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Abstract
Artificial  olfaction,  inspired  by  biological  sensory  systems,  offers  new  opportunities  in
environmental, industrial, and healthcare applications. Semiconducting metal oxide based
chemoresistive gas sensors provide a scalable and core interface for chemical detection
and  therefore  constitute  the  most  extensively  explored  front  end  for  artificial  olfactory
systems. Nevertheless, conventional chemoresistive sensing that relies on surface charge
transfer remains constrained by incomplete response and recovery, humidity interference,
cross selectivity, and strong temperature dependence. This review surveys material- and
device-level  strategies  developed  to  address  these  bottlenecks,  with  an  emphasis  on
nanostructuring approaches that improve gas accessibility and reaction kinetics. Moving
beyond  device-level  performance,  the  review  further  situates  oxide-based  gas  sensing
within a hierarchical neuromorphic olfactory framework. In biological systems, chemical
information is represented by distributed activation patterns and temporal dynamics that
extend  beyond  individual  receptor  responses.  Within  this  broader  context,  emerging
oxide-based transduction concepts that extend conventional chemoresistive operation are
also discussed. Recent artificial olfactory system studies have begun to explore alternative
oxide-based transduction mechanisms that  extend beyond conventional  chemoresistive
operation.  Among  these  emerging  approaches,  chemo-memristive  responses  based  on
                                                                                    

https://www.oaepublish.com
https://ucenter.oaepublish.com
https://dx.doi.org/10.20517/microstructures.2025.183
https://dx.doi.org/10.20517/microstructures.2025.183
https://crossmark.crossref.org/dialog/?doi=10.20517/microstructures.2025.183&domain=pdf


Page 2 of 30 Chun et al. Microstructures 2026, 6, 2026087

vacancy-mediated ion redox processes are briefly discussed as one possible pathway toward more tightly coupled
sensing and signal encoding at the device level. Such developments reflect ongoing efforts to more closely couple
sensing and signal processing at the device level.  By integrating insights from nanostructured oxide sensors and
neuromorphic encoding principles, this review outlines conceptual pathways toward artificial olfactory systems that
extend beyond standalone gas detection toward more integrated sensory information processing architectures.

INTRODUCTION
Biological olfaction offers a natural model of chemical recognition, where sensing and processing are closely

intertwined. Odorant molecules are detected by receptor neurons in the epithelium; their signals converge

onto glomeruli in the olfactory bulb, and synaptic interactions implement combinatorial coding and adaptive

plasticity
[1,2]

. In this way, detection, patterning, and learning occur within the same network, illustrating how

complex recognition can emerge from the coordinated action of neurons and synapses. Artificial olfaction

aims to realize comparable functionality in engineered systems. In such systems, gas sensors constitute the

primary interface to chemical stimuli and define the front-end constraints on sensitivity, selectivity, temporal

response, stability, and energy consumption. A range of sensing modalities has been explored, including

electrochemical
[3]

, optical
[4]

, acoustic
[5]

, and catalytic combustion
[6]

 approaches. Among these, chemoresistive

sensing based on semiconducting metal oxides (SMO) has become a dominant platform owing to its

compatibility with complementary metal-oxide-semiconductor (CMOS) fabrication, scalability to dense

sensor arrays, and suitability for continuous operation with relatively simple monolithic integration
[7-10]

.

Extensive efforts have therefore been devoted to improving the performance of SMO-based chemoresistive

sensors through material and structural engineering. In particular, oxide channels have been engineered into

nanostructured forms to enhance surface accessibility and facilitate gas-solid interactions
[11,12]

. Catalytic

decoration using noble metal additives has been widely employed to accelerate surface reactions, enhance

sensitivity, and modulate selectivity
[13 ,14]

. Together, these approaches have substantially advanced

receptor-level transduction performance and established nanostructured and catalyst-modified SMO as the

state of the art in gas sensing.

Despite these advances, SMO-based chemoresistive sensors intrinsically exhibit several limitations, including

slow and often incomplete response and recovery, cross-selectivity among analytes, strong dependence on

operating temperature, and sensitivity to environmental factors such as humidity
[15-17]

. While nanostructuring

and catalytic decoration have significantly mitigated these issues, they cannot be entirely eliminated within

the conventional chemoresistive sensing framework. These limitations reflect fundamental characteristics of

SMO materials and their operating principles.

