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The transition toward net-zero emissions and the development of extreme-service machinery have created a
growing demand for robust gas-sensing technologies capable of reliable operation in harsh environments. Gas-
sensing research is therefore moving beyond laboratory-scale performance optimization toward sensors
designed for well-defined extreme-service conditions. Integrating interdisciplinary insights from materials en-
gineering, solid-state physics, and environmental science, this review focuses on research conducted over the
past five years. It adopts an environment-driven framework that connects external stressors with sensing
mechanisms, performance degradation, and engineering countermeasures. Current gas-sensing technologies are
critically assessed in terms of adsorption-desorption behavior, surface reactions, charge or ion transport, mass
transfer, and device stability with application-specific design requirements in aerospace, deep-sea exploration,
geothermal engineering, combustion or exhaust monitoring, and planetary investigation. Finally, emerging
challenges in material durability, packaging reliability, calibration stability, system integration, and domain-
adaptive modeling are identified, guiding the development of reliable gas-sensing platforms for continuous

extreme-environment monitoring and future frontier technologies.

1. Introduction

In recent years, there has been a marked increase in the demand for
reliable sensor systems capable of sustained operation under extreme
service conditions, such as those encountered in geothermal drilling,
turbine operation, and planetary space exploration. Harsh environments
present major challenges for gas detection. For instance, in situ trace-gas
measurements at the Venusian surface occur in a sulfur-rich atmosphere
at ~460°C and at pressures ~90 times Earth's surface pressure [1].
Accurate measurement of oxygen concentration in oxy-fuel combustor
exhaust streams requires sensors capable of withstanding temperatures
approaching 1000°C [2]. In the context of deep-sea extreme-environ-
ment monitoring, in situ quantification of dissolved CHy4, CO», and H,S
in hydrothermal vent fluids demands sensors tolerant of ~450°C and
strongly acidic conditions (pH < 3) [3,4]. These applications demand
high robustness of sensors against extreme temperatures, pressures, and
mechanical stresses, leading to the development of integrated solutions
in sensing elements, electronics, and packaging technologies [5].

This gap motivates a review that connects laboratory-level sensing

studies to field-relevant harsh-environment requirements. As illustrated
in Fig. 1, research on gas detection in harsh environments has steadily
increased over the past 20 years. Notably, many studies simulate local
extremes in the laboratory, such as heating the sensor element, hu-
midifying the inlet stream, or pressurizing a sealed chamber, rather than
operating under truly harsh ambient conditions, thereby creating a gap
relative to real-world applications. This review focuses on gas-sensing
technologies for extreme environments, including thermal extremes,
moisture-laden atmospheres, pressurized systems, low-pressure rarefied
gases, and near-vacuum conditions. However, research under authentic
coupled harsh environments remains limited.

For primary sensor architectures, gas sensors convert interactions
between gaseous species and solid or liquid matrices into measurable
electrical or optical signals [6,7]. The combination of high sensitivity,
rapid response, low cost, and simple integration has kept this field a
major research focus. Gas sensing technology plays a critical role across
various sectors, including environmental monitoring [8,9], industrial
safety [10,11], medical diagnosis [12,13], agricultural storage [14,15],
and aerospace exploration [16,17]. Gas-sensing performance supports
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vital infrastructure and strategic capabilities. Additionally, integrating
gas sensors with the Internet of Things (IoT) and artificial intelligence
(AI) has enabled remote monitoring and smart data processing,
expanding their uses [18]. From a market standpoint, the global gas
sensor industry is rapidly expanding. According to a Grand View
Research report, the worldwide gas sensor market was valued at USD
2.90 billion in 2023 and is expected to grow at a compound annual
growth rate (CAGR) of 9.5% from 2023 to 2030 [19]. This growth is
driven by increased deployment across sectors like manufacturing,
healthcare, and agriculture, where gas sensors improve efficiency,
safety, and regulatory compliance [20].

Despite this widespread deployment, most existing gas sensors are
optimized for mild ambient conditions. Exposure to extreme tempera-
tures, high humidity, or vacuum conditions often degrades sensing
materials, device structures, and signal stability, which lowers mea-
surement reliability [21-24]. While moderate heating can enhance
gas-sensing performance, excessively high temperatures can be harmful
[25]. At high temperatures, adsorbed gas molecules become too mobile
and desorb too quickly from the surface, preventing participation in
sensing reactions [26]. Water molecules competing for adsorption and
capillary condensation within mesoporous structures in high-humidity
environments can change surface reaction kinetics and obscure the
target gas signals [27]. Vacuum or very low temperatures may cause
active sites in the sensing material to fail [28]. These issues make gas
detection in extreme environments a critical challenge in global sensing.

Extreme-temperature environments are common in operational
scenarios. For high-temperature conditions, such as monitoring internal
combustion engine exhaust and controlling metallurgical processes,
sensing materials must display excellent thermal stability and resistance
to sintering. In ultra-low temperature conditions, like liquefied
hydrogen and liquefied natural gas storage and transfer (—253°C and
—162°C) [29], as well as thermal-vacuum space applications with large
thermal swings (from —120°C to +120°C), sensor design must address
issues such as carrier freeze-out, slowed adsorption-desorption kinetics,
condensation, and thermal mismatch stresses. High-temperature sensing
is well covered in the existing literature, while low-temperature and
cryogenic sensing are emerging topics driven by specific applications.
Studies have shown that pure SnO; nanowires showed a 5.95 response to
10 ppm Hj gas at 300°C, which decreased slightly to 4.85 at 350°C,
indicating poor high-temperature response stability. However, nano-
wires coated with an Al;O3 layer (optimal thickness of 4.5 nm) using
atomic layer deposition (ALD) increased the sensor's response at 350°C
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to 152.54, more than 30 times that of the uncoated sample. Even at
higher temperatures such as 400°C and 450°C, the sensor maintained
high responses of 57.32 and 12.76, respectively, demonstrating good
high-temperature performance. Therefore, the Al,O3 shell helps sup-
press grain coarsening and electron dissipation, while enhancing ther-
mal stability and gas sensing by modulating the interface barrier and
forming a SnO2-Al;03 heterojunction. Additionally, the core-shell
structure showed excellent selectivity, repeatability, and long-term
stability, making it a reliable solution for hydrogen leakage detection
in high-temperature environments [30]. Therefore, maintaining mea-
surement accuracy across temperature extremes remains a key challenge
in harsh-environment gas sensing. High-temperature gas sensing stra-
tegies include using sintering-resistant oxide sensing layers produced via
nanoparticle exsolution, refractory packaging, and wide-bandgap SiC--
based sensors and electronics validated at > 500°C [31,32]. Low- and
cryogenic-temperature gas sensor operation can rely on local
micro-heating or photoactivation to restore surface kinetics, combined
with fiber-optic systems for in situ detection [33]. Complementary
measures involve physics-informed temperature compensation and
data-driven drift correction.

Humidity is a crucial environmental factor affecting the performance
of gas sensors. Under high or low humidity conditions, key metrics such
as sensitivity, selectivity, and response/recovery times (tres/trec) are
often notably impacted. Extreme humidity levels are encountered across
many operational scenarios. In high-humidity environments, such as
wastewater treatment and wet flue-gas scrubbing, sensing materials
should demonstrate hydrophobicity and resistance to capillary
condensation to maintain selectivity and stability. In ultra-low-humidity
environments (less than 5%), some materials such as doped polymers,
conductive polymers, and carbon-based composites, may lose proton
conduction or interface charge balance, resulting in drift or reduced
sensitivity [34]. In metal-oxide-semiconductor (MOS) gas sensors, high
humidity can suppress the redox reactions of target gases, significantly
reducing detection sensitivity. In certain polymer-based or
polymer-nanocomposite sensors, humidity can cause material swelling,
alter conductivity, and lead to signal drift and measurement errors [35,
36]. Moreover, humidity significantly affects the performance of optical
gas sensors by altering the refractive index and volume of the sensing
film upon moisture absorption, leading to spectral shifts and gas
detection errors. Condensed water films on the sensing surface also
disrupt light transmission, further impacting measurement accuracy
[37,38]. Humidity compensation is therefore central to reliable
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operation in moisture-rich environments. Current approaches include
hydrophobic coating materials, environmental self-calibration algo-
rithms, and multi-parameter joint-detection strategies.

Pressure extremes are common in various sensing environments,
altering gas density, adsorption flux and surface reaction equilibria. At
high pressures, such as in deep wells or turbine combustors, sensing
materials require high structural rigidity and stable adsorption capacity
to prevent pore collapse and signal saturation, thereby ensuring
consistent gas-solid interactions. At ultra-low pressures nearing vacuum,
such as in aerospace or vacuum systems, materials should have defect-
rich active sites and large surface areas to capture trace molecules.
Meanwhile, assisted activation methods, such as local heating or
photoexcitation, help maintain detection sensitivity. Operating in a
vacuum or near-vacuum can reduce background interference and
enhance signal-to-noise ratio, but it also presents several challenges.
Under low-pressure conditions, fewer molecular collisions slow diffu-
sion, potentially affecting the sensor t.es. Additionally, sensor sensitivity
may decrease in the absence of oxygen or under abnormal pressure
conditions, especially for sensors that rely on redox reactions or an air
background, such as metal oxide or electrochemical gas sensors.
Furthermore, the target gas concentration in a vacuum can be easily
affected by adsorption, leakage, or system inaccuracies, leading to
increased measurement errors [22,39]. Therefore, extreme pressures
influence adsorption and surface reaction kinetics, thereby shaping
gas-sensing signals. Under high pressure, sensing layers must maintain
their structural integrity and adhere strongly to the substrate. They
should utilize accessible meso- to macro-porous networks that are
resistant to compaction to prevent site saturation and to control defect
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and catalytic site density. At ultra-low pressures near vacuum, when
chemiresistive contrast is insufficient, optical methods (e.g., tunable
diode laser absorption spectroscopy or cavity-enhanced techniques),
resonant mass sensors (e.g., quartz crystal microbalance (QCM) or sur-
face acoustic wave sensors), or field-emission readouts can be used to
restore sensitivity.

