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1. INTRODUCTION

Formaldehyde (HCHO) is one of the most hazardous indoor 

air pollutants, continuously emitted from pressed-wood 

building materials, adhesives, paints, and various combustion 

processes [1]. Prolonged exposure to HCHO, even at trace 

levels, induces severe eye and respiratory irritation, central 

nervous system disorders, and long-term health risks [2]. 

Consequently, the International Agency for Research on 

Cancer (IARC) classification of HCHO as carcinogenic to 

humans (Group 1) underscores the potential risks associated 

with long-term exposure [3]. To mitigate exposure hazards, 

international regulatory bodies have established strict limits;

the World Health Organization (WHO) recommends an 

indoor-air guideline of 0.1 mg m–3 averaged over 30 min, 

while the National Institute for Occupational Safety and 

Health (NIOSH) specifies a recommended exposure limit of 

0.016 ppm as a time-weighted average and a 15 min ceiling 

of 0.1 ppm [4,5]. Meeting these rigorous safety standards 

requires gas-sensing platforms capable of continuous, real-

time monitoring with sub-ppm to ppb-level detection limits, 

high selectivity, and rapid dynamic response kinetics.

Metal oxide semiconductor (MOS)-based chemiresistive 

sensors have been widely investigated for HCHO detection 

owing to their fast response/recovery kinetics, simple 

configuration, and compatibility with miniaturized devices 

[6,7]. The core sensing mechanism relies on surface redox 

reactions between target gas molecules and pre-chemisorbed 

oxygen species (O2−, O−) [8]. In n-type MOS, the extraction of 

conduction band electrons by adsorbed oxygen creates an 

electron depletion layer (EDL). Upon exposure to reducing 

HCHO, oxidation of the gas releases trapped electrons back 

into the semiconductor surface, decreasing resistance. 

Conversely, in p-type oxides, this electron release induces 
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electron–hole recombination within the hole accumulation 

layer (HAL), producing a resistance increase [9]. However, 

these simple gas sensing mechanisms often cause MOS 

sensors to suffer from intrinsic bottlenecks, including low 

response to ppb-level HCHO, high operating temperatures 

(200–400°C) that drive up power consumption, and poor target 

selectivity against ubiquitous volatile organic compounds 

(VOCs) such as ethanol [10-12], and performance degradation 

induced by ambient humidity.

This review systematically organizes recent developments in 

MOS-based HCHO sensors according to three key 

performance objectives: response enhancement, room-

temperature operation, and selectivity control. First, response 

enhancement is achieved through targeted surface and 

interfacial engineering [13,14]. Defect engineering via oxygen 

vacancies increases active adsorption sites and lowers reaction 

barriers, while heterojunctions (p–n, n–n, and p–p) amplify 

resistance modulation through interfacial potential barriers. 

Additionally, noble-metal catalysts accelerate oxidation 

kinetics via chemical spillover and/or electronic Schottky 

effects. Second, room-temperature operation is enabled by 

non-thermal excitation strategies that replace thermal 

activation. Composite architectures incorporating carbonaceous 

materials or 2D MXenes establish low-resistance charge 

transport networks, whereas photo-activation via light 

irradiation photogenerates charge carriers to accelerate HCHO 

oxidation [15]. Finally, selectivity control over interfering 

VOCs (e.g., ethanol) is achieved using functional overlayers 

categorized into two mechanisms: Chemical conversion layers 

(e.g., HZSM-5) that dehydrate ethanol into less-reactive 

ethylene, and physical sieving membranes (e.g., ZIF-7/PEBA) 

that exclude bulky molecules by pore size. Evaluating these 

reported performances provides a comprehensive blueprint for 

designing next-generation HCHO sensing materials.

2. DESIGN PRINCIPLES GOVERNING 

HIGH-PERFORMANCE HCHO SENSING 

MATERIALS

2.1 Strategies for Designing Highly Sensitive HCHO      

Sensors

2.1.1 Defect Engineering: Oxygen Vacancy

Oxygen vacancies are widely recognized as highly active 

surface sites that enhance HCHO sensing through two 

complementary pathways (Fig. 1(a)) [16,17]. They provide 

favorable sites for the adsorption and activation of oxygen 

molecules, thereby promoting the formation of reactive 

chemisorbed oxygen species (e.g., O2− and O−), which readily 

oxidize HCHO into CO2 and H2O [18]. In addition, oxygen 

vacancies provide preferential adsorption sites for HCHO, 

facilitating its subsequent oxidation (Fig. 1(a)) [19,20]. During 

this surface redox process, charge transfer between the 

adsorbed species and the semiconductor modulates the surface 

carrier concentration, leading to changes in the electron 

depletion layer of n-type oxides or the hole accumulation layer 

of p-type oxides. Consequently, oxygen vacancies accelerate 

the surface reaction kinetics and significantly improve HCHO 

sensing performance [21].