The functional demands of artificial olfaction extend beyond improved receptor-level transduction.

Discriminating complex odor mixtures, organizing sensor responses into structured representations, and

incorporating stimulus history require higher-level interpretation of sensory signals. In many current

implementations, including sensor-neuron hybrid systems, these functions are implemented at the system

level through explicit circuit or architectural design, while the sensing element itself primarily serves as a

transducer. In parallel with ongoing system-level neuromorphic efforts, a range of oxide-based transduction

concepts has been explored within artificial olfactory systems to modestly extend the functional role of

sensing elements beyond conventional chemoresistive operation. These studies include observations of

history-dependent electrical responses associated with vacancy-mediated ion redox processes rather than

purely surface charge transfer
[18,19]

. Considered alongside architectural and circuit-level approaches, such

device-level behaviors represent one of several complementary directions being investigated to more closely

integrate chemical sensing and signal representation in artificial olfaction.
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Biological olfaction provides a reference framework in which sensing and processing are inherently

intertwined. Neuromorphic approaches have therefore attracted growing interest as a means to complement

advances in SMO gas sensors by providing a hierarchical framework that links receptor-level transduction

with higher-level representation and interpretation of chemical information across the system architecture.

Such approaches expand the functional scope of artificial olfaction beyond standalone detection without

negating material- and device-level advances in gas sensing.

This review first surveys advances in nanostructured and catalyst-modified SMO-based chemoresistive

sensors, focusing on how material and surface engineering have improved receptor-level sensing

performance and on the intrinsic limitations that remain within conventional transduction frameworks. The

discussion then broadens to neuromorphic artificial olfaction, situating oxide-based gas sensing within

architectures that address the representation and interpretation of chemical information at the system level.

Through this organization, the review clarifies how progress in SMO gas sensing can be positioned within a

broader framework for artificial olfactory function.

OXIDE NANOSTRUCTURE GAS SENSORS: PRINCIPLES AND CURRENT ADVANCES
Biological Olfactory Processing and Key Features for Practical Artificial Olfaction

Neuromorphic artificial olfaction requires more than simply detecting odorant molecules; it depends on

reproducing the biological strategies by which chemical stimuli are transformed into electrical signals and

subsequently processed through neuronal and synaptic interactions
[20,21]

. Figure 1 situates artificial olfaction

within the broader context of biological sensory information processing, showing where current gas sensing

research aligns with this hierarchy and where it diverges.

At the early sensory stage, olfactory processing is initiated in the nasal epithelium and olfactory bulb, as

shown in Figure 1A. Olfactory receptor neurons (ORNs) express receptor proteins on their ciliary

membranes, where odorant binding triggers electrical activity. Action potentials generated in ORNs

propagate along their axons and converge in the olfactory bulb. Axons from ORNs carrying the same

receptor type terminate in a common glomerulus, thereby organizing distributed sensory inputs into

spatially localized centers
[22]

. This convergence provides a representative example of how chemically diverse

stimuli are structured at the receptor level in biological sensory systems.

Within this biological framework, most artificial olfaction platforms have been developed with a strong

emphasis on this initial transduction stage. As illustrated in Figure 1B, gas sensors primarily function as

artificial receptors that convert chemical stimuli into electrical signals, typically measured as resistance or

current changes. Accordingly, receptor-level transduction represents the stage that has been most extensively

studied in gas sensing research, with extensive efforts devoted to improving sensitivity, selectivity, response

and recovery characteristics, long-term stability, and power efficiency
[23,24]

. In most current systems,

processing beyond this stage is realized through peripheral circuitry or software, rather than through

hardware-level integration close to the sensing front end.

The overall organization of biological sensory information processing is summarized in Figure 1C, which

depicts a general sensory pathway from peripheral stimulus reception through neuronal connections and

synaptic interfaces toward higher brain regions
[25]

. Although illustrated using the olfactory system, this

schematic reflects principles common across sensory modalities, linking receptor-level transduction with

downstream neural signaling and synaptic modulation within a unified processing flow.

