classication schemes of HSs have been
proposed in the literature, particularly in comprehensive
© 2025 The Author(s). Published by the Royal Society of Chemistry
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reviews such as those by Meng et al.49 and Zappa et al.80 Here, we
briey summarize these categories to provide context for the
subsequent analysis, focusing primarily on their implementa-
tion in TMA GS. Where possible, we emphasize structural types
most commonly reported in the TMA sensing literature.

In general, HSs can be classied into three main types based
on their architectural design:

(I) The rst type involves a simple blend of two materials that
are uniformly distributed throughout the structure, typically
indicated by a hyphen between the compounds, such as “ZnO–
SnO2”.

(II) The second type features a base material with another
material applied or incorporated onto it in some manner,
denoted by the “@” symbol. For instance, “ZnO@CuO” indi-
cates that CuO serves as the base material while ZnO is layered
or added over it.

(III) The third type of HS is characterized by a distinct
boundary or interface between two materials, oen denoted by
a forward slash. For instance, “ZnO/SnO2” refers to a bilayer
conguration where SnO2 serves as the bottom layer and ZnO is
placed on top. Likewise, “(ZnO–SnO2)/CuO” describes
a composite structure where ZnO and SnO2 NPs are deposited
onto a CuO lm, forming a bilayer arrangement.81,82

Recently, signicant attention has been given to HS NMs
because of their inuence on various technological elds, with
promising results emerging. Hierarchical (branched) nano-HSs
have attracted considerable interest because of their superior
design, remarkable characteristics, and potential for cutting-
edge applications. Traditionally, sensor technologies and
industries have been primarily reliant on thin-lm technolo-
gies. Thin layers of material applied to suitable substrates allow
for the replication of material properties on a smaller scale.
However, recently, alternatives to these lms have been
explored. One promising option is the use of one-dimensional
(1D) NF/core–shell/polymer composite nano-HSs. Fig. 2 illus-
trates various categories of HSs. These HSs are critical elements
in the advancement of various cutting-edge SC technologies and
are vital for optimizing the performance of high-efficiency
sensors and detection systems. The primary role of an HS is
Fig. 2 Schematic diagram of various HS categories.

© 2025 The Author(s). Published by the Royal Society of Chemistry
to facilitate accurate modulation of the behavior and transport
of charge carriers in SCs.83,84 A basic HS, also called a single HJ,
is created by merging SC materials with different chemical
compositions according to their positions. The advancement of
SC oxide materials with controllable, functional hierarchical
HSs has gained signicant attention due to their potential to
integrate diverse properties based on the morphology, compo-
sition, and arrangement of fundamental nanoscale compo-
nents. More specically, novel hierarchical HSs incorporating
core materials and 1D branches made from various substances
show great potential for a broad spectrum of sensor-based
applications, particularly in optoelectronic and photonic
sensing devices. These advanced HSs offer distinct advantages,
enabling the integration of both nanoscale phenomena and
enhanced robustness. For example, the epitaxial development
of Fe2O3/SnO2 branched HSs could boost sensor performance
through the synergistic interaction between the materials
(Fe2O3 and SnO2) and their unique branched conguration.85–89

3.1. Core–shell HSs

Core–shell HSs have gained signicant interest due to their
enhanced physical properties compared to individual compo-
nent materials. These materials are biphasic, consisting of
a central core structure surrounded by an external shell, which
can be composed of different materials. The combination of the
core and shell materials gives rise to unique properties. The
shell material is typically engineered to improve the core's
thermal stability, reactivity, and resistance to oxidation. Core–
shell NMs are widely utilized in various applications, including
sensors, energy storage systems, biomedical elds, electronics,
and catalysis.90–94

3.2. Decorated HSs

GSs using MOSs have been constrained by their elevated oper-
ational temperatures and reduced selectivity. To improve the HS
performance of these sensors, a typical approach is to decorate
or functionalize them with NbMs and MOs, leading to the
creation of decorated HSs.95 These decorated HSs offer several
advantages, including a high surface area, synergistic catalytic
RSC Adv., 2025, 15, 23605–23632 | 23609
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properties, and the ability to control grain size, all of which
improve their sensor functionality. Decorated HSs can inuence
particle size due to the role of the decorating material in acting
as a nucleation center during synthesis. These NPs (e.g., noble
metals like Au, Ag, or Pt) can limit the uncontrolled growth of
the host material by stabilizing surface energy and interrupting
particle agglomeration. As a result, the overall particle size
distribution becomes narrower and more controllable. The
decorated mesoporous microspheres are typically synthesized
through an acid-assisted sol–gel process, where metal alkoxides
are dissolved in a solution containing hydrochloric acid,
ethanol, and acetic acid. NbM NPs are integrated into the
microspheres by dissolving the respective metal salts into the
precursor solutions.96–98 In contrast to traditional post-
incorporation techniques, this approach enables the incorpo-
ration of metal precursors and the formation of mesostructured
materials in a single-step process.99,100

To detect sh freshness, Zhang et al. developed a SnO2–ZnO
nanocomposite GS. By doping SnO2 NPs with 10 wt% ZnO
microrods, the GS performance of the sensor was signicantly
enhanced. The SnO2–ZnO nanocomposite sensor demonstrated
high sensitivity to TMA in the 1–500 ppm range at temperatures
between 190–330 °C. Additionally, the device demonstrated
swi response and recovery kinetics at 330 °C.20 ZnO microrods
provide a high surface area, while SnO2 enhances electronic
interactions, making the sensor effective for real-time TMA
detection in food safety applications.

In the study performed by Woo et al., ZnO NW GS func-
tionalized with Cr2O3 was utilized for the construction of GS.72

This sensor synthesized ZnO NWs on alumina substrates and
integrated with Au electrodes via thermal evaporation. Semi-
elliptical Cr2O3 NPs were subsequently deposited onto the
surface of the ZnO NWs through the thermal evaporation of
CrCl2. The results revealed that the response (Ra/Rg, where Ra

represents the resistance in air and Rg denoted the resistance in
the target gas) to 5 ppm TMA of the Cr2O3-functionalized ZnO
NW sensor was 17.8 at 400 °C. The enhanced sensitivity and
selectivity of the sensor toward TMA were attributed to the
catalytic effect of the Cr2O3 NPs on the ZnO NW surface and the
enlargement of the electron depletion region induced by the p–
n junction.72 Both studies highlighted the importance of HSs in
GS performance enhancement. The SnO2–ZnO composite
offered a broad detection range, making it suitable for varied
TMA concentrations, while the Cr2O3–ZnO NW sensor benets
from p–n junction effects, resulting in high selectivity and
sensitivity. However, a key challenge remained: the high oper-
ating temperatures (330–400 °C), which limit energy efficiency
and practical applications. Future research should explore low
temperature operation strategies, such as NbM doping or
microuidic integration, to improve sensor usability in real-
world conditions. For this purpose, Zhang et al. developed
a novel technique for uniformly immobilizing monodispersed
Au NPs onto the surfaces of MoO3 nanobelts, which were
employed as TMA detection devices. The study examined the
inuence of Au NP deposition on the TMA-detecting capabilities
of MoO3 nanobelts. As a result, the MoO3 nanobelts function-
alized with Au NP exhibited markedly enhanced performance,
23610 | RSC Adv., 2025, 15, 23605–23632
including improved sensitivity, lower detection threshold,
better selectivity, and faster response time, in contrast to pris-
tine MoO3 nanobelts. The engineered sensor demonstrated
a peak response of 19.2 to 5 ppm TMA, with a relatively quick
response/recovery time of 2/10 seconds and outstanding selec-
tivity at 280 °C.23 This study highlighted two effective strategies
for improving GSs: adjusting material composition and adding
catalytic metals. While these approaches improved sensitivity,
speed, and selectivity, challenges remain, such as lowering the
operating temperature and ensuring long-term durability.
Future research could focus on making sensors more energy
efficient and integrating AI for real-time calibration, making
them more practical for applications like food safety and air
quality monitoring.
3.3. Multi-layered HSs

Multi-layered nano-HSs provide a unique approach to
enhancing carrier transport properties and achieving a range of
customizable characteristics by combining multiple mono-
layers. Specically, graphene nano-HSs offer vast potential for
the development of devices in areas such as optoelectronics,
sensors, and energy storage. Over the past two decades, 1D HSs
have garnered signicant interest due to their promising uses in
light-driven reactions, detection devices, energy storage, and
power conversion. Additionally, particulate hetero-NSs
embedded within a polymeric framework present the chal-
lenge of ensuring uniform dispersion and consistent bonding
of NPs within the framework. Bilayer NMs are considered some
of the most essential NSs due to their remarkable electrical,
thermal, chemical, mechanical, and optical characteristics.
However, a single-layer NM may not demonstrate all of the
required features simultaneously.101,102