Chu et al. investigated the incorporation of Tb ions to 

regulate the oxygen vacancy concentration in MOF-derived 

SnO2 [22]. The charge and ionic-radius mismatch between 

Tb3+ ions and Sn4+ induced lattice distortion and facilitated the 

removal of lattice oxygen during calcination. As shown in Fig. 

1(b), the EPR signal at g = 2.003, assigned to singly ionized 

oxygen vacancies, reached its maximum intensity for the 5 

at% Tb-SnO2, confirming the highest oxygen vacancies 

concentration. Consequently, the 5 at% Tb-SnO2 sensor 

exhibited the highest response of 394 to 10 ppm. HCHO at 

200°C, which was 7.38 times higher than that of pristine SnO2

(Fig. 1(c)). The enhanced HCHO response of Tb-SnO2 was 

Fig. 1. Oxygen-vacancy engineering for enhanced HCHO sensing. 

(a) Schematic illustration of HCHO adsorption and oxidation 

mediated by oxygen vacancies. Adapted from Ref. [17]. (b) 

EPR spectra and (c) HCHO responses of pristine and Tb-

doped SnO2 sensors. Adapted from Ref. [22]. (d) Schematic 

illustration of oxygen-vacancy formation in A-site-deficient 

LaFeO3 hollow nanofibers and (e) their HCHO responses. 

Adapted from Ref. [23].
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attributed to the increased oxygen-vacancy concentration, 

which accelerated the surface reaction kinetics. In addition, the 

reversible Tb3+/Tb4+ redox couples suppressed the occupation 

of active sites by water molecules, enabling a high response of 

209.3 to 10 ppm HCHO at 80% RH. This result highlights the 

critical need to design surface active sites capable of resisting 

water poisoning, as competitive adsorption of ambient 

moisture remains a ubiquitous hurdle across most MOS 

sensing matrices.

On the other hand, Zhu et al. generated oxygen vacancies in 

LaFeO3 through A-site non-stoichiometry without introducing 

external dopants [23]. A-site-deficient LaxFeO3 hollow 

nanofibers were synthesized by electrospinning (Fig. 1(d)). 

The deficiency of La induced charge compensation through 

the partial oxidation of Fe3+ to Fe4+ and the formation of 

oxygen vacancies. The increased EPR intensity and defect-

related Raman bands confirmed the successful formation of 

oxygen vacancies. Consequently, the La0.7FeO3 sensor 

exhibited the highest response of 20.4 to 100 ppm HCHO at 

180°C (Fig. 1(e)). The enhanced response of La0.7FeO3 was 

attributed to the synergistic effects of the increased oxygen-

vacancy concentration, the increased Fe4+/Fe3+ ratio, and the 

high-surface-area hollow nanofiber structure.

These examples demonstrate that oxygen vacancies can be 

effectively introduced through either aliovalent cation 

incorporation or non-stoichiometric defect engineering, 

providing versatile routes to improve HCHO sensing 

performance.

2.1.2 Interfacial Engineering: Heterojunction formation

The electronic band structure of a sensing layer can be 

effectively modified by two semiconducting oxides with 

different Fermi levels. Upon contact, electrons redistribute 

across the interface until Fermi-level equilibrium is 

established, resulting in interfacial band bending and formation 

of carrier-depletion or accumulation regions [24]. This 

interfacial charge redistribution modifies the local carrier 

concentration and baseline resistance of the sensing layer [25]. 

During HCHO sensing, the associated charge transfer further 

perturbs the interfacial carrier distribution, thereby amplifying 

the resistance change and enhancing the sensing performance 

[26]. Representative p–n, n–n, and p–p heterojunctions are 

schematically illustrated in Fig. 2.