Beyond temperature, humidity, and pressure, harsh-environment gas
sensing also includes corrosive, dusty, high-flow, high-radiation, and
explosive atmospheres, each requiring specialized materials and struc-
tural designs to ensure stability, selectivity, and safety. However, labo-
ratory tests can sometimes be unreliable, as previous comparisons of
dissolved CH4 measured in fluids collected by conventional versus gas-
tight sampling have shown [40]. Therefore, in situ detection that
maintains native conditions has become a preferred method for moni-
toring extreme environments. Most importantly, gas sensors designed
for harsh environments are becoming increasingly vital for maintaining
safety and operational efficiency across various industries. These sensors
are built to operate reliably in tough conditions. Industries such as
petrochemicals, mining, aerospace, and defense use these sensors to
detect toxic, hazardous, or flammable gases, helping prevent accidents
and protect personnel. Advances in technology are driving gas sensor
development toward higher sensitivity, shorter t.s, lower power con-
sumption, and smarter features. The use of new materials, such as
nanomaterials and thin-film technologies, along with advanced
manufacturing techniques, has greatly improved sensor stability and
reliability under extreme conditions. These trends motivate a

mechanism-oriented review of gas-sensing technologies for harsh
environments.
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Fig. 2. Illustrative diagram of the characteristics and specific applications of gas detection in different harsh environments.
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In this review, advancements in gas-sensing technologies designed
for extreme environments over the past five years are categorized and
compared. The characteristics and specific applications of gas detection
in various harsh settings are illustrated in Fig. 2. We begin by intro-
ducing the fundamental sensing principles and material considerations
essential for sensor performance under challenging conditions. Next, we
examine specific environmental challenges, including high and low
temperatures, high humidity, and vacuum, analyzing how different
sensing materials and device architectures respond to these stressors. By
reviewing key research efforts and identifying common limitations and
solutions, we highlight emerging strategies to improve sensor resilience
and reliability. Additionally, we explore representative application
fields where these technologies are being used or envisioned, providing
insights into their practical implications. Through this comprehensive
analysis, we aim to provide a valuable resource for researchers and
engineers, guiding the development of next-generation gas sensors
capable of withstanding extreme operating conditions. Notably, in this
review, “harsh environment” and “extreme environment” are used
interchangeably to describe non-standard operating conditions that can
compromise gas-sensing performance.

2. Common gas detection techniques

In extreme environments, gas detection can rely on various trans-
duction mechanisms, including chemiresistive, solid-electrolyte/
electrochemical, optical, acoustic/resonant, ionization, and mass spec-
trometric methods, each balancing stability, selectivity, and sensitivity
under non-standard temperature, humidity, and pressure conditions. In
such scenarios, overall performance is determined not only by the
sensing material but also by controlled gas delivery and reference
channels, rigorous calibration and uncertainty analysis, and predictive
models that couple adsorption-reaction kinetics with mass transport.
Additionally, data-driven signal compensation and multi-sensor inte-
gration approaches can improve reliability when responses from indi-
vidual sensors are limited. Therefore, the selection of a sensing
technology should be guided by the target gas, operating conditions,
power budget, calibration stability, and system-level integration
complexity.
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2.1. Chemoresistive gas sensing

In chemiresistive sensors, target gases interact with the sensing layer,
altering its conductivity. The sensing response generally involves gas
molecule diffusion, surface or interfacial reactions, and charge-carrier
transport within the solid. When gas molecules reach the semi-
conductor sensing surface, interfacial charge-transfer processes are
initiated through surface states, catalytic sites, or defect-mediated
pathways. In air, ambient O can adsorb and withdraw electrons to
form ionic oxygen species, such as O3, O, or 02". This charge redis-
tribution causes surface band bending and creates an interfacial poten-
tial barrier, forming a space-charge region that modulates the material's
conductivity, with electron depletion in n-type semiconductors and hole
accumulation in p-type, as shown in Fig. 3a and b [43]. For n-type
semiconductors, reducing gases consume pre-adsorbed oxygen species,
lowering the surface barrier and decreasing resistance. P-type materials
show opposite behavior. Resistance increases in reducing environments
and decreases in oxidizing environments. The response amplitude cor-
relates with analyte concentration; thus, concentration can be estimated
from changes in resistance relative to the baseline, as shown in Fig. 3c.

In addition, morphology-tailored MOS-carbon nanoarchitectures
and metal-organic framework (MOF)-derived metal oxides represent
two complementary design strategies for chemiresistive gas sensors [44,
45]. The former balances reactive oxide domains with conductive car-
bon networks to enhance resistance modulation and molecular
discrimination, whereas the latter uses precursor-guided conversion to
regulate porosity, morphology, and active oxide sites for gas-dependent
selectivity. Furthermore, heteroatom-induced bonding regulation in
metal oxides can modify the crystal structure and surface reactivity,
providing another route to optimize active-site chemistry and
gas-sensing performance [46]. Collectively, heterostructure construc-
tion, heteroatom doping, and defect engineering provide effective routes
to modulate charge transport, surface reactivity, and active-site avail-
ability in chemiresistive gas sensors, thereby enhancing response sta-
bility, sensitivity, and selectivity under extreme conditions (Fig. 3d)
[47-49].

Nanocomposite engineering offers another important strategy for
improving chemical and gas-sensing performance by integrating gas-
reactive components with conductive, polymeric, piezoelectric, or
textile-supported matrices. These hybrid structures can increase the
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number of accessible active sites, regulate interfacial charge transfer,
improve structural flexibility, and enhance analyte discrimination
through synergistic interactions among phases. For example, poly-
vinylidene fluoride/TiO5 nanofiber textiles combine a flexible polymer
scaffold with an ethanol-sensitive TiO5 shell, illustrating the potential of
polymer-oxide nanocomposites for flexible, self-powered gas recogni-
tion [50]. More broadly, recent studies on piezoelectric and electro-
chemical composite sensors show that rational phase coupling and
interface engineering can expand the material design space for advanced
chemical and gas-sensing platforms [51,52].

From an application perspective, chemiresistive sensors are partic-
ularly well suited for compact, low-cost, array-based detection because
of their simple device structure, broad material tunability, and
compatibility with miniaturized electronics [42]. However, deploying
them in harsh environments requires careful management of humidity
interference, oxygen partial pressure effects, baseline drift, and ther-
mally induced microstructural aging.

2.2. Solid electrolyte gas sensing

Solid-electrolyte sensors based on solid oxide-ion conductors, such as
yttria-stabilized zirconia (YSZ), can operate either according to the
thermodynamic Nernst relation or Faraday's law. Fig. 4a summarizes the
operating principles of these sensors. Mixed-potential gas sensors are
solid-electrolyte devices with dissimilar, electrocatalytically active
electrodes exposed to the gas phase. The basic setup of mixed-potential
sensors is shown in Fig. 4b and c. Multiple redox reactions, including the
electrochemical reduction of oxygen and the electrochemical oxidation
of the analyte (e.g., combustibles), occur simultaneously at the
electrode-electrolyte-gas triple-phase boundary, each with distinct re-
action kinetics. As a result, the system electrode does not reach a
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thermodynamic Nernst equilibrium. Instead, a steady mixed potential is
established when the anodic and cathodic partial currents are balanced,
and this potential shifts reproducibly with the target gas concentration,
as shown in Fig. 4d [53].

Compared with semiconducting chemiresistive sensors, mixed-
potential sensors can offer improved selectivity because their signals
are governed by electrode-specific electrochemical reaction kinetics
rather than non-specific resistance modulation. Selectivity depends on
the differing kinetics of specific redox pairs and on adsorption processes
that can be tailored through electrode material, composition, and
operating temperature. Considerable attention has therefore been
directed toward sensing-electrode materials that preserve non-
equilibrium gas compositions and avoid premature catalytic equilibra-
tion before the gas reaches the electrochemically active interface. Owing
to their full solid-state construction, high-temperature operability, and
tunable electrode catalysis, mixed-potential sensors have been used for
automotive exhaust and industrial flue-gas monitoring. They are being
actively explored for hazardous and harsh environments, including
combustion control and high-temperature gas analysis [55,56].
Remaining challenges include humidity interference, cross-sensitivity,
electrode aging, and reference stability, which require electrode engi-
neering, protective layers, optimized operating temperatures, and signal
compensation strategies.

Accordingly, solid-electrolyte sensors are particularly suitable for
high-temperature exhaust, combustion, and oxygen- or NOy-related
monitoring, where thermally robust ceramic electrolytes and electro-
chemical transduction are advantageous [54]. However, their broader
use in low-temperature, distributed, or ultralow-power sensing net-
works is constrained by the need for elevated operating temperatures,
stable reference-electrode configurations, and reliable long-term sealing
in chemically aggressive gas streams [57].
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2.3. Optical gas sensing

Optical sensors are widely used for gas detection under extreme
conditions because they enable molecule-specific, non-contact, and
remote readout. Representative methods include mid-infrared (MIR)
sensing, non-dispersive infrared (NDIR) spectroscopy, and surface-
enhanced Raman scattering (SERS) [58]. In MIR sensors, fundamental
vibrational absorption in the 2-20 pm range is measured using tunable
lasers or on-chip waveguides for high selectivity and accurate quantifi-
cation [59]. In NDIR spectroscopy sensors, both MIR and near-infrared
(near-IR) ranges analyze vibrational absorption bands to quantify spe-
cies [60]. SERS relies on plasmon-enhanced Raman spectra for molec-
ular specificity but requires reproducible substrates and effective
preconcentration [61]. Colorimetric sensors convert gas-induced
chemical or structural changes into red-green-blue (RGB) imaging or
ultraviolet-visible spectroscopy (UV-vis) absorption shifts for simple
readout [62]. These methods require careful calibration, interference
control, temperature and pressure compensation, miniaturization, and
long-term stability.

2.3.1. MIR sensor

The spectral region from 2 to 20 pm, accessible by MIR sensors,
overlaps with the fundamental vibrational bands of numerous
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molecules, enabling highly selective and sensitive measurements.
Because it directly probes primary absorption bands, the MIR range
supports trace-level quantification with high specificity and reduced
spectral interference. Consequently, MIR photonic sensors can provide
real-time, non-invasive, and in situ analysis, offering rapid and reliable
readouts [63]. The MIR region enables concentration-dependent mea-
surements that can be readily quantified using the Beer-Lambert law,
which relates absorbance to analyte concentration. MIR is well-suited to
extreme conditions because it supports molecule-specific, non-contact,
or open-path detection, is insensitive to electromagnetic interference,
and can utilize modulation and cavity-based techniques, along with
line-shape modeling, to maintain quantitative accuracy under varying
temperatures and pressures [64].