Perillo et al. recently developed a bendable GS optimized for
operation at reduced temperatures, incorporating TiO2 NT
membranes synthesized via anodization. These NTs were inte-
grated into a deformable platform, where a network of inter-
woven Au electrodes was patterned through a standard
microfabrication process. The sensor demonstrated the capa-
bility to detect TMA within a concentration range of 40–
400 ppm, exhibiting a response time of approximately 20–25
seconds.70 The TiO2 NT structure provided a large surface area
for gas adsorption, but the slower response time may limit its
suitability for high-speed real-time applications. Nevertheless,
the sensor's exibility and low-temperature operation make it
an attractive solution for environments where these character-
istics are crucial, such as wearable devices or portable moni-
toring systems. This study emphasized the importance of novel
NSs in improving sensor performance. Interestingly, in a study
conducted by Cho et al., a sensor with excellent selectivity and
high sensitivity was successfully developed for TMA gas detec-
tion using MoO3 nanoplates, which were synthesized via ultra-
sonic spray pyrolysis and subsequently thermally treated at
450 °C. The resulting MoO3 nanoplates, characterized by their
small size and gas-permeable structure, exhibited an
outstanding sensing performance toward 5 ppm TMA,
achieving a resistance ratio (air to gas) of 373.74 at an optimized
© 2025 The Author(s). Published by the Royal Society of Chemistry
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operating temperature of 300 °C. Furthermore, the device
demonstrated an ultra-low detection limit of 45 ppb.35 The
small size and gas-permeability of the MoO3 nanoplates
signicantly enhanced their surface area and adsorption
capacity, which likely accounted for the sensor's high sensitivity
and rapid detection capability. This approach demonstrated the
potential of ultrasonic spray pyrolysis as a scalable, efficient
method for creating sensors with low detection limits that are
suitable for precise applications like air quality monitoring and
food safety. This study emphasized the potential of NbMs and
novel NSs in the advancement of high-efficiency sensor TMA.
MoO3 nanoplates provided exceptional sensitivity with a low
detection limit, ideal for applications demanding precision.
Future research should aim at further optimizing these struc-
tures for real world, low-concentration detection, while
addressing challenges related to stability and cost-effectiveness
for commercial scale application.
3.4. Branched HSs

Branched HSs consist of secondary 1D NWs extending from
primary 1D host NWs, creating a branch-like or brush-like
conguration. These distinctive structures are particularly
fascinating because they share characteristics with decorated
HSs that have a very high aspect ratio. While the fabrication of
such HSs usually requires several steps, it is oen feasible to
obtain well-ordered secondary NWs, with some instances
showing coherent growth on the host NWs.103,104

HS NMs, as a unique variation of 1D NSs, exhibit strong
interactions at their closely packed interfaces, leading to
improved and more intricate performance. The development of
branched HSs that combine p-type and n-type SC MOs offers
a crucial approach to integrating the unique characteristics of
each separate component into a cohesive structure.105,106

In order to detect TMA gas, Yang et al. used Hierarchical
structures of Fe2O3-like snowakes in the construction of the
sensor. The a-Fe2O3 was synthesized using an uncomplicated
solvothermal approach, followed by a heat treatment process,
exhibiting an outstandingly swi detection and restoration
duration (0.9 s/1.5 s) for 100 ppm TMA gas.69 This rapid
performance indicated that the hierarchical structure of Fe2O3

signicantly improved gas molecule adsorption and surface
reaction kinetics, allowing for faster detection. The distinctive
snowake-like structure likely expanded the active interface,
optimized engagement with gaseous species, and resulted in
a heightened detection performance. This development was
notable for its high-speed detection, making it suitable for real-
time monitoring of TMA in applications such as food quality
control and environmental safety. The hierarchical structure
based on Fe2O3 exhibited signicant advantages in terms of
speed and sensitivity. Indeed, this research highlighted the
signicance of innovative NSs in enhancing sensor efficiency.
The study also underscores the potential of hierarchical Fe2O3

structures in next-generation GSs, particularly for applications
demanding rapid and sensitive detection. Additionally, the
unique morphology contributes to improved stability and
reproducibility, making it a promising candidate for
© 2025 The Author(s). Published by the Royal Society of Chemistry
commercial sensor development. For example, in a study con-
ducted by Lou et al., a new hierarchical HS of a-Fe2O3 NRs and
TiO2 NFs with branch-like NSs was developed to detect TMA gas.
This was accomplished through an efficient two-step method
involving electrospinning and a hydrothermal process.
Furthermore, the investigation assessed the inuence of a-
Fe2O3 loading on TiO2 NFs and its effect on the TMA sensing
performance. The ndings indicated that the sensor based on
the a-Fe2O3/TiO2 branch-like HSs exhibited a sensitivity ranging
from 13.9 to 50 ppm of TMA gas, along with a rapid response
and recovery time (0.5 s/1.5 s) at 250 °C.73 The branch-like
structure improved surface area and gas interaction, contrib-
uting to its fast-sensing capability. However, while this method
enhances response time, further optimization might be needed
to improve sensitivity at lower gas concentrations. Future
research could focus on combining these strengths, achieving
both high sensitivity and rapid response while lowering the
operating temperature to enhance energy efficiency. In a recent
study by Meng et al., NiO-modied In2O3 ower-like (F-L) NSs
were successfully fabricated using a straightforward single-step
hydrothermal approach and utilized as GSs for TMA detection.
The sensor made from 0.05-NiO–In2O3 composites with well-
dened F-L morphology demonstrated a peak response of
approximately 20.5 to 10 ppm TMA at 200 °C, which is 4.7 times
greater than that of the pure In2O3 F-L NSs, which exhibited
a response of 4.4 to 10 ppm TMA.76 This improvement can be
ascribed to the synergistic interaction between NiO and In2O3,
where NiO enhanced the adsorption of TMA molecules and
optimized charge carrier modulation at the p–n HJ. The well-
dened F-L morphology further contributed to superior gas
diffusion and reaction kinetics, leading to higher sensitivity and
efficiency. This study highlighted the potential of HS engi-
neering in optimizing GS performance, particularly in achieving
lower operating temperatures and enhanced selectivity. While
the branched and ower-like morphologies clearly enhance gas
diffusion and surface interaction, the HJs present in these
systems also play a critical role in performance improvement. In
particular, a-Fe2O3/TiO2 and NiO/In2O3 combinations form p–n
HJs that facilitate efficient charge separation and band bending
at the interface, increasing the sensor's electrical response to
electron-donating gases such as TMA. These effects comple-
ment the structural advantages and highlight the synergistic
impact of both morphology and interfacial electronic properties
on sensor performance.
3.5. Hollow HSs

Hollow HSs represent a distinct type of core–shell NS. The term
“hollow” refers to structures that feature internal voids or empty
spaces, oen indicating a considerable amount of free space
inside. While any structure with an empty interior can be
considered hollow, the term is typically used to describe those
with signicant vacant space.105,107,108

Hollow NSs can be classied into various types based on
their shapes and the number of external layers. These include
hollow spheres, bers, tubes, boxes, and other congurations,
which differ in overall geometry. Depending on the quantity of
RSC Adv., 2025, 15, 23605–23632 | 23611
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external layers, these structures can be classied as single,
double, or multi-shelled (or walled) hollow structures.109

Hollow HSs are recognized for their exceptional intrinsic
properties, such as magnetic and catalytic behaviors, which
make them highly suitable for applications in biosensing,
wastewater purication, and ecological restoration. Compared
to bulk MO materials, hollow MO-based HSs exhibit superior
performance due to their large surface-to-volume ratio, which
enhances gas movement and molecular ow within the func-
tional surfaces. Recently, a variety of hollow MO frameworks
have been developed for detecting harmful gases, including
carbon monoxide, ethanol, hydrogen, liqueed petroleum gas,
acetone, and other chemical species.110,111 In 2012, Kim et al.
conducted an extensive study on GSs, leading to the develop-
ment of a TMA GS utilizing Ru–SnO2 hollow spheres. With
a shell thickness of around 17 nm, these spheres were synthe-
sized by uniformly depositing Ru- and Sn-precursors onto SiO2

microspheres, each approximately 300 nm in diameter. The Ru–
SnO2 hollow spheres showed strong responses to 5 ppm TMA at
350 °C while exhibiting minimal interference from other gases
such as toluene, benzene, H2, NH3, C3H8, and CO. The highly
sensitive and selective detection of TMA by these Ru–SnO2

hollow spheres was ascribed to GS occurring across the full
surface of the shells, coupled with the enhanced catalytic
properties imparted by Ru.112 This study highlighted the
importance of material doping and structural design in
achieving highly sensitive and selective TMA sensors. Also,
hollow spheres provided a large active surface area for gas
interaction. Future research could integrate these approaches
and combine hollow structures with optimized doping to
increase both response time and selectivity at lower operating
temperatures.