The p–n heterojunction reported by Kong et al. was 

constructed by anchoring p-type NiO nanoparticles onto n-type 

In2O3 microtubes [27]. This configuration represents a widely 

adopted strategy in oxide chemiresistors, where n-type oxides 

serve as electron transport frameworks, while p-type oxide 

nanoparticles can provide additional catalytic sites and induce 

interfacial charge redistribution through p–n junction 

formation. The difference in Fermi levels drives electron 

transfer from In2O3 to NiO, followed by band bending and the 

formation of an interfacial depletion region (Fig. 2(a)). Optical 

absorption analysis using Tauc plots revealed a gradual 

narrowing of the optical bandgap with increasing NiO loading, 

while the accompanying XPS binding-energy shifts provided 

evidence of interfacial electronic interaction (Fig. 2(b)). 

Consequently, the NiO-9/In2O3 sensor, exhibiting an 

intermediate bandgap of 3.08 eV, achieved the highest 

response of 1115.41 to 10 ppm HCHO at 180°C, whereas both 

lower and higher NiO loading resulted in inferior sensing 

performance (Fig. 2(c)). The superior response at the 

optimized NiO loading was attributed to the synergistic effects 

of electronic modulation arising from the NiO/In2O3 p–n 

heterointerface and catalytic activity of NiO nanoparticles, 

which facilitated HCHO oxidation and enhanced the 

modulation of the interfacial potential barrier.

In addition to p–n systems, constructing n–n heterojunctions 

represents another effective approach for HCHO sensing at 

room temperature, combining the intrinsic sensing 

characteristics of two n-type oxides while maintaining efficient 

electron transport networks. For example, Liu et al. integrated 

n-type SnO2 nanoparticles with n-type In2O3 microspheres to 

form an n–n heterojunction framework (Fig. 2(d)) [28]. High-

resolution TEM and XPS analyses confirmed the formation of 

a well-defined heterointerface accompanied by interfacial 

charge transfer, which established an electron depletion layer 

in SnO2 and an accumulation layer in In2O3. Dynamic response 

measurements revealed that the HCHO response was 

significantly enhanced at an optimized SnO2/In2O3 ratio 

compared to pristine In2O3, indicating that the optimized 

heterointerface contributed to the enhanced sensing 

performance through interfacial electronic modulation (Fig. 

2(e–g)). The enhanced sensing performance was therefore 

associated with interfacial electron redistribution across the 

SnO2/In2O3 heterointerface as well as with the intrinsic surface 

reactivity of the oxides. Unlike p–n heterojunctions, which 

primarily rely on modulation of the built-in potential barrier, 

n–n heterojunctions provide efficient electron transport while 

simultaneously combining the intrinsic gas-sensing 

characteristics of two n-type oxides.

Chen et al. explored p–p heterojunctions by integrating two 

p-type oxides, LaFeO3 and Co3O4, within a nanofiber 

architecture [29]. Based on the DFT-calculated work functions, 

electrons transfer from LaFeO3 to Co3O4, forming a hole-

accumulation region in LaFeO3 and a hole-depletion region in 

Co3O4 (Fig. 2(h)). High-resolution TEM confirmed the 

successful establishment of this p–p heterointerface (Fig. 2(i)). 

Unlike n-type sensing, exposure to reducing HCHO gas leads 

to an increase in resistance, as the released electrons recombine 
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with holes and decrease the majority carrier concentration in 

the p-type matrix (Fig. 2(j)). The interfacial electric field at the 

p–p heterointerface amplifies this resistance change by 

regulating hole redistribution and charge transport across the 

interface. Consequently, the optimized LaFeO3/Co3O4 sensor 

exhibited a significantly higher and more reproducible HCHO 

response compared to pristine LaFeO3 at a lower operating 

temperature of 100°C (Fig. 2(k)). Overall, these examples 

demonstrate that heterojunction formation enhances HCHO 

sensing primarily through interfacial charge redistribution and 

amplification of the electrical response. Selective HCHO 

detection, however, is closely associated with the surface 

affinity and catalytic activity of the constituent oxides, which 

promote preferential HCHO oxidation. Thus, combining 

selective surface chemistry with interfacial electronic 

modulation can improve both HCHO sensitivity and 

selectivity.