Beyond simple transduction, biological sensory systems rely on distributed encoding. As shown in Figure

1D, odor identity is encoded through the simultaneous activation of multiple receptor types, generating

high-dimensional activity patterns. Such combinatorial coding enables the discrimination of structurally
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Figure 1. (A) Diagram of the biological olfactory system showing odorant receptors, signal transduction to glomeruli, and processing in the
olfactory bulb; (B) Conventional gas sensor architecture emphasizing receptor-level signal transduction, where gas-induced resistance
changes are mainly analyzed through steady-state electrical responses; (C) Neuromorphic extension of gas sensing through the
integration of receptor-level sensing with neuron- and synapse-inspired spike processing; (D) Unique pattern generation through
combinatorial coding, where different odorants activate distinct sets of receptors and generate characteristic response patterns; (E)
Illustration of neuron-inspired signal encoding, in which different gas stimuli are represented by stimulus-dependent spike trains over time;
(F) Il lustration of synaptic weight modulation with stimulus frequency driving short term potentiation(STP) or long term
potentiation(LTP). EPSC: Excitatory postsynaptic current.

similar odorants and the recognition of complex mixtures, even when individual receptors exhibit broad and

overlapping selectivity
[26]

. In artificial systems, this principle is mirrored by sensor arrays composed of

elements with distinct response characteristics, where the collective response pattern, rather than any single

sensor output, forms the basis for odor mapping and classification
[27]

.
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Biological sensory pathways further enrich these odor representations through temporal encoding. As

illustrated in Figure 1E, neuronal signaling represents sensory inputs as trains of action potentials, in which

information is conveyed not only by signal amplitude but also by spike timing and firing rate. Different

odorants can induce distinct firing frequencies or temporal patterns, providing an additional coding

dimension that enhances separability and robustness against noise
[28]

. This temporal representation is

particularly important in dynamic environments, where stimulus concentration and background conditions

fluctuate over time.

In addition to spatial and temporal encoding, synaptic modulation introduces adaptivity and memory into

sensory processing. As shown in Figure 1F, repetitive stimulation dynamically modulates excitatory

postsynaptic currents (EPSCs), and these changes in EPSC amplitude and dynamics underlie short-term and

long-term synaptic plasticity
[29]

. Through such plasticity, the sensory pathway incorporates stimulus history

into its response, enabling habituation, sensitization, and learning. This history-dependent modulation

allows biological systems to emphasize salient stimuli while suppressing persistent or irrelevant background

signals.

In this context, gas sensors in artificial olfaction naturally implement the receptor function and correspond

to the most extensively explored stage of the sensory hierarchy. Neuromorphic artificial olfaction builds

upon this foundation by seeking to reproduce not only receptor-level transduction but also the

combinatorial, temporal, and plastic coding strategies inherent to biological sensory systems. By

incorporating neuron- and synapse-inspired functions, neuromorphic platforms aim to enable encoding,

adaptation, and learning to be realized at the hardware level, rather than being confined to purely peripheral

or software-based processing
[30]

.

Several sensing approaches have been investigated as potential front ends for artificial olfaction, including

electrochemical, optical, acoustic, and catalytic combustion sensors
[31,32]

. Each type exhibits distinct

advantages and limitations depending on operating principles and application conditions. While these

modalities can provide high sensitivity or chemical specificity, their deployment in large-scale and densely

integrated systems is often constrained by device complexity, peripheral instrumentation, or limited

compatibility with standard microelectronic fabrication processes
[33]

.

In contrast, semiconducting metal oxide (SMO)-based chemoresistive gas sensors have been widely adopted

owing to a favorable balance between sensing functionality and system-level practicality. Chemoresistive

sensors directly transduce chemical interactions at the sensing surface into changes in electrical resistance or

conductance, which can be readily interfaced with conventional electronic readout and processing circuitry.

This direct electrical transduction enables straightforward integration with on-chip electronics and supports

scalable array-level implementations
[34,35]

.

Importantly, the continued relevance of SMO chemoresistive sensors is also rooted in advances in

manufacturability and integration strategies, particularly for nanostructured sensing layers
[34]

. Historically,

many SMO sensors were developed as discrete devices with a primary emphasis on sensing performance,

often involving high operating temperatures and high-temperature growth or post-deposition treatments

that conflicted with CMOS back-end-of-line (BEOL) constraints. Subsequent studies have shown that these

limitations are not intrinsic to SMO sensing itself, but rather reflect fabrication paradigms that were not

originally designed for monolithic integration.