In addition to the advantages provided by the hollow
morphology—such as enhanced surface area and gas diffu-
sion—the interface between Ru and SnO2 in these hollow
spheres also plays a key role in boosting sensor performance.
This HJ facilitates charge transfer across the interface and
enhances the catalytic oxidation of TMA, thereby increasing
both sensitivity and selectivity. The synergistic effect between
the catalytic activity of Ru and the semiconducting properties of
SnO2 highlights the importance of interfacial engineering in
hollow HS-based GSs.
3.6. Mixed HSs

Mixed HSs are hybrid materials made by combining two or
more different materials at the nanoscale. These materials work
together to enhance properties like sensitivity, stability, and
efficiency. By combining components such as SCs, metals, or
oxides, mixed HSs leverage the strengths of each material,
leading to better performance in applications like sensors and
energy devices. In these structures, the interface between
materials plays a key role, improving charge transfer and
enabling faster reactions or better detection. For example,
mixing an MO with a noble metal in GSs can improve gas
adsorption and response times. These enhanced properties
make mixed HSs ideal for applications in elds like
23612 | RSC Adv., 2025, 15, 23605–23632
environmental monitoring and catalysis. For example, CdO–
Fe2O3 NMs were utilized as active sensing components for the
GS. The inuence of thermal treatment duration and temper-
ature on the GS performance of sensors incorporating CdO–
Fe2O3 NMs was further analyzed. The results demonstrated that
the sensor responded to 1000 ppm TMA at 230 °C at 1527. This
sensor demonstrated a high sensitivity to dilute TMA when
operated at 230 °C. Additionally, the response and recovery time
for detecting 1000 ppm TMA were 70 seconds and 170 seconds,
respectively.74 This report highlighted the signicant impact of
thermal treatment on the GS performance of CdO–Fe2O3

sensors, with the results showing high sensitivity to TMA,
especially at elevated temperatures. The response time of the
sensor and recovery period further emphasize its efficiency in
detecting TMA. Future research could focus on optimizing the
thermal treatment process to enhance the sensor's response
and recovery times while also improving the sensitivity at lower
concentrations of TMA. Incorporating advanced NMs or hybrid
structures could further boost performance for real time,
portable sensing applications. While thermal treatment signif-
icantly affects the GS performance of mixed HSs like CdO–
Fe2O4, it is important to note that the interface between the two
SCs also plays a key role. The p–n junction formed at the
interface facilitates charge separation and enhances the reac-
tivity of surface-adsorbed species, especially at elevated
temperatures. This synergy between interfacial HJ behavior and
thermal effects explains the observed improvements in
adsorption and response time. Therefore, the enhanced
performance cannot be solely attributed to temperature but
rather to the combined effect of structural and thermal factors.

4. HS material

HSs are materials made up of two or more distinct layers or
components, each possessing different properties, which are
combined to form a single, unied structure. These layers are
oen composed of different materials, such as SCs, metals, or
insulators, and may vary in terms of composition, crystal
structure, or thickness. The interaction at the interface between
these layers oen results in unique physical and chemical
properties that are not found in the individual materials.113–115

HSs are extensively used across various elds, particularly in
electronics, optoelectronics, and materials science. For
instance, in SC technology, an HS might involve layers of
different various SC materials, like gallium arsenide (GaAs) and
aluminum gallium arsenide (AlGaAs), which are utilized in
high-performance transistors or lasers. These materials are
selected for their differing electronic properties, such as varying
band gaps, to achieve specic advantages like enhanced effi-
ciency or better performance.116,117

In NMs and nanotechnology, HSs can also refer to hybrid
structures that combine different NMs, such as MOS combi-
nations, to improve specic properties like catalytic activity,
conductivity, or optical behavior.118,119 The chosen materials
ultimately govern the mechanisms of gas detection, absorption,
interactions, and electronic conguration. The characteristics
of an ideal material include low cost, high durability, and
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Electronic and chemical sensitization in functionalization of
metal-on-MO.
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extended longevity. The sensor response is typically attributed
to the inuence of enhanced surface activity (via catalysis or
adsorption interactions) and charge transfer between HJs with
improved performance.120–122 The size factor is oen highlighted
as a key factor for enhanced sensitivity and selectivity. A smaller
size can elevate sensitivity by restricting charge conduction,
similar to how HSs reduce the area in the main conductive
pathway of the base material. The HS size should be carefully
selected to optimally reduce charge carriers in the main con-
ducting channels. Selectivity can be improved by selecting HS
materials that exhibit catalytic capabilities, facilitating surface
interactions with gases. This can enhance surface reactivity, as
wide-band gap materials are generally less reactive.96,123–125 The
extent of charge depletion in the base material is also affected
by the selection of HS materials and their differences in Fermi
levels (FLs). Transition MOs and NbMs are oen chosen as HS
materials to achieve a balance of conduction channel restriction
and selective reactivity.126–128

4.1. Transition metal oxide

Oxides can function as either n-type or p-type materials (n–
pTM), where the majority of charge carriers are either electrons
or holes. Most GSs utilize an n-type MO as the core material and
combine it with either an n-type or p-type sensing material.
However, pTMs are less stable and show a lower response than
nTMs due to the formation of a hole-rich region at the surface.
In contrast, nTMs exhibit a carrier-depleted region near the
surface due to oxygen adsorption. The increased carrier
mobility in pTMsmitigates the inuence of adsorbed species on
resistance. Nonetheless, the incorporation of pTMs with nTMs
can enhance sensor performance through increased catalytic
activity, additional adsorption sites, the formation of depletion
layers, and the creation of electron–hole junctions. These effects
can be attributed to two mechanisms: electron transfer limiting
conduction and enhanced surface reactivity. When adding
pTMs in GSs, it is crucial to consider the reactivity of lattice
oxygen, which can engage in surface reactions alongside
adsorbed oxygen. This has been demonstrated in catalyst
studies using oxygen isotope tracers (O18/O16). The involvement
of lattice oxygen in surface reactions is referred to as the Mars–
van Krevelen mechanism and is more prevalent in pTMs due to
electron loss to bulk oxygen, resulting in reactive surface
oxygen. However, this electron loss may also contribute to the
gradual decline in the performance of pTMs. Lattice oxygen in
SnO2 has also been found to participate in surface reactions
with reducing gases.129–132

4.2. Noble metals

NbMs such as Pt, Pd, Au, and Ag have been widely investigated
for their ability to improve GS performance owing to their
catalytic properties and low FLs. The sensing capabilities are
enhanced through functionalization with NbMs via electronic
and chemical enhancement. Electronic enhancement involves
direct interaction between NbMs and MOs, while chemical
enhancement focuses on the decomposition of target gas
molecules (Fig. 3).133 When NbMs interact with another
© 2025 The Author(s). Published by the Royal Society of Chemistry
material, charge transfer takes place until the FLs of both
materials are balanced. This leads to electron accumulation in
the NbM, generating a depletion zone in the MO. This results in
a Schottky barrier with an upward band bending in the MO and
a at band in the NbM. The accumulation of negative charge in
the NbM can attract gaseous oxygen. These mechanisms are
referred to as enhancement and are commonly used to explain
improvements in sensor performance and specicity.134,135
5. Synthesis methods of sensor
materials

GS materials include MO, SCs, and materials, etc. These mate-
rials are produced using a variety of processing methods. Some
of these methods are outlined below:
5.1. Hydrothermal synthesis