2.1.3 Catalytic Engineering: Noble-Metal Dual-Sensitization

Noble-metal functionalization significantly improves MOS-

based HCHO sensing performance through chemical and/or 

electronic sensitization. Chemical sensitization accelerates O2

dissociation and HCHO oxidation via spillover effects, 

whereas electronic sensitization modifies interfacial carrier 

distribution through charge transfer between the noble metal 

and semiconductor oxide [30]. Depending on the relative work 

function of the metal oxides and noble metal, interfacial charge 

transfer can generate a Schottky barrier or modify the local 

carrier charge concentration near the interface [31]. These 

effects depend strongly on various parameters of the noble-

metal catalysts, such as particle size, loading, exposed crystal 

facets, oxidation state, and interfacial structure [32,33].

The influence of catalyst dimensions is clearly illustrated by 

the Pd/SnO2 system reported by Li et al., in which the HCHO 

response varied with both the size and exposed facet of the Pd 

Fig. 2. Heterojunction engineering for enhanced HCHO gas sensing. (a–c) p–n heterojunction (NiO/In2O3): (a) Band alignment and charge 

transfer mechanism in NiO/In2O3. (b) Tauc plots showing optical band gaps (Eg). (c) Temperature-dependent response. Adapted from 

Ref. [27]. (d–g) n–n heterojunction (SnO2/In2O3): (d) Energy-band diagram under HCHO atmosphere. (e) HRTEM image of the 

heterointerface. (f) Sn 3d XPS spectra comparing pristine SnO2 and the composite (S3). (g) Dynamic HCHO response for various Sn: 

In ratios (S1–S4). Adapted from Ref. [28]. (h–k) p–p heterojunction (LaFeO3/Co3O4): (h) Equilibrium band alignment and hole transfer. 

(i) HRTEM image of Co3O4 nanoparticles on LaFeO3. (j) Transient resistance response in air and HCHO at 100°C. (k) Cyclic response 

demonstrating sensor repeatability. Adapted from Ref. [29].
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nanocrystals [34]. Fig. 3(a) depicts the dual role of Pd 

nanoparticles, where Pd promotes HCHO oxidation through 

catalytic sensitization while interfacial charge transfer between 

Pd and SnO2 induces Schottky barrier formation. The size 

dependence of HCHO sensing performance in Pd/SnO2

sensors further supports these sensitization effects (Fig. 3(b)). 

Specifically, 3 nm Pd nanoparticles produced a higher response 

than 20 and 50 nm Pd nanocubes, because smaller particles 

provide more accessible catalytic sites and a higher density of 

Pd/SnO2 interfacial junctions, thereby enhancing both surface 

oxidation kinetics and electronic sensitization. In addition to 

particle size, the exposed crystal facet played a crucial role. 

Among Pd nanoparticles with a similar size, the response 

followed the order of Pd(100) > Pd(110) > Pd(111), consistent 

with the DFT-calculated preference for HCHO adsorption on 

the Pd(100) facet. This example highlights that noble-metal 

optimization requires balancing catalytic accessibility and 

interfacial electronic interaction.

On the other hand, Au-loaded ZnO nanorod arrays 

demonstrated enhanced HCHO sensing through the combined 

effects of oxygen activation and interfacial electronic 

modulation (Fig. 3(c)) [35]. DFT calculations showed that Au 

enhanced the adsorption of reactive oxygen species, while 

XPS analyses provided evidence of charge redistribution at the 

Au/ZnO interface. Consequently, the sensing response 

exhibited a distinct maximum at an optimized Au loading (Fig. 

3(d)). At lower Au loadings, the limited number of Au sites 

restricted the available catalytic interfaces, whereas excessive 

Au loading promoted nanoparticle aggregation and reduced the 

effective modulation of the sensor resistance. These results 

highlight the importance of optimizing noble-metal loading to 

balance catalytic activity and interfacial electronic effects.

Fig. 3. Noble-metal sensitization of MOS-based HCHO sensors. (a) Schematic illustration of Pd-mediated chemical and electronic sensitization 

and (b) effects of Pd particle size and exposed facet on the HCHO response of Pd/SnO2 sensors. Adapted from Ref. [34]. (c) Calculated 

O2 adsorption configurations and charge-density differences and (d) Responses of Au-loaded ZnO sensors. Adapted from Ref. [35]. (e) 