In response, CMOS-aware manufacturing approaches have been developed to reconcile nanostructured

SMO sensing with integrated electronics. At the process level, nanostructured or morphology-engineered

SMO sensing layers can be realized using deposition techniques such as sputtering, chemical vapor
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deposition, and spray-based methods that are compatible with BEOL thermal budgets and can be

implemented at the back end of the CMOS process flow
[36,37]

. In these approaches, nanostructuring arises

from controlled film growth and assembly mechanisms rather than from high-temperature crystal growth.

Solution-assisted routes, including spray-based deposition
[38,39]

 and sol-gel processing
[40,41]

, inherently yield

porous or nanogranular oxide networks through droplet-mediated deposition, particle nucleation, and

interparticle connectivity
[42]

. Similarly, physical and chemical vapor deposition methods can produce

nanocrystalline or columnar morphologies by tuning parameters such as deposition pressure, precursor

chemistry, and surface diffusion length, enabling morphology-engineered sensing layers without requiring

high-temperature growth or post-CMOS annealing
[43]

.

At the architectural level, fabrication temperature constraints are decoupled from operational requirements

by confining elevated temperatures to localized sensing regions during operation, most commonly through

integrated microheater and suspended membrane structures
[44]

. This strategy preserves thermally activated

sensing while preventing excessive thermal exposure of surrounding CMOS circuitry, thereby maintaining

BEOL integrity and long-term device reliability
[34]

.

Taken together, these attributes position SMO chemoresistive gas sensors as a realistic and scalable front-end

technology for artificial olfaction systems. Rather than representing isolated sensing elements, they provide a

manufacturable interface between chemical transduction and integrated electronic processing, forming a

practical foundation for system-level implementations that extend beyond receptor-level signal

acquisition
[35,37]

.

Operation principles and limitations of SMO chemoresistive gas sensors

Conventional SMO chemoresistive gas sensors detect gases through adsorption and redox reactions that

modulate carrier concentration and electrical resistance
[16,45]

. In N-type oxides such as SnO
2
, ZnO, and WO

3
,

oxygen molecules adsorb on the surface and extract electrons from the conduction band, becoming ionized

oxygen species
[46,47]

. This surface process induces an electron depletion layer, creating a core-shell structure

with reduced near-surface conductivity. When reducing gases (e.g., CO, H
2
, ethanol) are introduced, they

react with the ionized oxygen and release trapped electrons back to the semiconductor, narrowing the

depletion layer and lowering the resistance [Figure 2A]
[48,49]

. Conversely, oxidizing gases further withdraw

electrons and broaden the depletion region, thereby increasing resistance. In P-type oxides such as NiO,

CuO, and Co
3
O

4
, holes act as the majority carriers. Oxygen adsorption leads to the formation of a hole

accumulation layer, which contracts when reducing gases supply electrons that neutralize holes, increasing

sensor resistance [Figure 2B]
[50,51]

. These mechanisms, grounded in carrier-dependent surface reactions,

represent the classical operation of SMO chemoresistive sensors and provide the baseline for further design

improvements. Beyond conventional binary oxides, recent efforts have explored multinary and hybrid oxide

systems to diversify sensing behavior. Spinel-type oxides (AB
2
O

4
) allow adjustment of cation distribution

between tetrahedral and octahedral sites, offering a means to tune sensing characteristics
[52]

. Perovskite-type

oxides (ABO
3
) provide greater structural flexibility through A- and B-site substitution and exhibit distinct

response patterns across different analytes
[53]

. Oxide-oxide heterostructures introduce interfacial

charge-transfer effects that influence sensing behavior
[54,55]

, while composite systems combine sensing

characteristics from multiple material components
[56]

. Collectively, these emerging systems extend the

material library for neuromorphic olfactory architectures and enable more diverse signal patterns essential

for high-dimensional odor representation.

Despite their maturity, such mechanisms face several intrinsic limitations that hinder their applicability in

high-performance artificial olfaction. Response and recovery are generally slow at room temperature because

the adsorption, ionization, and reaction of oxygen species on oxide surfaces are thermally activated
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Figure 2. (A and B) Gas sensing mechanism and response curves of n-type and p-type chemoresistive gas sensors.

processes. The insufficient reversibility of these surface reactions leads to progressive signal offsets, which

manifest as baseline drift during prolonged operation. These kinetic l imitations are strongly

temperature-dependent, often necessitating elevated operating conditions to accelerate kinetics and ensure

the sufficient formation of reactive oxygen ions
[57,58]