The hydrothermal method, a set of techniques applied to
synthesize compounds from elevated-temperature aqueous
solutions under increased vapor pressures, involves generating
composite materials via a heterogeneous chemical process. This
reaction occurs in the presence of a solvent at temperatures
higher than room temperature and pressures exceeding 1
atmosphere within a sealed system. The result is the formation
of materials with high crystallinity and purity. This method can
be used to synthesize various materials, such as SCs, catalysts,
and NMs, with highly controlled properties due to the precise
regulation of temperature, pressure, and solvent conditions.
Additionally, it can be utilized to grow single crystals or obtain
specic material phases with tailored properties.136,137 The
sensor materials produced through the hydrothermal method
are characterized by high purity, with the crystal particle size
being easily regulated by ne-tuning reaction conditions such
as temperature and pressure. As a result, the fabricated MO NSs
exhibit several advantages, such as high purity, uniform crystal
particle size, symmetrical crystals, excellent dispersion, tunable
structure, adjustable morphology, and environmental
compatibility.138–140 Yao Ji et al. recently disclosed high-
performance TMA GSs utilizing Co3O4/In2O3 p–n HSs with
novel F-L morphologies created through a one-step hydro-
thermal approach. The sensor measurements demonstrated
RSC Adv., 2025, 15, 23605–23632 | 23613
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that all sensors exhibited exceptional conductivity for TMA
detection at reduced temperatures, with the optimal working
temperature for Co3O4/In2O3 being 200 °C, which is 50 °C lower
than that of pure In2O3.141 Zhao et al. reported a similar
perspective on the role of NbMs in GS fabrication. Considering
these key advantages, a highly sensitive TMA GS was engineered
by incorporating Au NPs (∼4 nm) onto WO3 nanosheets via
ultrasonic treatment. The WO3 nanosheets were prepared
through a solvothermal self-assembly approach. The sensor
demonstrated an optimal response of 217.72 (Rair/Rgas) at 300 °C
for 25 ppm TMA. Moreover, the Au/WO3-based sensing platform
demonstrated swi response and recovery dynamics (8 s/6 s), an
ultrasensitive detection threshold of 0.5 ppm, and outstanding
selectivity for TMA detection.68 The NbM (Au) likely improved
the sensor's electronic properties and facilitated electron
transport between the sensing interface and gas molecules,
contributing to the enhanced response speed and sensitivity.
This study highlighted the role of NbMs and innovative NSs
in enhancing the development of highly efficient TMA
sensors. Also, the Au/WO3 nanosheet sensor combined selec-
tivity, rapid response, and excellent performance at higher TMA
concentrations. These ndings underscore the importance of
material design and NS engineering in improving sensor
performance, with each study contributing valuable insights
into enhancing sensitivity, selectivity, and response times in
TMA detection.
5.2. Electrospinning

Electrospinning is a highly efficient technique for producing 1D
NSs (such as NFs, NWs, NRs, etc.) with a highly porous archi-
tecture, owing to its benets of minimal equipment require-
ments, ease of operation, and remarkable reproducibility.142–144

This porous conguration provides additional active sites for
the adsorption and interaction of TMA vapors within sensing
materials. Furthermore, 1D NSs are not constrained to nano-
scale dimensions and possess an elevated length-to-diameter
ratio, facilitating swi electron transport.141 MO NSs are fabri-
cated by electrospinning polymer-based solutions containing
inorganic precursors, which are then subjected to annealing at
temperatures ranging from 400 to 600 °C to eliminate the
polymer components.145–147 In fact, the size and morphology of
the resulting NPs can be precisely regulated by manipulating
various parameters such as the applied voltage, solution ow
rate, and the distance between the spinneret and the collector.
This process results in a highly porous structure that enhances
TMA molecule diffusion, sensitivity, and response speed.
Overall, electrospinning is a versatile and effective method for
synthesizing NPs and producing NFs with unique properties for
various applications.148,149 Lee et al. fabricated three distinct
ZnO–In2O3 composite NFs with varying compositions using the
electrospinning technique to detect TMA gas. All ZnO–In2O3

composite NFs demonstrated a signicant response to TMA.
The maximum responses to 5 ppm TMA for the ZnO–In2O3

composite NFs with compositions of [Zn] : [In] = 67 : 33, 50 : 50,
and 33 : 67 at% were 133.9 at 300 °C, 82.9 at 350 °C, and 119.4 at
375 °C, respectively.58
23614 | RSC Adv., 2025, 15, 23605–23632
5.3. Sol–gel

The sol–gel process stands out as a simple and effective chem-
ical synthesis technique for the creation of high-performance
NSd MOs (e.g., SiO2, TiO2).150–152 The process typically involves
several key stages, some of which may occur simultaneously. To
begin, raw materials are dispersed in solvents such as puried
water and/or anhydrous ethanol to trigger the hydrolysis
process, generating reactive monomers. Subsequently, the
monomers undergo polycondensation to create a colloidal
solution, which eventually transforms into a gel with a dened
morphological arrangement, experiencing a maturation
process. Different dehydration techniques, including super-
critical, heat, and freeze-drying, result in varying gel network
formations (such as aerogels, xerogels, and cryogels), each
inuencing the mechanical integrity and sensing characteris-
tics of MO NSs. Aerogels generally exhibit higher surface areas
and pore sizes, whereas xerogels demonstrate lower values.
Cryogels are characterized by reduced gel contraction. Aer
post-processing treatments like drying and heat treatment, MO
NSs are successfully synthesized.153,154 Finally, the structural
characteristics of these NSs are inuenced by factors such as
solvent type and quantity, concentration of additives, stirring
time, aging duration, and calcination conditions, including
temperature and time. Among these, the solvent type and
quantity play a crucial role in gel formation, while the calcina-
tion temperature is vital for controlling pore size and density,
which in turn signicantly impacts the sensing capabilities of
the MO NSs, particularly in detecting TMA vapors.155–158
5.4. Chemical vapor deposition (CVD)

Chemical vapor deposition (CVD) is a method used to create
a thin lm by depositing particles from a gas onto a surface.
This process happens in a reaction chamber where gases react
at elevated temperatures. A chemical reaction occurs when the
heated surface comes into contact with the gas, forming a thin
lm on the substrate. The result is a highly pure, strong, and
uniformmaterial, oen used for various high-tech applications.
However, CVD comes with challenges, such as needing
specialized equipment and handling gases that can be toxic.159

In research conducted by Nadekar et al., plasma-polymerized
thiophene–reduced graphene oxide (PPTh–rGO) composite
lms were employed to overcome issues related to poor selec-
tivity, prolonged instability, and measurement discrepancies at
elevated temperatures. These composite lms demonstrated
a sensitivity to ammonia and amines that was four times higher
than that of the separate PPTh and rGO lms. The primary
analytes tested for sensing performance included dimethyl-
amine (DMA), ammonia, TMA, and methylamine (MA). At
a concentration of 1000 ppm, the sensitivity sequence was
found to be MA > ammonia > DMA > TMA. Furthermore, the
PPTh–rGO composite lms exhibited remarkable selectivity,
with a ratio of up to 110 for ammonia and amines when
compared to other common VOCs. The response of the sensor
remained stable despite temperature uctuations ranging from
30 °C to 150 °C and sustained consistent performance for more
than four months. These results emphasize the promise of
© 2025 The Author(s). Published by the Royal Society of Chemistry
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PPTh–rGO composite lms in creating highly specic and long-
lasting GSs for the detection of ammonia and amines in envi-
ronmental monitoring.160

5.5. Pyrolysis

Pyrolysis is a widely used method for producing NPs, especially
in large-scale industrial settings. The process involves heating
a chemical compound at high temperatures using a ame and
a fast-moving stream of gas or steam.161 The rawmaterial, either
in liquid or vapor form, is pushed into a high-pressure chamber
through a small nozzle, where it encounters intense heat. This
reaction breaks down the material, and the resulting gases are
then separated to collect the NPs. Some systems use lasers or
plasma instead of ames to generate the necessary heat.
Pyrolysis is popular because it is simple, cost-effective, efficient,
and capable of producing high-quality NPs. In a study con-
ducted by Hu et al., graphene quantum dots (GQDs) were
synthesized through the thermal decomposition of citric acid,
resulting in particle sizes ranging from 2 to 4 nm. The GQDs/a-
Fe2O3 composites were fabricated by integrating GQDs with
hematite through a simple single-step solvothermal approach.
The sensing platform utilizing the GQDs/a-Fe2O3 composite
demonstrated a sensitivity of 1033.0 and 1.9 at 270 °C when
subjected to TMA vapor concentrations of 1000 ppm and
0.01 ppm, respectively. Remarkably, at 0.01 ppm TMA vapor, the
device exhibited an ultra-fast detection time of merely 6
seconds, with a recovery duration of 4 seconds.162

5.6. Biosynthesis

Biosynthesis, also known as green synthesis, is an eco-friendly
way to produce NPs. This method is safe, biodegradable, and
non-toxic, making it a great alternative to traditional chemical
processes. Instead of relying on synthetic chemicals, it uses
natural sources like plant extracts, bacteria, bacillus, and fungi
to create NMs. Because of its sustainable and unique approach,
biosynthesis is widely used in biological and medical applica-
tions. To monitor the freshness of saltwater sh, Mahata et al.
developed a GS using a cactus-like NiO NS. They synthesized the
sensor material through a simple, low-temperature hydro-
thermal process. When tested with 10 ppm of TMA, a key
indicator of sh spoilage, the sensor demonstrated a 56%
response. It reacted within 30 seconds and took 205 seconds to
fully recover, making it a promising tool for detecting sh
freshness.163