Device configuration and (f) cross-sectional TEM image of an Au-decorated ITZO thin-film sensor. Adapted from Ref. [36].
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Noble-metal functionalization has also been extended to 

planar thin-film architecture by depositing Au nanoparticles 

directly onto a sputtered ITZO sensing film [36]. A 17 nm 

ITZO layer was sputtered over Cr/Pt interdigitated electrodes 

and subsequently decorated with thermally evaporated Au 

nanoparticles (Fig. 3(e)). Cross-sectional TEM confirmed 

intimate contact between the Au nanoparticles and ITZO layer, 

with an Au(111) lattice spacing of 0.321 nm (Fig. 3(f)). The 

resulting sensor exhibited a response of 47.5 to 20 ppm HCHO 

at 250°C, compared with 1.05 for bare ITZO, and achieved a 

detection limit of 40 ppb. This example demonstrates that 

noble-metal sensitization can be extended from nanostructured 

oxides to planar thin-film sensing architectures.

For practical MOS sensor applications, however, 

maintaining the structural stability of noble-metal 

nanoparticles under elevated operating temperatures is as 

important as maximizing their catalytic activity. Strong metal–

support interactions (SMSI) can stabilize noble-metal 

nanoparticles on oxide supports by suppressing their migration 

and aggregation, thereby helping preserve active metal–oxide 

interfaces during operation [37,38]. Thus, effective noble-

metal engineering requires not only high catalytic activity but 

also stable interfacial structures that maintain electronic and 

catalytic functionality over repeated sensing cycles. Future 

development will likely focus on precisely anchoring minimal, 

structurally stable noble-metal populations at electronically 

active sites rather than simply increasing the overall metal 

loading.

2.2 Strategies for Room-Temperature HCHO Detection

2.2.1 MOS-Carbonaceous/MXene Materials Composites

Traditional MOS generally require elevated operating 

temperatures (typically 200–400°C) to overcome activation 

energy barriers for surface redox reactions, which inevitably 

leads to high power consumption and limits their integration 

into portable devices. To address these thermal constraints, 

carbonaceous frameworks and two-dimensional (2D) MXenes 

are widely incorporated to complement MOS sensing layers by 

coupling active surface chemistry with highly efficient charge 

transport networks [39]. MOS nanoparticles provide 

chemisorbed oxygen and reactive sites for HCHO oxidation, 

while carbonaceous materials such as rGO primarily provide 

interconnected conductive networks, highly accessible surface 

areas, and functional groups, and metallic MXenes offer highly 

conductive pathways and tunable surface terminations that 

facilitate interfacial charge redistribution [40]. These 

electronically active components efficiently transduce surface 

reaction-induced charge variations into measurable resistance 

changes, enabling HCHO sensing at reduced operating 

temperatures or even at room temperature. Thus, carbonaceous 

and MXene components serve not merely as passive supports 

but as active transduction networks that couple MOS surface 

reactions with efficient electrical signal conversion.

For instance, Kashyap et al. fabricated an rGO–SnO2

composite where SnO2 nanoparticles were uniformly anchored 

onto rGO sheets (Fig. 4(a)) [41]. The work-function difference 

between SnO2 and rGO drives interfacial charge transfer, 

Fig. 4. Carbonaceous- and MXene-based composites for room-temperature HCHO sensing. (a) Morphology of an rGO–SnO2 composite and 

(b) its dynamic responses to different HCHO concentrations at room temperature. Adapted from Ref. [41]. (c) Morphology of an MXene/

NiO composite and (d) its room-temperature resistance responses to different HCHO concentrations. Adapted from Ref. [42].
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resulting in charge redistribution at the SnO2/rGO interface. 

Upon HCHO exposure, the resulting charge perturbation is 

efficiently transduced through the conductive rGO network, 

leading to a significantly enhanced room-temperature response 

compared with pristine rGO or bare SnO2, together with 

excellent cycling stability (Fig. 4(b)).

Similarly, combining p-type oxides with metallic MXenes 

provides another route for interfacial charge modulation [42]. 

For example, dispersing p-type NiO nanoparticles onto MXene 

flakes induces charge redistribution at the MXene/NiO 

interface (Fig. 4(c)). This redistribution enhances oxygen 

chemisorption and amplifies resistance modulation via 

electron–hole recombination during HCHO exposure, enabling 

reliable room-temperature HCHO detection across a broad 

concentration range (Fig. 4(d)). These results demonstrate that 

highly conductive MXenes can complement the surface 

reactivity of NiO by facilitating efficient charge transport and 

signal transduction at room temperature.