. However, high-temperature operation substantially

increases power consumption and imposes thermal stress on the oxide lattice, while creating compatibility

issues with thermally sensitive circuitry in integrated sensor arrays
[31,59]

. Moreover, when multiple sensors

with different operating temperatures are closely integrated, thermal cross-talk and local fluctuations can

distort the signals, further complicating calibration and reducing reproducibility. Humidity interference

further limits reliability. SMO chemoresistive sensors are highly susceptible to water vapor, which competes

with oxygen adsorption and generates surface hydroxyl species that alter surface chemistry
[60]

. Such

interference often obscures the accurate analyte response, particularly under fluctuating environmental

conditions, ultimately degrading sensing accuracy. Cross-selectivity also remains a critical challenge. In

complex environments containing multiple volatile species, overlapping response signatures severely

constrain the discrimination of individual components, especially at trace concentrations (ppm-ppb)

relevant for toxic or hazardous gases. This cross-sensitivity reduces recognition accuracy and undermines

robustness under realistic conditions
[61]

.

These limitations have motivated a range of material- and device-level strategies aimed at improving the

stability and responsiveness of oxide-based sensors
[51,54]

. The subsequent sections discuss nanostructured

architectures that enhance gas accessibility and accelerate reaction kinetics, together with humidity-robust

design approaches that stabilize surface chemistry under realistic ambient conditions
[62,63]

. Alternative

emerging mechanisms such as vacancy-mediated chemo-memristive sensing further enable rapid

room-temperature operation independent of oxygen-ion kinetics
[64]

. At the system scale, array-level

pattern-recognition and neuromorphic encoding frameworks have also been explored to mitigate

cross-selectivity in complex chemical environments.
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Performance enhancement via nanostructuring

Optimization of gas-sensing performance is critically influenced by the systematic design of nanostructures.

Here, nanostructures serve as the primary platform, as nanoscale dimensional control increases

gas-accessible surface area and modifies charge-transport pathways
[14,65]

. At the fundamental level,

nanostructured metal oxides exhibit improved sensing behavior because surface chemical reactions exert a

stronger influence on charge transport when characteristic dimensions approach the Debye length
[66]

. Gas

adsorption modulates the electron-depletion or hole-accumulation layer through charge transfer with

chemisorbed oxygen species, and reduced dimensions allow this surface-induced band bending to affect a

substantial portion of the conduction pathway. In addition, nanostructured frameworks lower diffusion

barriers and accelerate adsorption-desorption kinetics, while their dense distribution of undercoordinated

atoms and defect sites facilitates rapid surface redox reactions. Collectively, these effects amplify conductivity

modulation, resulting in higher sensitivity and faster response and recovery compared to bulk oxides.

While these effects are common to nanostructured oxides, their manifestation depends on structural

dimensionality. Figures 3A-C present representative one-dimensional (1-D), two-dimensional (2-D), and

three-dimensional (3-D) oxide nanostructures, respectively. 1-D nanostructures, such as nanorods,

nanowires, and nanofibers [Figure 3A], impose a geometric constraint in which both gas transport and

electrical conduction are largely confined along a single dominant axis
[67]

. This configuration contrasts

sharply with conventional nanoparticle films, where gas diffusion and charge transport occur through

tortuous, multidirectional pathways formed by densely packed aggregates
[68]

. In 1-D architectures, the

elongated morphology suppresses severe aggregation and reduces the number of interparticle junctions,

leading to a sensing layer with relatively open void space and continuous conduction paths. From a

mass-transport perspective, this geometry lowers diffusion resistance by providing low-tortuosity pathways,

allowing changes in gas concentration to be more promptly reflected in the electrical response
[69]

. From an

electrical perspective, charge transport proceeds along a limited number of relatively uniform percolative

channels, minimizing spatial averaging over heterogeneous grain-boundary barriers
[70]

. Because surface

reactions and charge transport are both constrained along well-defined paths, gas-induced perturbations

propagate efficiently through the sensing element. These characteristics are commonly reflected in short

response and recovery times and stable response profiles under repeated operation. Rather than producing

the largest possible steady-state resistance change, 1-D architectures preferentially emphasize kinetic aspects

of the sensing process, such as how rapidly the signal evolves following gas exposure or removal. These

characteristics make 1-D nanostructures particularly suitable for sensing scenarios where rapid detection and

consistent dynamic behavior are more critical than maximizing signal amplitude.