5.7. Mechanical milling

Mechanical milling is a widely used method for creating
different types of NMs. During production, mechanical
grinding helps rene and temper the materials, with various
components being milled in a controlled setting. Several factors
affect the milling process: plastic deformation, which results in
NPs with varying shapes; fractures, which lead to smaller
particles; and cold welding, which can cause the NPs to grow
larger.82 Sun et al. conducted a signicant project using this
method. Through a straightforward mechanical grinding
approach, montmorillonite underwent surface modication
© 2025 The Author(s). Published by the Royal Society of Chemistry
using tetramethylammonium bromide. Following this alter-
ation, the BET surface area of the treated material (Ball Milling
with Tetramethylammonium Bromide for Montmorillonite
Modication (BMTMt)) expanded signicantly from 20.6 m2 g−1

to 186.4 m2 g−1, with a microporous fraction reaching 47%.
Kinetic uptake experiments demonstrated that BMTMt exhibi-
ted superior efficiency in capturing toluene, achieving an
adsorption capacity of 55.9 mg g−1-sixfold higher than that of
the unmodied counterpart (8.8 mg g−1).164

5.8. Nanolithography

Nanolithography is a method used to fabricate exceptionally
small structures, generally ranging from 1 nm to 100 nm.
Various techniques can be employed to produce NPs, including
scanning probe lithography, electron-beam lithography, nano-
imprint, optical lithography, and multiphoton lithography. The
primary benet of these techniques is their ability to produce
clusters made from a single NM, with precise control over the
size and shape of the structures. However, the process typically
requires specialized and expensive equipment, and it can be
quite complex to operate.4 For example, top-down Si NT arrays
with wall thicknesses ranging from 40 to 10 nm were success-
fully created using nanoimprint lithography (NIL) and spacer
patterning. These NTs, fabricated through the Bosch process,
showcased smooth surfaces, extended lengths (∼1000 nm) and
remained free from any noticeable distortion or deformation.165

5.9. Laser ablation

The hydrothermal approach involves synthesizing materials
within a sealed environment where elevated temperatures and
pressures facilitate controlled transformations in a solvent
medium. This technique enables the formation of structured
compounds via chemically driven interactions occurring under
conditions exceeding ambient temperature and standard
atmospheric pressure. This results in materials with high crys-
tallinity and purity material. This method can be employed to
create a variety of materials, including SCs, catalysts, and NMs,
with highly controlled properties due to the precise manipula-
tion of temperature, pressure, and solvent conditions. The
process can also be used to grow single crystals or achieve
specic material phases with desired properties.166

5.10. Sputtering

Sputtering is a method in which NMs are deposited onto
a surface by bombarding it with ions, causing material to be
ejected from the surface. This technique is commonly used to
apply thin lms of NMs, which are then oen followed by
a heating or tempering stage. Factors such as lm thickness,
temperature range, and reaction time during the process all
affect the size and shape of the resulting NMs. Karthikeyan et al.
utilized a distinct approach to fabricate V2O5 thin layers for
DMA gas detection. They examined layers formed under two
separate energy inputs, 75 W and 100 W. The layer generated at
100 W exhibited a notable detection behavior in the response
curve at ambient conditions across a DMA range of 20 ppm to
100 ppm. The investigation further explored the detection
RSC Adv., 2025, 15, 23605–23632 | 23615
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principle and introduced an applicable methodology for
developing NS-integrated resistive chemical sensors.167 In the
research conducted by Park et al., ZnO-based lms were fabri-
cated for TMA GS using magnetron sputtering with TiO2, V2O5,
or Al2O3-doped targets. The lm thickness and annealing
temperature were identied as crucial parameters for achieving
optimal sensitivity and stability. The study demonstrated that
doping the lms with 1.0 wt% TiO2, 0.2 wt% V2O5, and 4.0 wt%
Al2O3 enhanced the lms' responsiveness and selectivity for
TMA gas detection at 300 °C.75
6. Mechanism of MOS GS

The detection process in MO-sensitive materials within GSs
relies on the interaction between surface-bound oxygen species
and target gas molecules, leading to variations in electrical
resistance. In n-type SCs, electrons act as the dominant charge
carriers, whereas in p-type counterparts, holes fulll this role.
Upon exposure to atmospheric conditions, oxygen species
adhere to the surface of semiconducting MOs, where they
capture free electrons and transform into ionic oxygen forms.
These negatively charged oxygen species (O2−, O−, or O2−)
undergo ionization through the following reactions:168

O2 (g) / O2 (ads) (T < 100 ˚C) (1)

O2 (ads) + e− / O2
− (ads) (100 < T < 200 ˚C) (2)

O2
− (ads) + e− / 2O− (ads) (200 < T < 300 ˚C) (3)
Fig. 4 Variation of the electron depletion region, (A) in n-type and (B) in

23616 | RSC Adv., 2025, 15, 23605–23632
O− (ads) + e− / O2− (ads) (300 ˚C > T) (4)

When a reducing gas interacts with gas molecules and
oxygen ions, it causes the formation of a region of electron
depletion on the nTM and a region of hole accumulation layer
(HAL) on the pTM. The gas molecules and oxygen ions adsorb
onto the sensing material's surface and transfer electrons back
into the material. This leads to a reduction in the electron
depletion layer (EDL), which in turn lowers the resistance in the
nTMs.169 In a similar manner, when it is exposed to oxidizing
gases, the opposite process occurs, causing the resistance to
increase as the EDL grows. In pTMs, the HAL, which emerges as
oxygen molecules capture electrons on the surface, diminishes
upon exposure to either reducing or oxidative gases, as illus-
trated in Fig. 4.

The following equations show the interaction of gas mole-
cules and oxygen ions with a reducing gas (such as TMA):

4(NH3)3 + 21O2
− / 2N2 + 18HO2 + 12CO2 + 21e− (5)

2(NH3)3 + 21O− / N2 + 9HO2 + 6CO2 + 21e− (6)

2(NH3)3 + 21O2 / N2 + 9HO2 + 6CO2 + 42e− (7)

6.1. Factors affecting the sensing mechanism

The resistance of an MO sensor can either increase or decrease
when exposed to gaseous species, depending on the specic MO
and the type of gas analyte. However, it is crucial to examine the
p-type for reducing gas and oxidizing gas.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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underlying junction behavior to understand how different
materials impact the performance of the GS.170–172 As empha-
sized in the introduction, diverse material compositions can be
utilized in developing MO-based GSs. In this regard, interac-
tions between oxide–oxide systems and NbMs with oxides are
examined for their gas detection capabilities.173,174 Key aspects
inuencing the gas-sensing behavior of these HSs involve the
functionality of adsorption-active sites and the interfacial
characteristics.175–178
6.2. Importance of active adsorption sites

It is reasonable to assume that amplifying the availability of
active binding sites on the MO-based detector will enhance its
signal output.80 Furthermore, the nature of the target gaseous
species determines which adsorption and release mechanisms
aremost inuential in assessing detection efficiency. In the case
of oxidizing gases, superior detection capability is achieved by
ensuring extensive molecular interaction at the interface.179

Given that oxygen possesses strong electronegativity, it with-
draws free charge carriers from the detector's interface, thereby
reducing conductivity.180 The presence of oxygen at the interface
can be elevated by expanding the exposed area, optimizing
binding regions, and limiting molecular detachment.181 1D NSs
demonstrate a greater surface area relative to their volume when
compared to 2D thin lms, resulting in enhanced GS perfor-
mance.100 Due to their unique morphological features, 1D HSs,
such as branched and core–shell congurations, further
amplify the active surface area. For instance, a-Fe2O3/TiO2

brush-like NSs fabricated through a solution-based method
exhibit a specic surface area of 37m2 g−1, which surpasses that
of Fe2O3 NWs (7 m2 g−1), while TiO2 remains void at 21 m2 g−1.
This enables the heterogeneous a-Fe2O3/TiO2 composites to
capture a greater number of gas molecules, resulting in a more
substantial response compared to TMA. Fig. 5 illustrates FESEM
images of a-Fe2O3/TiO2 HSs at various magnications following
a hydrothermal treatment at 95 °C for 4 hours. Occasionally,
during the synthesis of HSs, structural imperfections in the
Fig. 5 Schematic diagram of electrospinning process for MO, synthesis F
d) magnified.73 Permission Copyright © 2013, ACS.

© 2025 The Author(s). Published by the Royal Society of Chemistry
network can increase in parallel with surface area, inuencing
the sensing behavior.73
6.3. Importance of inter-junction between metal oxides

A HJ functions as an electronic and physical interface con-
necting two distinct solid-state substances. In such HJ, the FLs
of the involved materials become aligned, and different or
similar charge carriers participate actively in the process. HJs
can be categorized into four types depending on the materials
involved: MO with MO, MO with metal sulde, MO with NbMs,
andMO with other substances like carbon-based materials (e.g.,
rGO, g-C3N4, graphene) or rare-earth metals.181 The formation of
an HJ between multiple MOs enhances sensing performance by
(a) improving the interaction among electron depletion regions,
(b) altering the energy band structure, (c) increasing the
number of adsorption sites, and (d) boosting the catalytic
activity of the materials.182 HJs based on MOs can be broadly
categorized into two types based on the conduction type of the
interfacing materials:

� (Isotype HJs): these occur between SCs of the same type (n–
n or p–p). In such junctions, band bending and interfacial
charge redistribution inuence the transport properties.