2.2.2 Photo-assisted HCHO sensing

Photoactivation provides an alternative energy source to 

drive oxygen chemisorption and surface redox reactions, 

enabling MOS sensors to detect HCHO at room temperature 

without thermal activation [43]. Under light irradiation (e.g., 

UV), photogenerated charge carriers facilitate the activation of 

surface oxygen species and subsequent HCHO oxidation, 

while the associated charge transfer modulates the carrier 

concentration and resistance of the oxide [44]. However, 

excessive illumination can disturb the balance between oxygen 

adsorption and desorption, emphasizing the need to optimize 

the irradiation intensity [45].

To enhance this photo-assisted effect, heterojunction and 

catalyst engineering are frequently integrated with photoactive 

frameworks [46]. For instance, a porous SnO2@TiO2 core–

shell architecture exhibited a dramatically enhanced room-

temperature HCHO response under UV illumination compared 

to dark conditions (Fig. 5(a–c)) [47]. The photoactive TiO2

generated charge carriers under UV irradiation, while the 

SnO2/TiO2 heterointerface promoted charge separation and 

carrier transport, thereby facilitating the generation of reactive 

oxygen species and subsequent HCHO oxidation.

Photoactivation can also directly influence the surface 

reaction kinetics and oxidation pathways of HCHO. In a 

hollow Au-ZnO@In2O3 nanosphere system, in situ DRIFTS 

analysis revealed that room-temperature oxidation remains 

incomplete in the dark, whereas UV irradiation drives the full 

sequential oxidation of adsorbed HCHO through 

dioxymethylene (H2COO) and formate (HCOO-) intermediates

to final CO2 and H2O products (Fig. 5(d–f)) [48]. These 

findings demonstrate that photoactivation not only enables 

room-temperature operation by supplying photonic energy for 

surface reactions, but also promotes the oxidation of HCHO 

through accelerated reaction pathways.

Despite these advancements in room-temperature HCHO 

detection, the intrinsic humidity-dependence of MOS gas 

sensors remains a critical challenge that must be addressed. 

Fig. 5. Photo-assisted HCHO sensing at room temperature. (a) Fabrication process of gas sensors and schematics of UV-assisted sensing 

configuration, (b) concentration-dependent responses, and (c) dynamic responses under different UV intensities of porous SnO2@TiO2

sensors. Adapted from Ref. [47]. (d) Synthesis of hollow Au–ZnO@In2O3 nanospheres and in situ DRIFTS spectra obtained (e) without 

and (f) with UV irradiation during HCHO exposure. Adapted from Ref. [48].
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This issue becomes considerably more severe under room-

temperature operation compared to elevated temperatures. At 

lower operating temperatures, the thermal energy is 

insufficient to facilitate the desorption of hydroxyl groups 

(OH−) formed by ambient water molecules. Consequently, the 

accumulation of strongly chemisorbed hydroxyl species 

irreversibly blocks active reaction sites and impedes target gas 

adsorption, leading to severe baseline drift and degraded 

sensing response in humid environments. In addition to 

humidity interference, achieving reliable selectivity against 

ubiquitous co-existing VOCs (e.g., ethanol and acetone) and 

sufficient sensitivity toward regulatory sub-ppm or ppb levels 

remains a formidable challenge at room temperature. Because 

non-thermal activation often lacks the chemical specificity to 

distinguish molecules with similar adsorption or redox 

characteristics, further innovations in tailored surface 

chemistry are imperative for practical room-temperature 

deployment.

2.3 Achieving High Selectivity toward HCHO over      

Interfering Gases

2.3.1 Dehydration of Interfering Ethanol

In conventional metal oxide chemiresistors, gas selectivity is 

largely governed by the surface reactivity of the sensing 

material. Accordingly, attempts to improve selectivity through 

compositional modification or catalyst loading are frequently 

accompanied by changes in gas response and sensing kinetics 

[13,49]. Functional overlayers provide a means of controlling 

HCHO selectivity without changing the underlying sensing 

material. In this configuration, the gas mixture first passes 

through a catalytic overlayer, where interfering gases are 

selectively converted. Subsequently, the resulting gas mixture 

reacts with the underlying oxide sensing layer. This approach 

enables selective and sensitive detection of the target gas by 

tailoring the overlayer without modifying the underlying 

sensing material [50].