2.3.2. NDIR sensor

NDIR measurements also follow the Beer-Lambert relationship. NDIR
sensors have been demonstrated to be suitable for multi-gas detection, as
illustrated by the detector configuration in Fig. 5a. A key advantage of
NDIR over many spectroscopic methods is low power demand, since IR
sources in the 1 to 15 pm range can run at lower temperatures, as shown
in Fig. 5b. Besides, with minimal maintenance needs, NDIR detectors
offer a more economical option than many other systems [65]. However,
interference and limit of detection (LoD) remain key limitations, both
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Fig. 5. (a) Layout of the NDIR multi-gas detection system. Reproduced from Ref. [65], MDPI, open access under CC BY license. (b) Blackbody peak wavelength
versus temperature, showing a shift to shorter wavelengths at higher temperatures [66], Copyright© 2016, Elsevier. (c) Schematic of SERS spectral enhancement

mechanism. Reproduced from Ref. [67]. Copyright© 2024, Elsevier.
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governed by the overall signal-to-noise ratio. Interference stems from
overlapping absorbers, such as ambient water vapor and carbon dioxide,
source or optical background, window contamination, aerosol scat-
tering, and temperature- or pressure-induced baseline drift. Sensitivity is
the change in detector output per unit change in the transmitted infrared
intensity, whereas LoD is the smallest concentration that can be quan-
tified with a specified level of precision [66]. NDIR sensors are suitable
for compact, relatively low-power gas monitoring when the target gas
has strong infrared absorption bands. Their robustness stems from
filter-based optical configurations, simple optical layouts, and
reference-channel designs, but their performance can still be affected by
window contamination, spectral overlap, aerosol scattering, and tem-
perature- or pressure-induced baseline drift. Additionally, the NDIR
method is limited by its non-specific nature and high LoD (e.g., tens of
ppm) [16].

2.3.3. SERS sensor

SERS nanostructures utilize molecule-specific vibrational signatures
to generate distinct Raman peaks, enabling the identification of various
targets [68]. In SERS, analyte molecules are positioned within the
electromagnetic hotspots of plasmonic nanostructures, where enhanced
local fields and substrate-adsorbate charge-transfer interactions
dramatically amplify the Raman response, allowing sensitive detection
of gas-phase species. Electromagnetic enhancement (EM) and chemical
enhancement (CM) are the primary mechanisms. When two or more
nanoparticles are closely spaced, the nanogap produces strong electro-
magnetic enhancement, as shown in Fig. 5¢c(i), whereas CM arises from
charge transfer between the substrate and adsorbed molecules (Fig. 5¢
(ii)). SERS enables sensitive and rapid analysis of complex mixtures.
However, its robustness depends on the properties of the nanostructured
substrate [61,67]. Compared with absorption-based optical methods,
SERS provides localized vibrational fingerprints through plasmonic
hotspots and is useful for species with weak infrared absorption. It also
allows straightforward silica-fiber delivery to keep electronics outside
hazardous areas, supports chemo-selective functionalization and pre-
concentration for complex humid or corrosive environments, and re-
mains effective for species with weak infrared absorption.

2.3.4. Colorimetric sensor

Colorimetric sensors often capture or preconcentrate analytes within
dyes, coordination complexes, polymers, or porous host matrices to
enhance selectivity and optical readout. Colorimetric gas sensing
translates gas-induced chemical or structural changes into shifts in the
visible or UV-vis absorption spectra. In molecular and solid-state chro-
mogenic systems, color changes typically arise from changes in conju-
gation, chromophore or auxochrome transformation, ligand exchange at
metal centers, or solid-state phase transitions. These processes can
modify electronic transition energies, d-d or charge-transfer bands,
oxidation states, defect density, or band structure, thereby producing
visually detectable color changes. By integrating responsive motifs with
selective interactions or preconcentration, colorimetric sensors enable
rapid, low-cost, and visually readable detection of specific gases [69].

Overall, the preceding discussion shows that technology selection for
harsh-environment gas sensing should be governed by the dominant
application constraint rather than by sensing performance alone. This
comparison reveals a trade-off among device simplicity, analytical
specificity, environmental robustness, power demand, and deployment
complexity. Chemiresistive sensors occupy the low-cost, low-power, and
scalable end of the design space, but their performance is more strongly
constrained by environmental cross-sensitivity and signal drift. Solid-
electrolyte platforms represent a high-temperature and stability-
oriented route, trading robustness for higher thermal, packaging, and
reference-electrode requirements. Optical methods shift the design
burden from sensing-material durability to optical access, path stability,
and interference correction, whereas acoustic/resonant, ionization, and
mass-spectrometric methods extend mass-sensitive readout, trace
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analysis, and molecular identification at the expense of system
compactness and deployment simplicity [70-72]. Therefore,
high-temperature combustion, exhaust, and furnace-related environ-
ments generally favor solid-electrolyte sensors or remote optical plat-
forms. In contrast, humid or corrosive atmospheres require either
protected chemiresistive/solid-electrolyte interfaces or non-contact op-
tical readout [73-75]. Low-temperature operation is more likely to
benefit from optical detection, light-activated chemiresistive sensing,
self-heated devices, or thermally managed sensor architectures. At the
same time, vacuum and low-pressure scenarios are more compatible
with optical, ionization-based, or mass-spectrometric approaches [76,
77]. For environments where temperature, pressure, humidity, and
chemical composition vary simultaneously, hybrid or multimodal
sensing systems that combine complementary transduction principles,
reference channels, and data-fusion algorithms may offer greater reli-
ability than a single sensing modality. However, this improvement is
accompanied by increased system complexity. Thus, robust sensing in
harsh environments requires matching the sensing principle to the
dominant environmental stress and system-level constraint.

3. Impact of different extreme environments on gas detection

Extreme environmental conditions affect gas sensing by influencing
adsorption-desorption thermodynamics, surface reaction kinetics, and
transport in both gas and solid phases, thereby altering interfacial
charge transfer and transduction efficiency. Variations in pressure,
temperature, and humidity also influence phase stability, defect chem-
istry, and active-site populations, which subsequently control sensi-
tivity, selectivity, and drift. Developing a mechanistic understanding
that links these effects across relevant spatial and temporal scales is
essential for the predictive design and benchmarking of sensors meant to
operate in harsh environments.

Before discussing individual environmental effects, the key terms
used in this chapter are defined operationally based on the conditions
imposed on the sensor, gas stream, or test chamber during laboratory
evaluation. Actual field environments are practical monitoring scenarios
in which temperature, humidity, pressure, flow rate, and background
gas composition may fluctuate simultaneously. Sensor operating tem-
perature is the temperature of the sensing layer, heater, or transducer
during measurement and should therefore be distinguished from the
ambient field temperature.

3.1. Unified physicochemical framework

In previous studies, extreme environmental conditions such as high
temperature, high humidity, low temperature, and vacuum are often
treated as separate operating conditions, yet their effects converge on a
common set of interfacial, material, device, and signal-level processes.
At the sensing interface, environmental stress can affect gas diffusion,
adsorption-desorption equilibrium, competitive adsorption, and surface
reaction kinetics [78]. Within the sensing layer, it can alter carrier or ion
transport, grain-boundary barriers, oxygen-vacancy equilibria, surface
hydroxylation, catalytic activity, and defect stability [79]. At the device
level, harsh environments can further accelerate electrode degradation,
interfacial delamination, sealing failure, optical window contamination,
and packaging aging [80]. These coupled processes ultimately manifest
as response attenuation, delayed recovery, hysteresis, baseline drift,
selectivity loss, and calibration mismatch. Therefore, high temperature,
high humidity, low temperature, and vacuum should be viewed as
different manifestations of shared physicochemical failure pathways,
rather than as isolated environmental categories. The gas sensor system
in harsh environments should exhibit high robustness to cope with
complex environmental conditions and consistently deliver reliable
detection results over an extended period [81]. Table 1 summarizes the
effects of representative harsh environments on the key physicochemical
and device-level factors that control gas-sensing performance.
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Table 1

Dominant physicochemical trends in harsh-environment gas sensing.

Ref.

Signal drift

Packaging/interface failure

Defect chemistry

Surface reactions Carrier/ion transport

Adsorption/desorption

Harsh

environment

[73,
82,
83]

higher baseline drift; faster
sensitivity decay; higher

calibration mismatch

faster electrode aging; higher
seal degradation; higher

thermal stress

higher conductivity; faster ion faster vacancy re-equilibration;

faster redox kinetics; higher

lower weak-adsorbate

coverage; faster

High

higher grain-growth risk; lower
morphological/phase stability

higher hydroxyl-defect

transport; higher leakage/noise

catalytic activity; higher side-

reaction risk

temperature

desorption and recovery
higher water coverage;
lower target-site

[74,
83,

higher humidity drift; stronger
hysteresis; lower selectivity

higher corrosion risk; higher
leakage risk; lower adhesion

stability

higher protonic conduction;
stronger band-bending

higher hydroxylation; stronger
proton-related pathways;

High

occupancy; lower active-site

humidity

84]

accessibility; stronger hydration

cycling

perturbation; lower signal

specificity

suppressed oxygen-mediated

pathways

availability; slower water

desorption

higher contraction stress; higher baseline instability and [78,

slower defect re-equilibration;

higher metastable-state

lower carrier mobility; slower ion
transport; higher barrier effects

slower redox kinetics; lower

higher equilibrium

Low

temperature-calibration error;

stronger hysteresis

higher condensation/frost
risk; lower interfacial

compliance

reaction completeness; higher

activation demand

adsorption; slower

desorption and

temperature

86]

retention; stronger adsorbate

retention

regeneration

[22,
39]

higher pressure-dependent
baseline shift; stronger

higher leakage sensitivity;

lower surface hydroxylation;
altered vacancy population;
stronger stoichiometry shift

stronger pressure-dependent
resistance; altered surface

lower oxygen-mediated activity;

stronger lattice-oxygen
dependence; higher

lower collision flux and

Vacuum/low

stronger outgassing effects;

adsorbate coverage; faster

desorption

pressure

outgassing-induced drift; longer
ambient-vacuum equilibration

higher window-contamination

risk

depletion; weaker adsorbate-
induced charge transfer

photoactivation relevance
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3.2. High temperature

Excessively high operating temperatures can greatly reduce gas
sensor performance. Most studies define high temperature as being >
300°C, which aligns with the typical 200-400°C operating range of
chemiresistive MOS-based sensors. Conversely, engine/exhaust and
furnace environments often reach even higher temperatures (>600°C),
since zirconia sensors typically operate around ~600-800°C, and
langasite-based surface and bulk acoustic wave devices are tested near
~800-900°C [87-89]. Importantly, the relationship between sensor
response and temperature is inherently nonlinear. Usually, the response
increases with temperature in the low-to-mid range, where thermal
activation enhances surface reactions between chemisorbed oxygen
species (O3, O, 027) and target gases. At these temperatures, higher
heat accelerates charge transfer, oxygen ionization, and surface diffu-
sion, leading to stronger modulation of the depletion or accumulation
layer. However, beyond a certain temperature, sensor response sharply
declines, which is mainly due to the saturation of surface reaction ki-
netics, and the amount of chemisorbed oxygen decreases, weakening
interactions between target gases and surface-bound oxygen.