� (Anisotype HJs): these form between p-type and n-type SCs
(p–n junctions), where a built-in electric eld develops due to
the diffusion of charge carriers. This leads to the formation of
a depletion region, which plays a vital role in enhancing GS
performance.

While p–n junctions are widely used in silicon-based elec-
tronic devices such as diodes and LEDs, similar principles apply
to MO-based sensors, where junctions like NiO–SnO2 or CuO–
ZnO improve sensitivity and selectivity via interfacial charge
modulation. Integrating diverse materials within an HS opens
up new opportunities to enhance the morphological, architec-
tural, and operational characteristics, thereby boosting the
performance of the device. When two materials combine to
form an HS, their energy levels naturally align as electrons with
greater energy move across the interface into available lower-
ESEM images of the a-Fe2O3/TiO2 HSs: (a and b) panoramic and (c and

RSC Adv., 2025, 15, 23605–23632 | 23617
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energy states, reaching an equilibrium. This interaction leads to
the creation of a depletion zone for charge carriers at the
interface. Furthermore, band distortion occurs, establishing an
energy barrier due to the initial mismatch between the energy
levels of the materials. Consequently, charge carriers need to
surmount this energy barrier to pass through the interface,
impacting the overall electronic behavior and detection
performance of the HS.When a p-type SC forms an HJ with an n-
type SC, electrons from the n-type diffuse into the p-type region,
while holes from the p-type move into the n-type; this diffusion
creates a depletion region near the interface, resulting in the
formation of a built-in potential barrier. For p–n junctions, this
potential barrier controls the ow of charge carriers, which is
crucial in GS applications. In the presence of electron-donating
gases such as TMA, the barrier height and the width of the
depletion layer are modulated due to surface charge transfer
reactions. Adsorption of TMA molecules on the surface can lead
to an increase in free electron density (in n-type) or neutrali-
zation of holes (in p-type), reducing the barrier and allowing
more current to ow. These interfacial changes result in a more
pronounced electrical signal, thereby enhancing the sensitivity
and selectivity of the GS. A schematic diagram (Fig. 6) has been
added to illustrate the energy band diagram and depletion layer
behavior before and aer gas exposure in a typical p–n HJ.

In an n–n HJ, the interface forms between two semi-
conducting MOs with different FLs. This creates a ow of elec-
trons from the higher FL (n1) to the lower FL (n2), causing band
bending until equilibrium is reached.183 As a result, a potential
barrier is formed at the interfaces due to band bending, creating
a built-in voltage.184 When the sensing material is exposed to
air, oxygen atoms chemically interact with its surface, resulting
in an increase in resistance. On the other hand, in the presence
of reducing gases, the adsorbed electrons are released back into
the sensing material, causing a decrease in resistance. As
a result, gas detection is based on the changes in the resistance
of the sensing materials.

In a p–p-type junction, when the FL of one semiconducting
MO (P1) is higher than that of another (P2), electrons transfer
from P1 to P2, while holes move from P2 to P1. This process
results in HAL in P1 and depletion in P2, forming a barrier to
charge ow. The electric eld generated by this movement
causes the bands to bend upwards, creating a barrier to charge
Fig. 6 The energy band diagram and depletion layer behavior before
and after gas exposure in a typical p–n heterojunction.

23618 | RSC Adv., 2025, 15, 23605–23632
ow. This barrier varies with the presence of reducing or
oxidizing gases, inuencing the resistivity. Changes in resis-
tivity correspond to the sensor's sensitivity. Fig. 7 illustrates
how electron depletion and accumulation regions in n-HJs, as
well as HAL and depletion regions in p–p HJs, vary in response
to air and reducing gases.185

6.3.1 p–n HJ. As previously discussed, Woo et al. developed
a GS by synthesizing n-type ZnO NWs coated with p-type Cr2O3.
Their study demonstrated that the Cr2O3 coating effectively
narrows the ZnO conduction channel and increases the elec-
trical resistance of the sensor in the air, leading to more
pronounced changes upon exposure to TMA, a reducing gas.
Moreover, in the continuous core–shell NSs, the primary
conduction pathway occurred through the p-type Cr2O3 layer.
This behavior is attributed to the catalytic role of Cr2O3 in
facilitating methylamine decomposition, ultimately causing the
composite material to exhibit p-type characteristics when
interacting with TMA.72 The GS responses illustrated in Fig. 8(a)
and (b) further support this concept. In another notable
example, researchers investigated the enhancement of TMA GS
performance using NiO-functionalized In2O3 F-L structures.
The interaction between n-type In2O3 and p-type NiO resulted in
the formation of p–n HJs at their interface. Since the FL of In2O3

is higher than that of NiO, electrons migrate from In2O3 to NiO,
while holes move in the opposite direction until equilibrium is
reached. Consequently, a signicantly wider EDL forms at
the HJ interface, accompanied by the establishment of
a potential barrier. This phenomenon leads to a substantial
increase in the resistance of the NiO–In2O3 composite, as shown
in Fig. 8(c).47

6.3.2 n–n and p–p HJ. The establishment of an n–n or p–p
HJ results in band bending of energy levels, similar to that
observed in p–n junctions. In p–n junctions, resistance
increases due to electron–hole recombination at the interface,
leading to electron accumulation. Conversely, in an n–n junc-
tion, electron transfer occurs from the material with a higher FL
to the one with a lower FL. Rather than forming a depletion
layer, this process results in the creation of an accumulation
layer at the interface (Fig. 9).186

The subsequent adsorption of oxygen on the surface depletes
the accumulation layer, effectively enhancing the potential
energy barrier at the interface and amplifying the sensor's
response. Interestingly, an interface between SnO2 and ZnO was
reported by Zhang et al.20 When n-type SnO2 and n-type ZnO
reach equilibrium, electrons migrate from SnO2 to the lower-
energy conduction band of ZnO until their FLs align. This
electron transfer induces band bending at the interface. Upon
air exposure, oxygen species adsorb onto the surface of the
SnO2–ZnO nano-HSs and ionize into oxygen ions by capturing
free electrons. Consequently, a thick depletion layer forms on
the oxide surface, increasing the energy barrier at the HJ
interface and enhancing TMA sensing performance.
6.4. Importance of doping and HS addition

Two primary strategies are employed to enhance the perfor-
mance of GSs: doping and incorporating HSs. The effects of
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Change in barrier height of (a) n–n HJ and (b) p–p HJ in the presence of air and reducing gas.
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these methods have been widely investigated under diverse
testing conditions and synthesis techniques.187 The critical
factor lies in distinguishing the impacts of doping from those of
Fig. 8 (a) Gas responses (Ra/Rg or Rg/Ra: Ra, resistance in the air; Rg, resist
core–shell NCs to 5 ppm TMA over the temperature range of 300–4
temperature of 400 °C.72 Permission Copyright © 2012, IOP. (c) The prop
Copyright © 2022, Elsevier.

© 2025 The Author(s). Published by the Royal Society of Chemistry
HJ formation. While HJs promote better separation of charge
carriers and widen the depletion region, doping increases the
number of active adsorption sites and charge carriers.
ance in gas) of ZnONWs, Cr2O3-decorated ZnONWs, and ZnO–Cr2O3

50 °C. (b) Dynamic sensing transients to 5 ppm TMA at the sensor
osed energy band structure diagram for NiO–In2O3 HJs.47 Permission
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Fig. 9 Energy band diagram of the WO3–SnO2 (n–n) HJ at thermal
equilibrium.

RSC Advances Review

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
Ju

ly
 2

02
5.

 D
ow

nl
oa

de
d 

on
 8

/2
1/

20
25

 7
:3

2:
17

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
Both methods can be employed to improve selectivity for
a particular gas. The introduction of dopant materials into the
base material's lattice can notably affect the formation of an HJ.
Incorporating a cation into the lattice of various MOs leads to
lattice distortion, which can generate adsorption sites for both
oxygen and the target gas analyte.170 Furthermore, the signi-
cant improvements in sensing performance, attributed to
enhanced chemical and electronic sensitivity, have motivated
researchers to investigate the impact of incorporating multiple
materials through doping or HS formation. As highlighted in
a previous study, n-type In2O3 F-L structures were modied with
p-type NiO nanograins. The ndings revealed that the Ni-
decorated sensor exhibited superior performance compared to
pure In2O3. Additionally, the catalytic activity of NiO was found
to accelerate surface reactions, enhancing the real-time gas
monitoring process at 200 °C. As illustrated in Fig. 10, the
sensor response increases rapidly with rising TMA gas
Fig. 10 The sensor exhibited responses to TMA concentrations
ranging from 0.5 to 200 ppm TMA at 200 °C.47 Permission Copyright ©
2022, Elsevier.