Catalytic overlayers have been widely employed to improve 

the selectivity of metal oxide gas sensors by either reforming 

less reactive analytes into more reactive species or selectively 

filtering highly reactive interfering gases before they reach the 

sensing layer [51-53]. However, this strategy is considerably 

more challenging for HCHO sensing because ethanol, one of 

the most ubiquitous VOC interferents in indoor environments, 

exhibits surface reactivity comparable to that of HCHO on 

most oxide semiconductors. Consequently, conventional 

catalytic filtering can be insufficient to effectively discriminate 

between these two highly reactive molecules.

To overcome this limitation, Kim et al. developed an 

HZSM-5/In2O3 bilayer sensor in which an acidic HZSM-5 

Fig. 6. Functional overlayers for selective HCHO detection. (a, b) Chemically converting overlayer: (a) Bilayer structure and elemental 

distributions, and (b) gas responses of bare In2O3 and HZSM-5/In2O3 sensors at different temperatures. Adapted from Ref. [54]. (c, d) 

Molecular sieve overlayer: (c) Fabrication and cross-sectional structure of the ZIF-7/PEBA-coated TiO2 sensor and (d) comparison of 

its responses to HCHO and interfering gases. Adapted from Ref. [60].
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overlayer selectively altered the reaction pathway of ethanol 

before it reached the sensing layer [54]. The bilayer consisted 

of an approximately 8 μm-thick 23HZSM-5 overlayer 

deposited on a 5 μm In2O3 sensing layer (Fig. 6(a)). The bare 

In2O3 sensor exhibited substantial responses to both HCHO 

and ethanol, resulting in poor discrimination between the two 

gases. In contrast, the acidic 23HZSM-5 overlayer markedly 

suppressed the ethanol response while preserving the HCHO 

response (Fig. 6(b)). This selectivity enhancement was 

attributed to the dehydration of reactive ethanol into less 

reactive ethylene within the acidic 23HZSM-5 overlayer [55]. 

In comparison, 318HZSM-5 provided substantially weaker 

ethanol suppression. The different sensing behaviors of the two 

bilayer sensors suggest that selective HCHO detection was 

governed primarily by acidic ethanol conversion rather than 

diffusion restriction through the zeolite layer. This bilayer 

sensor provides a practical route for controlling the gas 

composition before the sensing reaction by altering the 

converting pathway via an acidic overlayer, transforming a 

reactive interferent into a less reactive molecule without 

modifying the oxide sensing material.

2.3.2 Size-Selective Molecular Sieving of Interfering Gases

In contrast to chemical conversion, physical filtering 

controls gas selectivity through size-dependent molecular 

transport. Among various physical filtering approaches, 

conformal MOF overlayers have emerged as one of the most 

widely adopted strategies for achieving molecular sieving [56]. 

Owing to their tunable pore apertures and high crystallinity, 

MOF shells deposited on metal oxide nanostructures 

selectively hinder the diffusion of bulky interfering VOCs 

while allowing smaller HCHO molecules to reach the sensing 

layer. Consequently, numerous studies have reported enhanced 

HCHO selectivity using MOF-coated oxide nanostructures 

[57]. However, continuous MOF thin films are prone to 

microcracks and grain-boundary defects during fabrication, 

which can create non-selective diffusion pathways and 

diminish the molecular-sieving effect [58]. To address this 

limitation, mixed-matrix membranes incorporating MOF 

particles into a polymer matrix have been developed to 

improve structural integrity while preserving size-selective 

transport [59]. Jo et al. developed an approximately 200 nm 

thick ZIF-7/PEBA mixed-matrix membrane on a 2 μm TiO2

sensing film (Fig. 6(c)) [60]. Under UV illumination at 23°C, the 

bare TiO2 sensor exhibited high responses of 11264.3 and 

5041.0 toward 5 ppm ethanol and HCHO, respectively, while 

showing negligible responses to the other tested gases (Fig. 

6(d)). These results indicate that photoactivation effectively 

suppressed interference from less reactive gases but was 

insufficient to discriminate between ethanol and HCHO. When 

coated with a pure PEBA layer, the permeation of both gases 

was severely restricted, reducing the responses to ethanol and 

HCHO to 13.1 and 7.4, respectively. In contrast, incorporating 

5 wt% ZIF-7 into the PEBA matrix selectively restored HCHO 

diffusion, increasing the HCHO response to 1350.9 while 

maintaining a low ethanol response of 23.5. Consequently, the 

HCHO-to-ethanol selectivity reached 57.4, demonstrating that 

the mixed-matrix molecular-sieving overlayer effectively 

suppressed ethanol transport while preserving high HCHO 

sensitivity.