High temperatures can also cause significant microstructural
changes in the sensing film, particularly in thicker films, including grain
growth, pore collapse, and recrystallization. These structural changes
reduce accessible surface area, block gas diffusion pathways, and ulti-
mately decrease sensor effectiveness. Consistently, comparative studies
of a-FepOs nanostructures prepared by sol-gel and electrospinning
methods have shown that temperature-dependent sensing behavior is
closely associated with oxygen chemisorption sites and with analyte
diffusion within the sensing-layer morphology [90]. Additionally, some
sensing materials exhibit irreversible baseline conductivity drift at high
temperatures, leading to the sensor's inability to fully recover its initial
baseline after multiple response and recovery cycles. This irreversible
behavior impacts the sensor's repeatability and long-term stability,
posing a major challenge for practical applications in real-world envi-
ronments [91].

Considering the materials, elevated temperature can also shift the
balance among lattice oxygen, chemisorbed oxygen species and oxygen
vacancies, thereby altering the density of electron donors and surface
activation sites in many metal oxides [26]. This defect re-equilibration
modifies surface band bending, grain-boundary barriers and hetero-
junction barriers, affecting both response amplitude and baseline sta-
bility. Prolonged heating further promotes grain coarsening, pore
collapse, surface reconstruction and electrode-oxide interdiffusion,
linking sensing-layer degradation to device-level drift and reliability loss
[24].

3.3. High humidity

High-humidity conditions mainly refer to moisture-rich atmospheres
above 80% relative humidity (RH) and near-saturated conditions
approaching 90-100% RH, whereas ultra-low-humidity conditions
below 5% RH are also considered when humidity-dependent charge
transport or proton conduction is involved [74,92]. In atmospheric air at
around 25°C, water concentration varies greatly with RH (6280 ppm at
20% RH and 25,740 ppm at 80% RH) [93]. Additionally, humidity levels
in real-world applications are heavily influenced by environmental
factors such as wind, rainfall, temperature, and diurnal and seasonal
changes [94].

High humidity strongly perturbs chemiresistive baselines because
water adsorption dynamically changes surface charge and resistance
[95,96]. A common method to address these issues is to raise the tem-
perature. Electrochemical gas sensors are somewhat affected by hu-
midity. However, prolonged exposure to high-humidity conditions can
decrease sensitivity, dilute the electrolyte, or cause leakage, all of which
can impair the electrode reaction and sensor life [97-99]. For photo-
ionization detectors (PIDs), high humidity can reduce ionization
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efficiency and lead to condensation errors, especially when detecting
volatile organic compounds (VOCs) in industrial settings. Humidity can
also lower PID sensitivity, resulting in a systematic underestimation of
gas concentrations at high humidity and high concentrations. To reduce
interference, calibration with humidified gas or control of sample gas
humidity is recommended, especially in high-concentration monitoring
scenarios [100,101]. High humidity also adversely affects conductive
polymer sensors, primarily through competitive adsorption of water
molecules and target gases on the sensing membrane, which decreases
sensitivity. Water vapor can further influence conductivity via proton
transfer or by changing the distance between polymer chains, causing
false alarms or unstable responses. Additionally, high humidity causes
swelling of conductive polymers, increasing the space between polymer
chains and reducing the efficiency of electron transfer, which can result
in abnormal resistance changes or irreversible structural damage.
Swelling may also alter the morphology and crystal structure of the
sensing material, further impairing its ability to detect target gases.
Overall, humidity not only reduces the sensitivity and selectivity of
sensors but also significantly compromises their stability and repeat-
ability [102].

Mechanistically, these effects arise from water-induced surface hy-
droxylation, proton-assisted conduction and humidity-dependent band-
bending perturbations, which can partially screen target-gas-induced
charge transfer and generate RH-dependent baseline drift [23,74].
Recent humidity-tolerant sensing studies further indicate that water can
alter both interfacial transport and analyte-surface interactions, making
humidity resistance a coupled surface-chemistry and charge-transport
problem rather than a simple adsorption-blocking issue [103].

3.4. Low temperature

Low-temperature conditions refer to sub-zero operation, with cryo-
genic scenarios generally below approximately —150°C [104]. A
low-temperature environment significantly hinders the performance of
chemiresistive gas sensors. It mainly decreases the conductivity of the
sensing material, resulting in a narrower resistance change range and
reducing the sensor's ability to detect target gases. Additionally, low
temperatures slow down the diffusion and adsorption of gas molecules,
causing incomplete reactions, weaker sensing responses, and longer tyes.
If the sensing mechanism relies on redox reactions or proton transfer,
low temperatures will reduce reaction rates or even halt them, affecting
signal accuracy. Furthermore, some sensing membrane materials may
shrink, become brittle, or develop structural stress at low temperatures,
weakening electrode contact stability and compromising the device's
long-term reliability. Overall, these factors limit the sensitivity, response
speed, and stability of resistive gas sensors in cold conditions.

At sufficiently low temperatures, thermally activated carriers in
semiconducting channels can become depleted, localized or trapped at
defects, grain boundaries and contacts, producing carrier-freeze-out-like
transport limitations. This increases grain-boundary and contact-barrier
effects, weakens adsorbate-induced charge modulation and amplifies
temperature-dependent calibration errors [105,106]. In parallel, equi-
librium adsorption may remain high for some gases, whereas desorption
and surface regeneration become slower, leading to stronger hysteresis
and incomplete recovery [107].

3.5. Vacuum

Vacuum and low-pressure conditions are defined by absolute pres-
sure, ranging from reduced pressure below atmospheric pressure to
medium vacuum of 100-0.1 Pa, high vacuum of 0.1-10~> Pa, and ultra-
high vacuum below 1073 Pa [108]. These pressure regimes reduce
molecular density, gas-surface collisions, and oxygen partial pressure,
thereby altering adsorption- and redox-based sensing processes.

Gas sensing in a vacuum environment presents several challenges.
Vacuum weakens adsorption-based signals by lowering gas density and
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gas-surface collision flux [109,110]. The reduced effective collision of
gas molecules results in longer t.s and increased calibration and
repeatability errors [111-113]. Some sensing materials may also dete-
riorate due to changes in surface structure. Therefore, the above factors
need to be considered in the design of gas sensors suitable for vacuum
conditions. Otherwise, alternative detection techniques, such as mass
spectrometry and spectroscopy, should be employed.

For metal-oxide sensors, reduced oxygen partial pressure suppresses
the formation of surface reactive oxygen species and shifts the equilib-
rium among adsorbed oxygen, lattice oxygen and oxygen vacancies [26,
84]. Consequently, conventional oxygen-mediated chemiresistive
pathways become less effective, while the signal becomes more sensitive
to pressure-dependent surface stoichiometry, leakage, outgassing and
background desorption [22]. Oxygen-independent reaction pathways,
lattice-oxygen participation or photoactivation can partly compensate
for this limitation, but pressure-resolved calibration remains necessary
for quantitative reliability [114].

4. Applications of gas sensing technologies under extreme
conditions

This section examines the use of gas-sensing technologies under four
extreme conditions: high temperature, high humidity, low temperature,
and vacuum. Each subsection reviews sensing performance, challenges,
practical operating conditions and typical applications. A comparison
summary is also included in Table 2 to emphasize key findings and re-
ported sensor adaptations.

4.1. High-temperature gas sensing

High-temperature toxic-gas monitoring requires sensors that retain
calibration and contact integrity at 350-600°C [131]. Such environ-
ments also pose significant challenges to the stability and lifespan of gas
sensors. Traditional sensor packages made of metal-glass composites,
like Kovar alloys with electroless nickel immersion gold (ENIG) coat-
ings, are susceptible to oxidation, corrosion, and phosphorus-induced
recrystallization at elevated temperatures (>250°C), which can cause
electrical contact degradation and functional failure. Additionally,
silicon-based membrane microheaters break down under thermal stress
above 700°C, resulting in structural damage and sensor failure. These
issues include delamination, cracked metallization, and compromised
hermeticity, which restrict the operating range of conventional sensors
to below 150°C. Experimental evaluations have confirmed that standard
sensors exhibit total plating oxidation and package deformation after
exposure to 850°C for just 10 min, rendering them unsuitable for harsh
air environments [132]. These findings highlight the urgent need for
high-temperature-tolerant materials and packaging technologies to
enable reliable sensing in extreme thermal applications.

To address extreme environments like high temperatures, Wang
et al. developed a self-powered NHs sensor by integrating TisCoTx/MoS;
nanoheterostructures into electrospun cellulose nanofiber membranes
and coupling them with a triboelectric nanogenerator (TENG). The de-
vice maintained >90% PM) 3 filtration efficiency and a stable electrical
output at 100°C and 99% RH, while detecting NH3; with a LoD of
0.1 ppm and a response time of 2 s to 100 ppm NHg [115]. This study
indicates that long-term sensing in thermally coupled environments
benefits from multifunctional device integration, where the sensing
membrane, filtration layer, and energy-harvesting unit are designed as a
single operational stack.