2-D nanostructures, including nanosheets and nanoflakes [Figure 3B], exhibit a fundamentally different

sensing regime arising from their planar geometry and extremely large exposed surface area relative to

thickness
[71,72]

. In these architectures, the conduction pathway is compressed into a thin layer that lies near

the gas-solid interface over an extended lateral area. Consequently, a substantial fraction of charge carriers is

directly influenced by surface chemical reactions. In aggregated nanoparticle films, gas-solid interactions are

often limited to the outer surface of secondary particles, leaving the interior regions electrically inactive. In

contrast, thin 2-D architectures enable more efficient utilization of surface-active regions across the entire

sensing layer
[68]

. Variations in surface coverage or reaction rate therefore lead to pronounced modulation of

carrier density throughout the conduction pathway, resulting in substantial changes in electrical resistance.

In this surface-dominated regime, the sensing response is governed primarily by the extent of surface

adsorption and the equilibrium established between gas-phase species and surface sites. As a result, 2-D

nanostructures typically exhibit large steady-state resistance modulation and high sensitivity to analyte

concentration, with signal magnitude serving as a dominant performance metric
[73]

. However, because the

response is less limited by deep diffusion into the sensing layer, transient kinetic features are generally less
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Figure 3. (A-C) Schematic representations of representative 1-D, 2-D, and 3-D oxide nanostructures, including (A) nanorods, nanowires,
and nanofibers (B) nanosheets and nanoflakes, and (C) nanoflower-like, hollow, and urchin-like architectures. Schematic illustrations of
(D) chemical sensitization and (E) electronic sensitization, highlighting the roles of catalytic reactions and charge transfer in enhancing
gas-sensing performance. 1-D: one-dimensional; 2-D: two-dimensional; 3-D: three-dimensional.

pronounced than in 1-D architectures. Accordingly, 2-D nanostructures are particularly advantageous for

applications that require accurate concentration-dependent readout and strong signal amplitude, rather than

rapid temporal discrimination
[67]

.

3-D nanostructures, such as nanoflower-like, hollow, and urchin-like architectures [Figure 3C], introduce an

additional level of structural complexity by organizing low-dimensional nano-building blocks into porous,

spatially extended frameworks. Unlike 1-D or 2-D architectures, 3-D structures expose both external and

internal surfaces and incorporate interconnected pore networks that allow gas molecules to penetrate deeply

into the sensing layer
[74]

. This structural arrangement substantially increases the effective interaction volume,

enabling a larger number of reactive sites to participate in gas-solid interactions. At low analyte

concentrations, where the probability of gas-surface encounters is inherently limited, such an increase in

accessible surface area and penetration depth becomes particularly important for generating a detectable

electrical response
[75]

. Moreover, the coexistence of pores, edges, junctions, and regions with different local

curvature creates spatially heterogeneous adsorption environments within the same sensing element.

Consequently, gas exposure induces a collective electrical response arising from multiple local reaction sites
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with different characteristic reaction rates and charge-transfer efficiencies
[76]

. Instead of a uniform response

governed by a single dominant mechanism, 3-D architectures integrate contributions from distributed

regions throughout the structure. This often leads to broader and more complex response characteristics,

especially when compared to the more uniform responses of 1-D and 2-D structures. Such behavior is

advantageous in sensing contexts where response diversity and robustness under dilute or complex gas

environments are prioritized over optimizing a single performance parameter.

Taken together, these comparisons indicate that nanostructural dimensionality primarily governs how

gas-induced perturbations are transduced into electrical signals. 1-D architectures favor rapid sensing

responses enabled by directional transport, 2-D architectures amplify surface-controlled signal magnitude

through planar conduction, and 3-D architectures increase the effective interaction volume through porous

frameworks that support spatially distributed responses. This structure-dependent specialization provides a

clear basis for selecting nanostructures according to specific sensing objectives, rather than pursuing a single

architecture as a universal solution.

Although nanostructuring is widely employed to enhance sensitivity and signal-to-noise ratio (SNR) in

semiconducting metal oxide (SMO) gas sensors by increasing surface-to-volume ratio and amplifying

surface-controlled charge modulation, it can also introduce additional sources of device-to-device variation,

particularly when implemented over large areas
[77]

. Such variability originates from the intrinsic complexity

of nanostructure formation processes. Spatial fluctuations in nucleation density, growth kinetics, precursor

transport
[78]

, and local surface energetics can lead to morphological inhomogeneities across nominally

identical devices, manifesting as variations in porosity, grain size distribution, junction density, and local

connectivity within the sensing layer
[79]

.