3. CONCLUSIONS AND FUTURE 

PERSPECTIVES

MOS-based chemiresistors offer great promise for 

continuous HCHO monitoring; however, practical deployment 

requires addressing insufficient sub-ppm sensitivity, high 

operating temperatures, severe VOC cross-sensitivity, and 

ambient humidity-induced degradation. Recent strategies focus 

on defect engineering, heterojunctions, and noble-metal 

catalysts to amplify response; carbon/MXene composites and 

photo-activation for room-temperature operation; and 

functional overlayers for selective conversion or molecular 

sieving. Consequently, successful sensor design hinges on 

regulating defect density via stoichiometric/aliovalent doping, 

enhancing catalytic dispersion and stability, and selecting 

materials with matched bandgaps and Fermi levels to establish 

favorable interfacial band alignment tailored for HCHO 

detection. Furthermore, hybridizing sensing materials with 

carbonaceous/MXene networks to lower operating 

temperatures, alongside employing chemistry-specific catalytic 

overlayers or kinetic diameter-matched molecular sieves (e.g., 

MOFs), is critical to preventing malfunction of the HCHO 

sensor via achieving high selectivity. These integrated 

strategies pave the way for highly sensitive, low-power, 

humidity-resilient, and highly selective real-world indoor air 

quality sensors.

Despite these significant advancements, several issues must 

be addressed to transition from laboratory-scale prototypes to 

commercialized HCHO monitoring platforms. First, long-term 

baseline drift remains a pervasive obstacle, as metal oxide 

sensors are highly vulnerable to baseline drift and active-site 

poisoning induced by ambient hydroxyl species (OH−) and/or 

interfering reactive gases. In typical indoor environments, 

ubiquitous background VOCs (e.g., ethanol, acetone, and 

toluene) often exist at elevated concentrations ranging from 

several hundred ppb to ppm levels, tens to hundreds of times 

higher than the sub-ppm or low-ppb thresholds required for 

hazardous HCHO detection [61]. This massive concentration 

disparity severely exacerbates competitive adsorption, active-
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site poisoning, and non-linear baseline drift. To address these 

degradation mechanisms, adopting protective functional 

overlayers can effectively block or reform poisoning species 

before they reach the sensing surface. Concurrently, 

developing deep learning-driven compensation algorithms 

provides a powerful data-driven pathway to dynamically 

calibrate environmental fluctuations, correct non-linear 

baseline drift, and mitigate sensor signal degradation.

Second, practical real-world deployment necessitates low-

power system-level integration. While room-temperature 

material strategies effectively eliminate heater power 

consumption, they often suffer from sluggish recovery kinetics 

and limited sub-ppm response under ambient conditions. To 

bridge the gap between low energy consumption and 

uncompromising sensing performance, future efforts should 

prioritize coupling MOS sensing nanostructures with energy-

efficient micro-platforms, such as micro-LED arrays for 

photoactivation or MEMS micro-heaters for localized thermal 

activation. Realizing these integrated platforms requires 

meticulous optimization of the sensing film architecture, 

thickness, and material composition to maximize interfacial 

energy coupling and transduction efficiency. Furthermore, 

implementing dynamic operating modes, such as pulsed 

thermal heating or pulsed light illumination, can drastically 

minimize power consumption while generating distinctive 

transient response patterns [62,63], which provide abundant 

chemical feature fingerprints to further improve target gas 

discrimination.

Finally, real indoor environments present complex dynamic 

matrices with diverse co-existing VOC interferents and 

fluctuating humidity. To achieve zero-false-alarm monitoring, 

future research should focus on constructing versatile multi-

sensor electronic noses (E-noses) by synergistically combining 

diverse MOS sensing materials with tailored functional 

overlayers [64,65]. Integrating these heterogeneous sensor 

arrays with advanced machine learning-assisted pattern 

recognition algorithms will enable the effective deconvolution 

of cross-reactive signals, classification of complex gas 

mixtures, and reliable, real-time HCHO quantification in 

practical field conditions.

Addressing these challenges through cooperative materials 

innovation and system-level engineering will accelerate the 

realization of reliable, maintenance-free indoor air quality 

monitoring systems.
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