In parallel, oxide composition and morphology engineering provides
a material-level route to stabilize high-temperature chemiresistive
sensing. Qin et al. demonstrated a MOF-derived 3 mol% Mn-doped In;O3
hollow nanotube sensor for Hy detection. The high surface area of
122 m?/g and oxygen-vacancy-rich structure enabled operation at
360°C, with an LoD of 25 ppb, a detection range of 25 ppb-500 ppm, a
tres/trec Of 4/15 s, and stable operation over 30 days [116]. The work
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Table 2
Applications of gas sensing technologies under extreme conditions.
Extreme Sensor type Materials Synthesis method Target gas Operation condition Detection Sensing performance tres/trec Ref.
environment concentration
Primarily high Triboelectric Cellulose diacetate, Ti3C2Ty ~ Hydrothermal, NHj3 <100°C, 99% RH 0.1-100 ppm "86% at 100 ppm 2s/3s [115]
temperature nanogenerator MXene, MoS, electrospinning, (100 ppm);
thermal treatment 11.2s/4s
‘ i (0.1 ppm)
Chemiresistive gas 3 mol% Mn-doped In,O3 Solvothermal, H, 280 C-400 C, optimal ~ 0.0025-500 ppm “1.93 at 20 ppm, 45s/15s [116]
sensor hollow nanotubes annealing at 360°C 2.57 at 50 ppm (360 C) (20 ppm)
Mixed-potential YSZ-based solid electrolyte,  Tape-casting, screen- NOy 13-14% O, 3% 300-1500 ppm Stable signal variation 1.2 s/- (1350- [117]
ceramic solid ZnFe;04/ZnCry04 printing, sintering moisture, with NOy concentration; 1500 ppm)
electrolyte sensor >800 C exhaust minimal drift or noise 2.29 s/-
(300 ppm)
ATR-FTIR (mid- Kraton G-1650, Drop-casting from Toluene, Naphthalene ~ 22-80 C; pressure up 8-35 ppm (Toluene); Kraton G-1650 was 1.85 ~20-25 min/- [118]
infrared sensor) Polyisobutylene (PIB) CHCl3 to 137.9 bar < 14.4 ppm times more sensitive than for Toluene;
(Naphthalene) PIB at 60 C ~50-60 min/-
for Naphthalene
at 40 C
Chemiresistive gas Pt-decorated SnO, Ink Dispensing, CHy 100 ppm H,S 100 ppm “Increased from 1.23 to 9.6s/17.4s [119]
sensor annealing treatment for 10 min 1.51
NH;3 at 400'C “Increased from 1.10 to 2.6s/3.7 s
2.4
HCHO “Increased from 1.03 to 3.35/3.5s
2.5
Chemiresistive gas Pd-Pt/SiC on porous silicon ~ RF magnetron H, Dry air, elevated temp ~ 5-500 ppm 471% at 100 ppm H, 21s/35s [120]
sensor sputtering (up to 500°C) (100 ppm)
High humidity Chemiresistive gas C/WO3/Bi,WOg Hydrothermal Benzaldehyde 40% RH~90% RH 100 ppm 5.49% response drift —/— [121]
sensors
Graphene Field Peptides (GR3R, P1, LBP3), Peptide self-assembly p-limonene, L- 19% RH-54% RH LoD~3.0 ppm p- The response of b- ~10 min/ [122]
Effect Transistor Graphene on graphene limonene, limonene: limonene is 35-fold 10 min
(—)-menthol, methyl (untreated), higher over r-limonene
salicylate, ethyl ~7.5 ppm (LBP3)
propionate
Chemiresistive gas FASnI3/(BA),Snl4/SnO, Solution synthesis and HCHO 78% RH 50 ppm “32.5 67 s/81 s [123]
sensor calcination
Chemiresistive gas Tellurene (2D Te Hydrothermal NO, 0% RH-80% RH 10 ppm 9-45% stably at 80% RH 14 5/79 s (80% [124]
sensor nanoflakes) RH)
Colorimetric gas CHj3-Cu-BTC (methyl- Solvothermal NH3 75% RH >5 ppm Visible color change from  Color switch [125]
sensor functionalized Cu-BTC ruby green to blue completed in
MOF) 4 min
Chemiresistive gas ReS,/TizCaTx One-pot NH3 15% RH-85% RH 1-500 ppm 912.7% at 85% RH ~30s/~45s [103]
sensor hydrothermal (10 ppm) (15% RH)
Low temperature NDIR MEMS IR emitter, MEMS Assembled MEMS CO —20°C to 60°C; 0- 0.5%-20% Optical coupling 2255/38s [126]
(partial co- thermopile detector, gold- components with 100% RH efficiency (~48%), long-
existence of coated curved mirror, reflective gas term drift (134 ppm/
high humidity) waterproof breathable film chamber month), good accuracy
(50 ppm)
Optical hydrogen TaggRu; 2 Magnetron sputtering H, —60°C 3% The largest optical 6s/- [105]
sensors contrast
Organohydrogel- Polyvinyl alcohol-cellulose One-pot NO, RT and below (down 0.004-10 ppm, ©372%/ppm at RT under 41/144 s [127]
based 2-electrode nanofibril double-network polymerization to —20°C) LoD = 2.23 ppb strain; (250 ppb)
sensor organohydrogel “112%/ppm at —20 C
Chemiresistive gas Polypyrrole-loaded Co-precipitation NHj3 —21°C 20 ppm 4 11s/71s [128]
sensors Sn, _,Sb,0O, nanocubes method, magnetic -78°C 4 15s/80s

stirring

(continued on next page)
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Table 2 (continued)

Ref.

tres/trec

Sensing performance

Detection

Operation condition

Target gas

Synthesis method

Materials

Sensor type

Extreme

concentration

environment

—20°C

[106]

14 s/-

720.1

2 ppm

HaS

Hydrothermal

Sb-Doped SnO,@g-C3N4

Chemiresistive gas

Sensors

[107]

115s/139s
(1 ppm)

0.01 ppb-10 ppm 93.1% at 0.1 ppm

Oxygen-free and low

NO

Solvothermal,
hydrothermal

N-doped carbon dots/SnS,

Photoactivated

temperature (238 K)

chemiresistive gas

sensor

[129]

Sensitive to trace
hydrocarbons

Sub-ppm to ppm

level

Ultra-high vacuum

Hydrocarbons (e.g.,
toluene, butane)

H,S

DC sputtering

YSZ (8 mol%) tube, Pt

electrodes

Amperometric/
Potentiometric

Vacuum

(~3 x 10~° mbar)

3 x 1073 Pa

[22]

7.3 s/- (under

ultraviolet)

#293@3 ppm for SnO,-

CuO

0.1-25 ppm

Sn0,-CuO, ZnO-CuO Sol-gel

Ultraviolet-assisted
chemiresistive

sensor

[130]

Characteristic SERS peaks

were detected

0.1 ppm

Spacecraft interior;
Ny-purged gas
chamber

Hydrazine

Electroless silver

deposition

Ag/Si 3D substrate; Ag/
silicon membrane;

Micropump

SERS sensor

[114]

15.3 s/-

76

1 ppm

1 x 107° Pa, —20°C

H.S

Co-precipitation, drop
coating, vacuum

drying

Core-shell SnO,@Ag>0

composite

Chemiresistive
MEMS sensor

TEOS: tetraethyl orthosilicate; MEMS: micro-electromechanical systems; MOF: metal-organic framework; ATR-FTIR: attenuated total reflection Fourier-transform infrared spectroscopy; RF: radio-frequency; RT: room

temperature.

Ra/Rg, R, is the initial resistance in the air, and Ry is the resistance in the target gas.

Rg/R; or §

s

b S = |V-Vo|/Vx100%, where Vo and V are the initial voltage without contacting the target gas and the voltage contacting the target gas, respectively.
¢ S = |I-Ip|/Tox100%, where Iy and I are the initial current without contacting the target gas and the current contacting the target gas, respectively.

dg— |Rg-Ra| /Rax100%, where R, is the initial resistance in the air and Ry is the resistance in the target gas.

11

Materials Today Chemistry 56 (2026) 103905

highlights the effectiveness of structural and electronic modulation
strategies, especially MOF-derived architectures and transition metal
doping, in overcoming the limits of traditional metal oxide sensors. This
paves the way for advanced gas sensing in high-temperature and
chemically aggressive environments.

Ha et al. presented the development and performance evaluation of a
high-temperature-stable NOy sensor specifically designed for automo-
tive exhaust gas monitoring. This research addresses critical challenges
associated with gas sensing in harsh environments, particularly those
involving temperatures exceeding 800°C, corrosive exhaust gas com-
positions, and the need for real-time, selective detection of NO and NO,.
The proposed sensor uses a ceramic solid-state electrolyte (YSZ) and a
mixed-potential sensing mechanism to overcome the limitations of
conventional amperometric and resistive sensors, which are prone to
signal instability and material degradation at high temperatures. Novel
sensing electrodes based on ZnFe;04 and ZnCrp04 were synthesized and
screen-printed onto multilayer ceramic green sheets, including internal
heaters, porous diffusion barriers, and protective insulation. Extensive
structural, thermal, and electrochemical analyses confirmed the sensor's
integrity and performance. Notably, the integrated heater maintained
operating temperatures above 800°C, and the sensor showed fast
response times (1.2 s to 2.29 s) across NOy concentrations ranging from
300 ppm to 1500 ppm. These results outperformed many traditional
solid electrolyte sensors and approached the performance of commercial
leaders like NGK [117]. This study demonstrates a robust approach for
designing gas sensors that can operate reliably in high-temperature
automotive environments over long periods. It emphasizes the impor-
tance of material choice, layered ceramic engineering, and optimized
sensor architecture for dependable gas detection under extreme
conditions.

Heath et al. focused on developing durable MIR attenuated total
reflectance (MIR-ATR) spectroscopic sensors for detecting trace hydro-
carbons in aquatic environments under high-temperature and high-
pressure conditions, such as in oil spill monitoring or downhole
groundwater surveillance. The authors explore styrenic ABA block co-
polymers, especially Kraton G-1650, as advanced sensing membrane
materials. These polymers exhibit microphase separation, combining
rubbery, low-Tg midblocks that facilitate hydrocarbon diffusion with
glassy, high-Tg styrenic endblocks that provide thermal and mechanical
stability, making them suitable for harsh environments. Experimental
results show that Kraton G-1650 exhibits significantly higher sensitivity
and a faster response than conventional PIB, with stable and linear
performance maintained up to 60°C under 137.9 bar, although delam-
ination occurred at higher temperature because of interfacial adhesion
and thermal-expansion mismatch [118]. This work highlights the po-
tential of styrenic block copolymers for enabling reliable gas sensing in
extreme environments. It also underscores key challenges, such as
improving film-substrate adhesion and reducing thermally induced
stress, which are necessary to expand sensor applications in
high-temperature settings like deep-sea monitoring, unconventional gas
extraction, and geothermal systems.

In addition, Chen et al. reported a novel strategy to enhance the
performance of metal oxide gas sensors under high-temperature, sulfur-
rich conditions by HsS treatment. Contrary to the conventional
poisoning effect, brief exposure to HyS at 400°C significantly improved
the sensing response of SnO»-based sensors to multiple reducing gases
(e.g., CO, NH3, CH4, HCHO), with response enhancements up to 270%.
This effect is attributed to the formation of surface metal sulfide and
sulfate species, which facilitate electronic sensitization and modulate
charge transfer during gas detection [119]. The enhancement is
temperature-dependent and gradually attenuates over time, offering
valuable insights into the design of high-temperature gas sensors for
harsh environments through controlled surface modification.

Overall, current high-temperature gas-sensing studies improve
robustness primarily through thermally stable sensing layers and
ceramic solid-electrolyte architectures. These strategies help preserve
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gas-accessible structures, charge-transfer pathways and high-
temperature response stability, but they do not fully resolve long-term
drift, electrode degradation and package-level failure. Future work
should evaluate sensing layers alongside high-temperature contacts,
thermally matched packaging and repeated thermal-cycling tests that
track drift, adhesion and electrode continuity.