These morphological variations directly translate into electrical non-uniformity in chemoresistive devices.

Because gas sensing in SMO materials is governed by surface adsorption, depletion-layer modulation, and

potential barriers
[80]

 formed at grain boundaries and interparticle junctions, variations in structural

connectivity and surface accessibility result in fluctuations in baseline resistance, response amplitude, and

dynamic characteristics
[81]

 such as response and recovery behavior. In large-scale arrays, such statistical

dispersion can degrade reproducibility, complicate calibration, and ultimately limit reliable pattern

recognition and learning in neuromorphic olfactory systems.

To mitigate these effects at the fabrication level, improved morphological uniformity can be achieved by

regulating nucleation and growth kinetics through controlled precursor chemistry, deposition temperature,

and growth time, as well as by employing template-assisted or self-assembly-based alignment strategies
[82]

. In

addition, deposition techniques with precise thickness and stoichiometric control, such as atomic layer

deposition (ALD) and sputtering, have been shown to reduce dispersion in grain size, porosity, and junction

density, thereby suppressing device-to-device variation across large substrates. These fabrication-oriented

approaches provide a practical pathway for improving array-level uniformity without fundamentally

compromising the sensitivity advantages afforded by nanostructured SMO sensing layers.

While nanostructuring provides an effective means to improve gas accessibility and charge transport, further

enhancement of sensing performance requires active control over surface reaction pathways and signal

transduction efficiency. Such control can be achieved through nanostructure-catalyst integration, in which

noble or transition metals are selectively introduced onto oxide nanostructures. Metal decoration generates

localized catalytic sites that accelerate gas adsorption and dissociation processes, while simultaneously

modulating interfacial charge transfer and reaction kinetics at the metal-oxide junction
[83,84]

. Importantly, the

role of catalysts in chemoresistive gas sensors extends beyond merely accelerating reaction kinetics.
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Depending on the nature of the metal catalyst and its interaction with the oxide support, catalyst-induced

enhancement can be understood through two distinct, though complementary, sensitization mechanisms
[85]

:

chemical sensitization and electronic sensitization, schematically illustrated in Figure 3D and E.

Chemical sensitization arises when the catalyst actively participates in the activation of gas-phase species by

providing energetically favorable adsorption sites that lower the activation barrier for molecular adsorption,

dissociation, or partial activation. As schematically illustrated in Figure 3D, this process is most commonly

exemplified by oxygen activation in chemoresistive oxide sensors. Noble metals such as Pd or Pt strongly

adsorb O
2
 molecules and promote their dissociation into chemisorbed oxygen species, for example O⁻,

which subsequently migrate from the catalyst surface onto the oxide sensing layer through spillover

processes
[86,87]

. More generally, spillover is not limited to oxygen-derived species but refers to the migration of

activated intermediates formed on the catalyst surface to the oxide support. Through this mechanism, the

chemically active region extends from the catalyst into the surrounding oxide surface, increasing the

population of reactive surface species that participate in gas-solid reactions. By decoupling the initial

activation step from the intrinsic surface reactivity of the oxide, chemical sensitization shifts the rate-limiting

process toward surface reaction kinetics rather than adsorption probability. Consequently, this mechanism

predominantly governs reaction dynamics and selectivity, and its influence is frequently reflected in

accelerated response and recovery behavior as well as preferential sensitivity toward gas species that interact

strongly with the catalyst surface
[14]

.

Electronic sensitization [Figure 3E], in contrast, originates from electronic interactions at the metal-oxide

interface rather than from direct catalytic participation in gas dissociation. Noble metals such as Au or Ag

can induce pronounced charge redistribution when interfaced with semiconducting oxides
[88,89]

, leading to

local band bending and the formation or modulation of interfacial potential barriers. These electronic

perturbations modify the depletion or accumulation profile near the surface, thereby amplifying the

conductance change induced by surface reactions. In this mechanism, the catalyst functions primarily as an

electronic modulator that enhances the efficiency with which surface chemical events are transduced into an

electrical signal
[85]

, even when the intrinsic surface chemistry of the oxide remains largely unchanged.