23620 | RSC Adv., 2025, 15, 23605–23632
concentrations (from 1 to 20 ppm), followed by a gradual
decline in the upward trend at higher concentrations. This
behavior is likely due to the saturation of TMA adsorption sites
at elevated concentrations.

As a result, the 0.05-NiO–In2O3 sensor consistently exhibited
a higher response than the pure In2O3 sensor across all TMA
concentrations and was capable of detecting TMA at levels as
low as 0.5 ppm (the response was about 1.5), further indicating
the sensitization impact of p-type NiO on n-type In2O3.76

In the case of TMA, a reducing gas with strong electron-
donating ability, the described mechanisms are particularly
effective. Sensors such as Cr2O3-decorated ZnO nanowires72 and
NiO–In2O3 composites76 exhibit pronounced sensitivity to TMA
due to synergistic effects at their HJ interfaces. These systems
demonstrate enhanced charge transfer, larger depletion widths,
and catalytic facilitation of TMA decomposition, making them
highly suitable for selective and low-temperature detection of
this volatile compound.

7. Microfluidic GSs

Microuidic GSs are recognized as a modern and efficient
approach for achieving high sensitivity, rapid response times,
and compact designs. In this type of sensor, microuidics is
integrated with GS technology to signicantly enhance the
mentioned parameters. In the eld of sensors, microuidic
technology allows for the analysis of very small sample volumes,
meaning only a tiny amount of reagents or sensing materials is
needed.188 This capability not only makes the process more
efficient but also leads to sensors that offer quick responses
while requiring minimal sample amounts.189 There are several
reports of integrating MOS sensors with the microuidic device
to realize a miniaturized GS. Martini et al. created amicrouidic
GS that incorporates a built-in pumping system for detecting
ammonia.190 At the end of the microuidic channel, there is
a tungsten trioxide sensing layer equipped with interdigitated
platinum electrodes and a built-in heater. The heater has two
key roles: rst, it helps maintain a stable temperature for the
MO sensing layer, and second, it creates a temperature gradient
along the microchannel. The temperature gradient plays
a crucial role in driving gas ow through the microuidic
channel, a phenomenon known as thermal creep. For accurate
and consistent results, the MOS sensing layer needs to be kept
at a stable temperature, which is maintained at an optimal 473
K using a heater. The sensor can detect gas concentrations
within a linear range of 10 to 100 ppm. It responds in about 10
minutes, ensuring reliable performance with good reversibility,
reproducibility, and baseline stability. 1D sensing NMs,
including NWs, NRs, and NTs, offer a large surface area relative
to their volume, making them highly sensitive and capable of
quickly reacting to analyte molecules. Over the years, there has
been a growing body of research focused on the use of these
materials for gas-sensing applications. Importantly, 1D-NSs
prepared by microuidics technology have several advantages
over traditional bulk methods. It allows for precise control over
how the NSs form, reduces the amount of material needed and
benets from smooth, predictable uid ow. Beyond just
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 Schematic of microfluidic GSs: advancing precision detection through cutting edge technology.
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making these materials, integrating them into microuidic
chips opens the door to developing a variety of functional
microdevices.191 For example, highly ordered and porous TiO2

NTs have beenmanufactured to detect various VOCs. These NTs
feature inner diameters ranging from 110 to 150 nm and
lengths between 2.5 and 2.7 mm. Their large surface area
enhances interactions with analyte molecules, leading to
remarkably high sensitivity, with sensor responses reaching
approximately 95% within the 0 to 300 ppm concentration
range.192 Microuidic GSs, despite their numerous advantages,
still face several scientic and research challenges. One of the
key issues is improving their sensitivity and selectivity to accu-
rately detect specic gases in the presence of other compounds.
Additionally, enhancing their stability and longevity under
different environmental conditions remains a crucial area of
study. Integrating these sensors with electronic and wireless
systems can signicantly expand their capabilities, but further
advancements are needed. Precise control over the synthesis of
NMs, such as NWs and NTs, is essential to achieving optimal
performance.59,193,194 Moreover, optimizing the design of
microuidic channels to improve uid ow and sensing effi-
ciency presents another research challenge. Reducing produc-
tion costs is also critical for accelerating the commercialization
of this technology. Finally, the development of multifunctional
sensors capable of detecting multiple gases simultaneously
could greatly broaden their range of applications. Advancing
this eld requires interdisciplinary research across nanotech-
nology, materials science, chemistry, and electronics.195,196

Fig. 11 shows the importance of microuidic GSs in advanced
precision detection through advanced technology.

8. The role of artificial intelligence in
GSs

The traditional trial-and-error approach to developing high-
performance chemiresistive GSs is time-consuming and oen
inadequate to meet the growing demand for sensors across
various industries. Machine learning (ML) can overcome these
© 2025 The Author(s). Published by the Royal Society of Chemistry
limitations, offering a more efficient way to improve, develop,
and design sensors. Early detection of gas leaks with greater
accuracy and reliability using advanced techniques is a crucial
technology solution.197–199 Additionally, identifying specic
gases or detecting gases in complex mixtures remains a chal-
lenge that requires focused technological innovation. For
example, Bilgera et al. proposed combining multiple AI models
for gas source localization to identify the leakage point on the
ground using six different GSs.200 Pan et al. introduced a deep
learning approach featuring a hybrid framework that combines
Convolutional Neural Networks (CNN) and Long Short-Term
Memory (LSTM) networks to extract sequential data from tran-
sient response curves.201 Also, Liu et al. discussed two network
architectures, Deep Belief Networks, and Stacked Autoencoders,
that extract abstract gas features from an electronic nose (E-
nose). These features are then used to build Somax classi-
ers. The methods they proposed rely on sequential techniques
that directly use data from the GSs.202 Another approach for gas
detection involves thermal imaging. When a gas leaks, it causes
a rise in temperature compared to normal conditions. This
temperature increase can be detected and analyzed using
thermal imaging cameras, making it a useful method for
identifying leaks.203 Reserchers proposed a system for detecting
methane and ethane gas leaks using a thermal camera.204

Interestingly, Jadin and Ghazali developed a method for
detecting gas leaks using infrared image analysis. Their system
uses a series of image processing steps, such as capturing data,
preprocessing the images, processing the images, extracting
features, and nally classifying the results.205 The future of
articial intelligence (AI) in GSs looks promising, with
advancements that will make themmore accurate, efficient, and
versatile. AI will help sensors detect specic gases in complex
mixtures more precisely, reducing false readings. With real time
data processing, these sensors will be able to respond instantly
to changes in gas concentrations, improving safety and
decision-making. As sensors get smaller and more integrated
into smart devices and IoT networks, they will be used in a wider
range of industries and applications. AI will also improve the
RSC Adv., 2025, 15, 23605–23632 | 23621
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Fig. 12 AI-based GSs: improving the monitoring of global challenges through advanced technologies.
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reliability of GSs by predicting when they need maintenance,
and multi-sensor networks will offer more detailed and
comprehensive monitoring.206,207 Additionally, AI will optimize
energy efficiency, extending the battery life of sensors and
allowing them to function in remote or hard-to-reach areas. In
the end, AI will make GSs smarter and more adaptable, helping
to improve safety, environmental monitoring, and industrial
processes (Fig. 12).208,209

Although the use of AI in gas sensing is steadily advancing,
recent approaches have started moving beyond general
concepts. Researchers are now exploring more targeted appli-
cations like improving selectivity, optimizing sensor design,
and enabling smarter deployment in real-world conditions.210

8.1. AI-driven selectivity modeling for TMA detection

Recent studies have shown that machine learning models—
such as support vector machines and ensemble classiers—can
be effectively trained to distinguish TMA from structurally
similar amines based on subtle differences in dynamic sensor
response patterns. This selectivity optimization is particularly
valuable for food freshness monitoring, where the presence of
multiple nitrogen-based volatile compounds can interfere with
accurate detection.