4.2. High-humidity gas sensing

As MOS-based gas sensors suffer significant signal drift in humid
environments [74,133], the mechanisms underlying this drift require
clarification. The widely accepted sensing mechanism of MOS-based gas
sensors primarily involves the adsorption of oxygen species (O3, O™, and
02’) on the semiconductor surface [134,135]. Under humid conditions,
H,0 molecules undergo competitive chemisorption at the same active
sites as oxygen species on the material surface. This process results in the
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release of electrons previously captured by adsorbed oxygen back into
the metal oxide lattice (Fig. 6a-b), as illustrated by the following reac-
tion (1) [136]:

H,0+2M,,+0,; < 2(M)-OH)+e +S €))]
where M denotes a metal elements in MOS, M,,, refers the site of M on the
surface, O, is related to ion-adsorbed oxygen species, e~ refers to the
electron, (M;, - OH) is a terminal hydroxyl group while S is a surface site
for chemically adsorbing oxygen. Under increasing humidity conditions
during gas detection, the interaction between HyO molecules and the
sensing layer undergoes a progressive transition from isolated chemi-
sorption to a combined chemisorption-physisorption mechanism
(Fig. 6¢) [137]. This transition facilitates proton-hopping conduction,
significantly reduces the electrical resistance, and compromises sensing
accuracy [138]. Consequently, competitive adsorption effects emerge,
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Fig. 6. Schematic diagram of the gas-sensing model for SnO, in (a) dry atmosphere and (b) humid atmosphere. (c) Schematic illustration of chemisorption and
physisorption of water molecules in high-humidity conditions. Reproduced from Ref. [74], MDPI, open access under CC BY license.
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ultimately degrading the sensor's sensitivity [74,139].

Yamazaki et al. demonstrated selective and stable detection of
biogenic VOCs (BVOCs) in high-humidity environments using peptide-
functionalized graphene field-effect transistors (GFETs). Traditional
graphene-based gas sensors are highly sensitive but often suffer from
water vapor-induced instability, which limits their reliability in humid
conditions. The peptide monolayers function simultaneously as odorant-
recognition layers and humidity buffers, enabling stable operation at RH
levels up to 54% and suppressing water-induced fluctuations in con-
ductivity. Notably, the LBP3-modified GFET showed humidity-assisted
enantioselective detection of limonene, with a 35-fold higher response
to p-limonene than to ir-limonene, far above the less-than-twofold
selectivity typically reported for previous graphene sensors. The sen-
sors also distinguished various BVOCs, including menthol, methyl sa-
licylate, and ethyl propionate, with responses that depended on peptide
type and humidity level. Multivariate analyses, including principal
component analysis (PCA) and hierarchical cluster analysis (HCA),
confirmed the sensors’ ability to classify odorants accurately under
moist conditions [122].

In response to the challenge of gas sensing in high-humidity condi-
tions, Wang et al. also introduced a novel strategy to improve sensor
stability and performance using 2D/3D organic-inorganic hybrid
perovskite materials. Conventional 3D perovskites like FASnI; are
highly sensitive to formaldehyde but deteriorate severely when RH ex-
ceeds 50%. To solve this, the researchers added a hydrophobic 2D
perovskite, (C4HoNH3)2Snl4, into the FASnl3 matrix, and partially
oxidized the composite to form FA+10BA-S, a heterostructure with
SnO;. The hydrophobic 2D part effectively mitigated moisture inter-
ference by repelling water molecules, helping to preserve the sensor's
integrity and performance. At 78% RH, the sensor maintained 63% of its
response with minimal degradation after 24 h, showing excellent
moisture resistance. Additionally, forming oxygen vacancies and het-
erojunctions enhanced gas adsorption and charge transfer, leading to a
high response of 50.6 to 50 ppm HCHO, a short ties/trec (67/81 s), and a
low LoD (220 ppb) at 50°C [123]. This work highlights the potential of
structural engineering with hydrophobic perovskite phases as a sturdy
solution for gas sensing in humid and harsh conditions.

Je et al. reported a tellurene-based chemiresistive NO, gas sensor
that works effectively at room temperature under high humidity,
addressing a key challenge in real-world applications. While many gas
sensors perform poorly in humid environments, this tellurium sensor
shows both high sensitivity and detection unaffected by humidity. Made
using a hydrothermal method, it features a flake-like 2D structure with
high crystallinity and excellent intrinsic conductivity. It responded to
NO;, very quickly, with a t..s of 14 s and a LoD as low as 19 ppb, even at
RH up to 80%. Interestingly, humidity actually improves performance
by enhancing charge transfer, forming additional conduction pathways
and reducing ty.. This stability against humidity fluctuations comes
from the air-stable semimetallic nature of tellurene and its unique sur-
face interactions with NO, [124]. These findings suggest tellurene is a
promising material for reliable, high-speed, low-power gas sensors
suitable for harsh and variable environments, such as wearable breath
analyzers or ambient air monitors.

Wang et al. proposed a new approach to tackle the challenges of gas
sensing in high-humidity environments by developing a methyl-
functionalized copper-based metal-organic framework (CHs-Cu-BTC)
for colorimetric detection of NHs3. Exhaled NHs, a biomarker for kidney
and liver diseases, is hard to detect accurately because of water vapor at
high RH. By adding hydrophobic methyl groups into the MOF, the CHs-
Cu-BTC shows better selectivity and sensitivity to NHs, even at 75% RH,
with a visible color change from ruby green to blue, detectable at con-
centrations as low as 5 ppm. Density functional theory (DFT) calcula-
tions show that NH3 interacts more strongly with the Cu?* centers than
H20 does, changing their coordination environment and triggering the
color change. The material is also highly stable and reusable, main-
taining performance over multiple cycles. Furthermore, CH3-Cu-BTC
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can distinguish between exhaled air from healthy individuals and pa-
tients, showing its potential for non-invasive, real-time diagnosis in
humid physiological conditions [125]. This work offers a promising
strategy for designing gas sensors that work well in moisture-rich
environments.

Collectively, current high-humidity strategies reduce water inter-
ference through humidity-buffering interfaces, hydrophobic structures,
moisture-tolerant conductive channels, and target-specific binding sites.
These approaches improve selectivity and baseline stability in humid
atmospheres. However, RH-dependent response variation remains
difficult to eliminate because water still participates in adsorption,
surface charge transfer, and transport processes. Future work should
combine gas-permeable anti-humidity barriers with integrated humidi-
ty/temperature reference channels and RH-dependent calibration.

4.3. Low-temperature gas sensing

In gas sensing, low temperature generally refers to the sensor's
operating environment at relatively low temperatures. Specifically, low
temperature usually means below room temperature (25°C). Low tem-
peratures are crucial for maintaining the quality and extending the shelf
life of perishable food products. For gas sensing in food preservation
cabinets, biological cabinets, and other areas, a low-temperature
detection condition is necessary [140,141]. Therefore, Xu et al. pro-
posed a compact NDIR gas sensor with a microelectromechanical sys-
tems (MEMS) emitter and a gas cell with high optical coupling efficiency
(~48%) to detect COy at low temperatures (down to —20°C). They
reduced the sensor's size to 24 mm x 8 mm x 8 mm (length x width x
height), which is only 30% of a standard NDIR sensor with the same
detection resolution. This reduction improves temperature regulation
efficiency. The detection results show that the sensor's CO5 accuracy
remains the same at —20°C and 20°C, with a tys of only 22 s, high-
lighting the importance of sensor design for low-temperature gas
detection [126]. Yuan et al. studied the reliable performance of optical
hydrogen sensors based on metal hydrides, capable of efficient hydrogen
detection at temperatures as low as —60°C, as shown in Fig. 7. In situ
X-ray diffraction (XRD) analysis confirmed no phase transitions, plastic
deformation, or hysteresis during hydrogen exposure, ensuring stable
and reversible optical responses. Although optical contrast decreases
with temperature, the TaggRu;3 sensor performs well, maintaining high
optical contrast and a quick t;.s of 6 s at —60°C. Kinetic analysis points to
surface-limited processes like hydrogen dissociation as the main
rate-determining steps. These results support the use of metal
hydride-based optical sensors in low-temperature environments and
highlight their potential in extreme conditions [105].

Ding et al. reported a high-performance NO, gas sensor designed for
operation in harsh environments, especially at sub-zero temperatures.
The sensor uses a self-healable, recyclable, and ultra-stretchable poly-
vinyl alcohol-cellulose nanofibril (PVA-CNF) double-network organo-
hydrogel, which incorporates glycerol as an antifreeze agent to maintain
flexibility and functionality down to —78.2°C. It exhibits exceptional
sensitivity (372%/ppm) and a low LoD (2.23 ppb), along with excellent
selectivity and stability even under high humidity and mechanical
deformation such as stretching, bending, and twisting. The organo-
hydrogel structure also ensures outstanding mechanical durability,
including self-healing, remoldability, and high fracture energy. These
features enable the sensor to recover its gas-sensing performance after
mechanical damage and sustain long-term operation. The sensing
mechanism relies on redox reactions at the gas-gel-electrode interface,
which are enhanced by humidity and tensile strain. Additionally, the
sensor is integrated with a low-power wireless circuit capable of real-
time NO; detection and alarm functions, demonstrating its practical
potential for wearable, flexible, and autonomous monitoring systems
[127]. This work effectively overcomes the main limitations of tradi-
tional chemiresistive gas sensors in cold or variable environments, of-
fering a viable path toward developing robust gas-sensing technologies
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for extreme conditions.

Chakraborty and Mondal reported a hybrid chemiresistive NHg
sensor capable of sub-zero operation. The sensing material was prepared
by in situ polymerization of polypyrrole (PPY) on antimony-doped tin
oxide (SnjSbxO, specifically ATO_0.05), forming a conductive
microporous network that supports gas adsorption and carrier transport
at low temperature. The composite sensor achieved stable, selective NHg
detection at —78°C, with a detection range of 1-20 ppm and a resistance
change of up to fourfold. Unlike conventional oxygen-mediated chem-
iresistive sensing, the response was attributed to an exciton-like elec-
tron-hole-pair formation and recombination process, enabling operation
under oxygen-limited conditions. The sensor also showed 18-month
stability and good selectivity toward NH3 over CO, ethanol, and
acetone [128]. This work is the first reported example of chemiresistive
gas sensing at sub-zero temperatures, opening the door to low-cost,
miniaturized gas sensors suitable for harsh environments such as
cold-chain logistics, biomedical storage, and polar-region monitoring.

Addressing the ongoing challenges of gas sensing at subzero tem-
peratures, Pi et al. introduced a novel strategy that significantly im-
proves the performance of semiconductor gas sensors in harsh
environments. Conventional MOS sensors, such as SnO-, suffer from
limited charge-carrier mobility and insufficient chemisorbed oxygen at
low temperatures, resulting in poor sensitivity. To solve this problem,
the authors engineered a UV-assisted chemiresistive sensor by inte-
grating Sb-doped SnO2 microspheres with net-like g-CsNy4, forming a
type-II heterojunction that enhances the separation and transport of
photogenerated charge carriers. Under UV illumination, the sensor
benefits from increased surface carrier density and activation of oxygen
species, enabling efficient 2 ppm HjS detection at —20°C with a fast tyeg
of 14 s and a high response value of 20.1. The sensor also demonstrates
strong selectivity, long-term stability over 20 days, and consistent per-
formance. These experimental results are further validated by DFT cal-
culations, which confirm improved adsorption energies and charge
activity under UV excitation [106]. This work provides a promising,
energy-efficient route to enabling semiconductor gas-sensing technolo-
gies to operate effectively at extremely low temperatures, with broad
implications for deep-space missions and other demanding
environments.

Taken together, current low-temperature strategies maintain sensing
output primarily through optical readout, anti-freezing conductive
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matrices, and photoactivated semiconductor interfaces. These ap-
proaches extend sensing into sub-zero conditions and reduce the need
for global heating, but incomplete recovery, condensation-related er-
rors, and calibration drift remain major limitations. Future work should
pair localized activation with anti-condensation inlet design and
repeated freeze-thaw validation to verify stability under cyclic cold
exposure.

4.4. Vacuum gas sensing

This section examines recent research on gas detection in vacuum
environments in detail. First, the structure and performance of the CuO-
based heterojunction gas sensor are illustrated under high vacuum
conditions (3 x 1073 Pa), as shown in Fig. 8. By constructing SnO»-CuO
and ZnO-CuO p-n heterojunctions that operate under 365 nm UV-LED
illumination, the sensor can efficiently detect HyS gas even in oxygen-
free environments. Specifically, the reaction of CuO with HyS pro-
duces conductive CuS (Fig. 8a), which is facilitated by UV light pro-
moting the generation of electron-hole pairs and enhancing the gas
reaction activity (Fig. 8b), leading to significant changes in the sensor's
resistance. The sensor shows excellent selectivity for H,S among various
gases (Fig. 8c) and maintains good stability over a 7-day testing period
(Fig. 8d). Comparing conditions with and without UV-LED illumination
demonstrates that UV excitation greatly enhances response value and
response speed (Fig. 8e). The response increases non-linearly with
higher concentrations (Fig. 8f), and the LoD reaches 100 ppb (Fig. 8g).
Additionally, different CuO doping levels substantially affect response
performance, with 9% providing optimal results (Fig. 8h). Overall, these
findings suggest that this sensor design has excellent H,S detection ca-
pabilities under vacuum and at room temperature, making it suitable for
extreme environments such as space exploration [22].

Kyriakou et al. studied hydrocarbon contamination under ultra-high
vacuum (UHV), particularly in extreme ultraviolet (EUV) lithography
systems, where carbon deposition degrades Ru-capped multilayer mir-
rors. They showed that photoelectrons, rather than EUV photons, pri-
marily drive carbon buildup, with toluene and long-chain alkanes
producing higher contamination rates due to longer surface residence
times. To monitor trace hydrocarbons at low pressure, the authors
developed a YSZ-based solid-electrolyte sensor with a Pt working elec-
trode exposed to UHV and a reference electrode maintained at
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atmospheric pressure. Operated at ~873 K, the sensor worked in both
potentiometric and amperometric modes. Open-circuit potential shifts
reflected hydrocarbon adsorption, whereas electrochemical oxygen-
pumping current quantified hydrocarbon concentration. The sensor
detected hydrocarbons at pressures as low as 10~° mbar, and bimetallic
Pt-Au electrodes improved selectivity among alkanes, alkenes, and ar-
omatics through tailored surface compositions [129]. These results show
the potential for deploying compact, high-sensitivity gas sensors in
harsh vacuum environments for contamination monitoring and
real-time process control in advanced manufacturing systems.
Regarding space missions, detecting VOCs and trace contaminants
under vacuum or low-pressure conditions poses significant challenges
due to minimal molecular adsorption and strict sensitivity needs. Snitka
et al. introduced a SERS sensor platform designed for ultra-sensitive
molecular detection in harsh environments. The sensor uses Ag
nanoparticle-coated porous silicon membranes, fabricated through
electrochemical etching and electroless Ag deposition, to generate dense
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plasmonic “hot spots” that boost signals without needing strong mo-
lecular adsorption. To address the low density of gas molecules in vac-
uum, a micropump is integrated to actively pull analytes through the
SERS-active membrane, increasing the chance of interaction and
detection sensitivity. The system successfully detected hydrazine vapor
at 0.1 ppm and non-polar anisole vapor at 0.5 ppb, confirming its high
performance under simulated low-pressure conditions. Its compatibility
with portable Raman spectrometers enables real-time, on-site moni-
toring without complicated sample preparation or sample return, mak-
ing it ideal for spacecraft cabin air monitoring, planetary exploration,
and autonomous environmental diagnostics in space [130]. These

findings highlight the potential of SERS-based platforms as
next-generation gas sensing solutions for extreme aerospace
environments.

Pi et al. presented a MEMS-based chemiresistive HyS gas sensor using
a core-shell SnO,@Ag20 composite for operation under vacuum and low
temperature. The sensor operated at pressures as low as 1 x 10~°> Pa and
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at —20°C, mimicking space environments. Traditional MOS gas sensors
often fail under such conditions because they rely on surface-adsorbed
oxygen species that desorb in vacuum. In this design, SnO, micro-
spheres provide HyS adsorption sites, while the Ag,O shell reacts
directly with adsorbed HjS to form conductive AgsS. This adsorption-
reaction coupled mechanism enables a resistance response without
relying on ambient oxygen. The SnO;@Ag>0 sensor showed a response
time of 15.3 s, high selectivity, and a detection range of 100 ppb-10 ppm
for HyS, with minimal cross-sensitivity to NH3 and H2O (both common
in lunar soil). The study also used electron paramagnetic resonance
(EPR) spectroscopy to examine pressure-dependent oxygen desorption,
confirming the loss of chemisorbed oxygen with increasing vacuum
[114]. This work demonstrates that gas detection is possible in
oxygen-free environments and offers a promising approach for
next-generation space-compatible gas sensors.

Overall, current vacuum gas-sensing strategies compensate for low
molecular flux and oxygen depletion through oxygen-independent re-
actions, photoactivation, plasmonic readout, and active analyte de-
livery. These approaches enable low-pressure detection, but calibration
mismatches, leakage effects, and long equilibration times still limit
quantitative reliability. Future work should combine oxygen-
independent sensing chemistry with active sampling, pressure-
resolved calibration, and low-outgassing device packaging.

5. Design considerations toward continuous harsh environment
detection

Future advances in harsh-environment gas sensing will be driven by
application-specific performance standards and architectures that turn
laboratory breakthroughs into reliable field devices. This section covers
stability challenges in gas detection. It compiles solution strategies and
design guidance for upcoming sensors operating in extreme conditions
(Fig. 9). Accurate measurement must be maintained under combined
stresses such as heat, pressure, moisture, corrosive media, and vibration,
while ensuring short tys, low power consumption, and demonstrated
selectivity in real-world environments. The most promising approach
involves integrated design that combines durable transducers like solid
electrolytes, wide bandgap electronics, and high-temperature acoustic
devices with catalytic or permselective interfaces, conditioned sam-
pling, and multilayer barrier systems, alongside lightweight edge ana-
lytics that maintain calibration across operational conditions.
Evaluation should focus on deployment metrics, including LoDs amid
complex backgrounds, dynamic accuracy during load changes, system
uptime, service intervals, and compliance with safety standards. These
trends point toward modular, networked platforms for hydrogen
handling, ammonia/electrofuels, high-temperature process control,
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geothermal monitoring and aerospace propulsion.

Current evidence from applications further illustrates this
laboratory-to-field gap. Zirconia-based electrochemical sensors are
mature platforms for oxygen monitoring, combustion control, and
exhaust after-treatment systems, and optical systems have enabled in situ
monitoring in hydrothermal environments [54,142,143]. However,
frontier scenarios, such as Venus-surface exploration, remain difficult to
access directly, and high-fidelity facilities, such as NASA's Glenn
Extreme Environments Rig (GEER), are still required to reproduce
coupled temperature, pressure, and atmospheric stresses for
ground-based qualification [144]. In contrast, many newly emerging
material-based sensors are still being evaluated in the simplified test
chambers described in the previous chapter. This contrast highlights the
need to move from isolated performance testing to multi-stressor eval-
uation with defined operating windows, setting the basis for the
following discussion on lifetime preservation, robust sampling and
packaging, and adaptive calibration strategies.

Furthermore, rapid warning capability should be evaluated as a
deployment-level metric, rather than reduced to the intrinsic response
time of the sensing material. Recent studies suggest two complementary
approaches. The first is material- and device-level acceleration, in which
shortened diffusion pathways, engineered interfaces, or suspended ar-
chitectures amplify early optical or electrical responses. Representative
examples include metal-polymer plasmonic nanomaterials that enable
sub-second optical Hy responses and fully suspended Pd nanowires that
achieve an electrical response of approximately 0.6 s for Hy detection
[145,146]. The second is algorithm-assisted early prediction, in which
transient response features are used to estimate gas concentration before
the signal reaches full saturation. This approach has been demonstrated
by vertical thermal-conduction sensor systems with neural-network
prediction, achieving 0.4 s Hy detection, and by integrated Pd-alloy
leakage sensors with concentration-prediction algorithms, reaching
0.3 s concentration output [147,148]. These studies indicate that future
harsh-environment gas sensors should be evaluated not only by
steady-state sensitivity and stability but also by warning latency,
transient-response reliability, and false-alarm resistance under
application-specific operating conditions.

5.1. Stability and lifespan enhancement

Stability is the capacity of a sensor to keep its baseline, span, and
response profile essentially unchanged under fixed conditions, with
minimal and quantifiable drift. Reports commonly separate short-term
stability over hours to days and long-term stability over weeks to
months, noting drift as a relative change per unit time along with the
recalibration interval [79]. A key challenge is that inadequate stability
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often results from multiple interconnected mechanisms. Temperature
exposure and thermal cycling promote microstructural changes and
diffusion of electrodes or dopants, especially in high-temperature stacks
[54]. Chemical poisoning deactivates catalytic or electrode sites, with
sulfur compounds and siloxanes in exhaust streams being
well-documented causes [149]. Moisture can modify surface chemistry
and charge transport, contributing to baseline drift in chemiresistive
oxides [150]. Additionally, packaging and interconnects add new drift
channels through thermo-mechanical stress, permeation, and corrosion,
particularly when barrier layers are insufficient or chemically unstable
[151]. Flow, pressure, and temperature transients also generate
non-stationary transport, disrupting steady responses, especially in
continuous field operation [152].