8.2. Digital twin technology for GSs

The integration of digital twin technology in gas sensing
systems is an emerging trend. By simulating the real-time
23622 | RSC Adv., 2025, 15, 23605–23632
behavior and aging process of sensors through AI-based
models, these virtual replicas allow for adaptive calibration
and predictive maintenance especially benecial for continuous
monitoring of perishable goods emitting TMA.
8.3. AI-enhanced fabrication process optimization

AI tools, including Bayesian optimization and reinforcement
learning, are increasingly being used to ne-tune fabrication
parameters such as dopant ratios, synthesis temperature, and
reaction time. This data-driven control strategy enables
researchers to customize the morphology and surface chemistry
of MOH-based sensors for enhanced responsiveness to TMA.
8.4. TMA-specic datasets and open-source training
platforms

The development of open-access datasets specically curated
for TMA sensing—under varying conditions of concentration,
temperature, and humidity—has opened new possibilities for
collaborative model training. Such initiatives provide stan-
dardized benchmarks for evaluating AI algorithms across
diverse sensor platforms.
8.5. Federated learning for distributed IoT sensor networks

In practical deployments such as smart packaging or indoor air
quality monitoring in seafood markets, federated learning
allows edge sensors to learn from local data while contributing
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Structural and performance attributes of TMA GSs based on HS materials

Morphology Material system Synthesis method
TMA
(ppm)

Temperature
(°C)

Response/
recovery (s) Key advance Ref.

Decorated Au@WO3 Hydrothermal 100 280 7/6 High response fast kinetics 54
Core–shell Cr2O3@ZnO NWs Thermal evaporation 5 400 — High selectivity via

p–n interface
60

Nanocomposite SnO2–ZnO Hydrothermal 1–500 330 — Wide detection range 20
Branched a-Fe2O3/TiO2 Electrospinning +

hydrothermal
50 250 0.5/1.5 Ultra-fast response 61

Mixed CdO–Fe2O3 Co-precipitation 1000 230 70/170 High sensitivity at high
concentration

62

Core–shell NiO–In2O3 Hydrothermal 10 200 — Lower temp; enhanced
adsorption

64

Hollow Ru–SnO2 Template + chemical
deposition

5 350 — Highly selective;
large surface area

97

Multilayered TiO2 NTs Electrochemical
anodization

40–400 80 ∼20–25 Flexible, low-temp sensor 58

Ultrane
nanoplate

MoO3 Ultrasonic spray
pyrolysis

5 300 — Ultra-low detection
limit (45 ppb)

34

Decorated Au@MoO3 Hydrothermal 5 280 2/10 Improved selectivity and
fast response

23
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to a global model—without transferring raw data to central
servers. This approach enhances privacy and enables context-
aware TMA detection in decentralized networks.

9. Comparative analysis of MOH
structures in TMA sensing

In order to better highlight the relevance of existing studies to
TMA detection, Table 2 summarizes key sensor congurations,
their structural types, synthetic methods, and performance
characteristics such as response time, detection limit, and
optimal operating temperature. The performance of HSs
appears to be highly dependent on morphology, with branched
and core–shell structures generally providing faster response/
recovery due to enhanced gas diffusion and surface area,
while decorated and doped systems show improved selectivity
due to catalytic enhancement. Notably, NiO–In2O3 and Cr2O3–

ZnO p–n HSs exhibited superior TMA sensitivity at relatively low
temperatures, suggesting that energy-efficient designs can be
realized through interface engineering. These comparisons
support the argument that HS classication is not merely
a structural taxonomy but a basis for predicting and optimizing
TMA sensing behavior.

10. Conclusion and future trends

In this review, we summarized the progress made in the
development of based GSs with a specic focus on the detection
of TMA, a key indicator of food spoilage. Various types of HSs—
including core–shell, decorated, branched, hollow, and multi-
layer congurations—have demonstrated enhanced GS prop-
erties through synergistic effects in charge transport, surface
activity, and interfacial modulation. While signicant
advancements have been made in terms of sensitivity and
detection limits, current MOH-based sensors still face
© 2025 The Author(s). Published by the Royal Society of Chemistry
challenges such as selectivity in mixed-gas environments, high
operating temperatures, long-term dri, and issues with
reproducibility across batches. Moreover, the lack of standard
protocols and real-world validation limits their commercial
readiness. Also, in this review article, the importance of
microuidic sensors was discussed in order to improve the
main parameters and their development in the sensing of TMA.
Because the use of this type of sensor improves factors such as
sensitivity, selectivity, and response time, these sensors will
indeed become key in monitoring air, water, and soil quality in
real time. These sensors, integrated with AI and IoT, will
provide continuous environmental data, enabling rapid
response to pollution or hazardous conditions.211–213 With their
ability to detect gases at extremely low concentrations, they can
be used to monitor air pollutants, such as CO2, methane, or
VOCs, on a global scale. Ultimately, understanding the rela-
tionships between surface reactions, HJ interfaces, morphology,
and the sensor environment is crucial for advancing sensor
technology and other technologies utilizing MOSs. AI is
particularly valuable in areas where precision is essential, such
as detecting hazardous gases in industrial settings or moni-
toring air quality.214 Also, it enables real time data analysis,
which means sensors can quickly alert users to dangerous
conditions, improving safety and response times. AI also
contributes to the longevity of GSs by predicting when mainte-
nance is needed, reducing downtime, and preventing costly
repairs.215 Essentially, the combination of AI and GS technology
is revolutionizing how we monitor and respond to the world
around us.216

This review also highlights various challenges and provides
insight into how to address these issues. MO sensors are highly
sensitive and can detect a wide range of chemical compounds,
but their main drawback is poor selectivity. They oen respond
to multiple gases at once, which can lead to inaccurate readings
or false alarms, especially in environments with mixed
RSC Adv., 2025, 15, 23605–23632 | 23623
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pollutants. Their performance is also inuenced by factors like
shape, crystal structure, and surface area, making selectivity
a critical challenge. A promising way to tackle this issue is by
developing MOHs. By combining different MOs, researchers
can create materials that are more nely tuned to detect specic
gases while ltering out unwanted interference. These HSs can
be designed to enhance surface reactions and improve their
interaction with target molecules. Another effective approach is
doping these materials with transition or NbMs, which helps
rene their selectivity by tweaking their electronic properties
and making them more receptive to particular gases. Many MO
sensors struggle with slow response times, meaning they take
longer to detect changes in gas levels. This can be a major
drawback in situations where rapid detection is crucial. On top
of that, their stability tends to decline over time, especially in
harsh conditions like high humidity or extreme temperatures.
These factors can make long-term monitoring unreliable.

A smart way to overcome these challenges is by integrating
gas microuidic sensors with AI and IoT technology. These
advanced sensors can be engineered to detect and analyze gases
more efficiently by optimizing material properties, such as
increasing surface area to enhance gas interactions. Micro-
uidic sensors also improve gas transport, helping them
respond more quickly. By incorporating ML and AI, these
systems can adjust for environmental factors like temperature
changes, ensuring more stable and reliable performance over
time. Many modern sensors consume a lot of power, which can
make them impractical for remote or off-grid locations. High
energy demands also create challenges for integrating them
into compact, portable devices, especially for environmental
monitoring where low-power operation is essential. A practical
solution is to develop energy-efficient sensor systems. By using
advanced materials like thin lms or nanoscale structures,
sensors can function effectively while consuming less power.
Another promising approach is integrating energy harvesting
technologies, such as solar power, to support long-term,
autonomous operation. These innovations make sensors more
adaptable for continuous monitoring without relying heavily on
external power sources. Traditional chemical sensors oen
struggle with real-time data processing, meaning the informa-
tion they collect isn't always immediately useful. This can be
a serious issue in situations where quick action is needed, such
as detecting gas leaks or sudden pollution spikes. A smart
solution is to integrate AI and IoT into these sensor systems.
With AI, sensors can analyze data patterns, quickly spot
anomalies, and send instant alerts when something goes
wrong. IoT connectivity takes it a step further by enabling
remote monitoring, so users can track environmental condi-
tions and respond in real time from anywhere. This combina-
tion not only improves speed and accuracy but also makes
sensors far more efficient and reliable in critical situations. GSs
oen face challenges in real world environments, like industrial
sites or outdoor air monitoring, where factors such as temper-
ature shis, humidity, and other environmental changes can
affect their accuracy. These uctuations can lead to unreliable
readings, making it harder to trust the data they provide. A
smart way to enhance sensor resilience is by using protective
23624 | RSC Adv., 2025, 15, 23605–23632
coatings or encapsulation techniques to shield them from
harsh conditions. Additionally, AI-driven calibration can help
sensors adapt to environmental changes in real time. With ML
algorithms, sensors can automatically adjust their readings,
ensuring they stay accurate and reliable no matter the condi-
tions. MO sensors oen face durability issues, as their perfor-
mance can decline over time due to constant exposure to gases
and environmental conditions. This wear and tear can lead to
sensor failures or reduced accuracy, which is a major problem
for applications that rely on continuous, long-term monitoring.
To address this, researchers are working on stronger and more
resilient sensor materials. One approach is designing HSs with
reinforced physical structures or adding protective layers to
slow down degradation. Additionally, AI and IoT technologies
can help monitor sensor health, predicting when maintenance
or replacements are needed. This proactive approach helps
prevent unexpected failures, ensuring the sensors remain reli-
able over time.
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