These mechanisms become more pronounced in harsh environments.
High temperatures accelerate grain growth, phase transitions, and
interdiffusion, while condensation and corrosive media thicken inter-
facial water films and open permeation paths, speeding up material
aging and package failure. Fieldable practice is converging on a few
measures that directly stop the main drift pathways through continuous
monitoring. Heated and conditioned sampling paths that keep the
transported gas above its dew point, along with good probe design and
bias control, prevent condensation and wall losses in wet, corrosive
streams and are now part of guidance for continuous emission moni-
toring systems and vendor practices. At the device and package level,
multilayer barriers created by atomic layer deposition outperform single
oxide layers by combining low water-vapor transmission with better
chemical durability, such as Al,O3 paired with SiOs, or ZrO, to reduce
hydrolysis and corrosion [153,154]. These nanolaminates decrease
ingress and keep interfaces stable over long campaigns.

When interferents, rather than permeation, dominate, thin permse-
lective overlays like zeolites or MOF-derived films placed upstream of
the sensitive layer shape transport and reduce cross-responses without
significantly affecting kinetics. This approach has been validated from
early zeolite capping of WO3 and SnO, to modern membrane filter
techniques [155,156]. In addition, inlet hardware resistant to droplet
impact and particulate fouling, such as sintered-metal caps and
flame-arrestor covers, protects the sensing head in hot and corrosive
media and reduces maintenance needs.

At the material and transducer levels, several stability-oriented
strategies are emerging. High-temperature acoustic transducers on lan-
gasite with high-melting-point multilayer electrodes and temperature-
strain decoupling have demonstrated reliable operation at 500°C, with
wireless temperature readout reported up to 1200°C, making them
suitable for passive nodes in furnaces and turbines [157,158].
Entropy-stabilized oxides are starting to produce single-phase chemir-
esistors that resist coarsening and phase separation while maintaining
response, indicating better long-term stability at high temperatures
[159,160].

Facet-controlled metal oxides offer a complementary, interface-level
strategy by exposing undercoordinated, high-energy surface sites that
can enhance adsorption, oxygen activation, and surface-barrier modu-
lation [161,162]. However, these facets also introduce an
activity-stability trade-off in harsh environments because they are sus-
ceptible to surface reconstruction, hydroxylation, and sintering. Their
practical use, therefore, requires stabilization through dopant
anchoring, conformal protective shells, or heterointerface confinement,
together with long-term drift and thermal/humidity-cycling validation
[30,32]. Anti-condensation surface treatments at the inlet, using durable
superhydrophobic or photothermal coatings, can delay film formation
and fouling during rapid weather or load changes, smoothing the
baseline over daily cycles [163]. On the operational side,
temperature-programmed sensing captures richer, kinetic-based fea-
tures that help distinguish target signals from interferents and aging
effects, and is increasingly combined with lightweight on-edge models
[164]. Long-term stability is further enhanced by treating deployment as
a domain-shift problem, with scheduled bump or span checks supporting
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semi-supervised, active learning, or transfer learning approaches that
have proven effective in reducing drift across multi-month datasets from
electronic-nose platforms [165,166]. Overall, gas sensor stability in
harsh environments depends on a finely tuned system across materials,
packaging, sampling, and data calibration rather than a single fix.

5.2. System architecture

Because harsh environments can cause sensing failure, performance
can be safeguarded by adopting multimodal fusion (optical, electrical,
acoustic), catalysis, and upfront preconcentration, and differential and
reference-channel architectures. By preparing the sample before mea-
surement, sensing with complementary modalities, and stabilizing
readout via differential referencing, a practical route to sustained
selectivity, accuracy, and uptime in harsh deployments can be achieved.
Recent nanocomposite-enabled chemical sensors also offer useful
architectural references for harsh-environment gas-sensing systems.
Self-powered biochemical sensors based on metal-air batteries illustrate
routes to prolonged chemical monitoring without a continuous external
power supply [167]. Programmable ferroelectric nanocomposites and
self-powered sensory textiles further show that polymer-filler coupling,
aligned composite structures, and textile-level integration can support
low-power, flexible, and multifunctional sensing platforms [168,169].

Harsh environments weaken reliability when only a single sensing
principle is used. Combining different transducers, such as MOS or
transistor channels, with MIR spectroscopy and surface acoustic wave
(SAW)/QCM mass sensors offers complementary selectivity and pro-
vides orthogonal failure modes. Field studies and reviews show that
multimodal pipelines integrated with machine-learning fusion enhance
classification, quantification, and anomaly detection for industrial gas
monitoring and leak detection [170]. SAW/QCM devices coated with
two-dimensional materials demonstrate high mass sensitivity at room
temperature and remain effective in dusty or humid conditions [171,
172]. Optical channels deliver long-lasting references with low drift and
high resistance to humidity, stabilizing systems that include chemir-
esistors susceptible to drift [173]. In catalysis and preconcentration,
MEMS micro-preconcentrators that periodically trap and thermally
desorb analytes boost signal-to-noise ratio and lower LoDs for trace
VOCs in low-temperature or humid environments [174]. Catalytic or
size-selective filters placed before the sensing layer alter or remove
interferents, enhancing selectivity and baseline stability in complex
backgrounds [175]. Additionally, paired target-reference channels
within the same flow and thermal environment suppress common-mode
disturbances and monitor sensor health through residual analysis.
Dual-channel NDIR CO; sensors integrating a MEMS emitter, thermopile
detectors, and a compact optical cell demonstrate improved stability,
humidity tolerance, and sensitivity while reducing size and power
consumption [173,176].

5.3. Domain-adaptive modeling and on-site few-shot recalibration

Beyond material stability and system engineering, a highly practical
approach for harsh-environment gas detection is to implement opera-
tional, domain-adaptive analytics with routine bump checks and a
standard temperature-modulated sensing protocol. This approach
should be understood as a data-level extension of the material and de-
vice strategies discussed above, because harsh environments first per-
turb the sensing interface and device readout before these changes
manifest as variations in sensor data. Temperature cycling, humidity
fluctuations, pressure or flow changes, vibration, and background gas
variations can alter adsorption-desorption kinetics, surface reaction
rates, charge or ion transport, optical path stability, and baseline signals.
As a result, the response distribution observed during field deployment
may deviate from laboratory calibration data, leading to data drift or
domain shift.

Environmental covariates such as temperature, humidity, pressure,
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flow, and vibration should therefore be recorded together with sensor
signals, and online, transfer, or active-learning models can be used to
reduce long-term drift and site-to-site shifts. Studies on electronic nose
systems show that domain adaptation and online learning significantly
enhance robustness to drift [165,177]. Brief daily bump tests with
challenge gases can verify gas access and alarm function. Additionally,
lightweight recursive updates (e.g., Recursive Least Squares (RLS) can
be used to recursive PCA, or partial least squares (PLS)) to continuously
update the zero/span with a handful of labeled points, maintaining ac-
curacy between scheduled calibrations without downtime [178].

Importantly, Al-based correction can compensate only for reversible
or statistically learnable variations, including baseline drift, environ-
mental cross-sensitivity, sensor-to-sensor variation, gas classification
and concentration prediction, and calibration transfer [166,178,179]. It
cannot recover valid signals after irreversible material degradation,
poisoning, corrosion, delamination, optical-window contamination, or
packaging failure. These failure modes still require stable sensing ma-
terials, protective interfaces, conditioned sampling paths, reference
channels, and robust device packaging. Therefore, domain-adaptive
modeling should be integrated with material stabilization and device
architecture to preserve valid sensing signals and improve calibration
transferability and long-term interpretability.

6. Conclusion

Recent advances have improved harsh-environment gas sensing, but
field reliability remains limited by coupled material, device, and cali-
bration failures. This review systematically examines current engineer-
ing methods, ongoing challenges, and potential applications of gas
sensors designed for operation in high- and low-temperature, high-hu-
midity, and vacuum environments. Environments with high tempera-
tures, such as combustion chambers, industrial furnaces, and aerospace
applications, require sensor materials that maintain chemical and
structural stability under thermal stress. Promising options like wide-
bandgap semiconductors and thermally stable metal oxides have
shown potential. However, issues such as sensor drift and long-term
material degradation remain unresolved, necessitating further im-
provements in material design and stabilization techniques. Low-
temperature environments, including cryogenics, polar regions, and
space exploration, impose distinct challenges due to sluggish gas-surface
reactions and the risk of condensation or freezing. Integrated micro-
heaters, catalytic enhancements, and thermally robust packaging have
been developed to mitigate these effects. However, optimizing energy
efficiency and long-term reliability under prolonged low-temperature
exposure remains a key challenge. High-humidity conditions,
commonly encountered in environmental monitoring and precision
agriculture, pose challenges for gas sensors due to moisture interference,
competitive adsorption, and material degradation. Hydrophobic surface
modification and signal-compensation strategies have mitigated some of
these effects. However, maintaining consistent sensor performance over
extended periods remains difficult. In vacuum environments, typical in
space exploration and semiconductor manufacturing, traditional sensing
methods are challenged by very low gas densities. Optical, spectro-
scopic, and field-ionization methods reduce reliance on surface
adsorption and are attractive for low-density gas environments. Still,
integrating these systems into compact, energy-efficient platforms re-
mains a major challenge.

Future advancements in gas-sensing technologies are expected to
stem from integrating emerging materials, adaptive device architec-
tures, and advanced signal-processing strategies. Harsh-environment
gas sensors should therefore move toward multifunctional, miniatur-
ized, and self-sustaining platforms through material-device-system co-
design. At the material level, the most actionable strategy is to stabilize
the sensing interface where gas access, surface reaction, and signal drift
originate. Entropy-stabilized oxides, ALD-based multilayer barriers,
permselective zeolite or MOF-derived films, and anti-condensation
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coatings offer practical routes to suppress coarsening, permeation,
fouling, and cross-response while preserving active sites. At the device
level, robust architectures should condition the gas before sensing and
compare the target response with an internal reference. MEMS micro-
preconcentrators, catalytic or size-selective filters, target-reference
channels, and dual-channel NDIR designs therefore provide effective
routes to improve selectivity, baseline stability, humidity robustness,
and operational reliability. At the system level, long-term accuracy
should be maintained by treating field deployment as a domain-shift
problem. Temperature-programmed operation, environmental covari-
ate inputs, online or transfer learning, and adaptive zero/span updates
offer practical routes for drift correction, domain adaptation, and on-site
recalibration. Such interdisciplinary efforts will expand sensing capa-
bilities across aerospace, geothermal energy, deep-sea exploration, and
planetary research. Overall, the major barrier to harsh-environment gas
sensing is not optimizing sensor response under isolated laboratory
stressors, but rather translating that response into reliable operation
under simultaneous, interacting extremes. Future progress will depend
on field-relevant validation that bridges laboratory performance and
continuous monitoring in real extreme-service environments.
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