These mechanistic considerations explain the widespread use of catalyst decoration in enhancing the sensing

performance of nanostructured SMO sensors. Chemical sensitization primarily improves how efficiently

surface reactions are initiated and sustained by facilitating adsorption, activation, and the availability of

reactive intermediates at the sensing interface
[90]

, whereas electronic sensitization strengthens the conversion

of those surface events into measurable conductance changes by modulating local band bending and

interfacial barriers
[91]

. Together, these catalyst-induced pathways broaden the controllable parameter space of

chemoresistive sensing beyond what can be achieved by nanostructuring alone, enabling more deliberate

tuning of key sensing characteristics such as sensitivity, selectivity, and operational stability under realistic

conditions
[92]

. In this context, Table 1 summarizes representative performance metrics reported for

nanostructured SMO sensors, encompassing both catalyst-free and catalyst-integrated designs.

A Several representative systems highlight this design principle. Figure 4A shows vertically aligned SnO
2

nanorods fabricated by glancing angle deposition (GLAD), which were functionalized with bimetallic

nanocatalysts consisting of Au/Pt and Cu/Ni
[133]

. The porous nanorod array provided efficient gas diffusion

pathways, while the catalyst layer regulated interfacial reactions, resulting in distinct response patterns and

markedly enhanced sensitivity toward volatile organic compounds
[134]

. Such tunability across channels

enabled robust discrimination within sensor arrays.
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Table 1. Overview of gas sensors based on 1D, 2D, and 3D oxide nanostructures

Dimension
Sensing
material

Catalyst
material

Target
gas

Detection
limit

Response/Recovery
time

Operating
temperature

Ref

1-D

TiO2 - n-butanol 144 ppb
73 s/32 s
(500 ppm n-butanol)

RT [93]

In2O3 -
Ethyl
acetate

525 ppb 350 °C [94]

In2O3 Sn NO2 100 ppb
22 s/21 s
(50 ppm)

RT [95]

WO3 - NO2 -
90 s/150 s
(5 ppm NO2)

RT [96]

ZnO Ag - Ru CH4 1 ppm-
18 s/27 s
(CH4 100 ppm) 200 °C [97]

SnO2 - CO 1 ppm
17 s/-
(30 ppm CO)

300 °C [98]

CuO - O3 50 ppb - 100 °C [99]

V2O5 - NH3 -
139 s/2,083 s
(500 ppm NH3)

RT [100]

WO3

CeO2

nanoparticles
Ethanol 5 ppm - 250 °C [101]

ZnO NiO foam
Ethylene
glycol

500 ppb
4 s/26 s
(100 ppm ethylene
glycol)

175 °C [102]

ZnO - NO 500 ppb
358 s/191 s
(500 ppb)

200 °C [103]

WO3 Au N2O 2.5 ppm - 250 °C [104]

ZnFe2O4 - n-Butanol 100 ppb 11 s/- 150 °C [105]

WO3 Pd Methanol 55 ppb 187 s/- 350 °C [106]

Co3O4

/In2O3

- Acetone 10 ppb
3 s/6 s
(1 ppm acetone)

200 °C [107]

2-D

CeO2 - HCHO
8.86 ± 0.45
ppm

71 s/310 s
(100 ppm HCHO)

250 °C [108]

In2O3 - H2S 0.092 ppb
300 s/300 s
(50 ppb H2S) 37 °C [109]

ZnO - NO2 2 ppb - 250 °C [110]

In2O3/ZnO - H2S 10 ppm 24 s/27 s 250 °C [111]

N doped-ZnO - 2-Butanone 10 ppm
66 s/236 s
(100 ppm butanone)

130 °C [112]

1.8 s/1,748.2 s
(100 ppm ethyl acetate)

oae
线条

oae
线条
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WO3 Pd H2 - 44.2 s/2.7 s 400 °C [113]

NiO/Gr-8 - H2S 10 ppb 92 °C [114]

Mn
doped-ZnO

- Ethanol 5 ppm RT [115]

In2O3 Pt Isoprene 2 ppb - 200 °C [116]

V2O5 - NO2 413 ppt
410 s/1,986 s
(20 ppm NO2)

170 °C [117]

3-D

SnO2 Cu Ethanethiol 1 ppm
90 s/120 s
(10 ppm ethanethiol)

RT [118]

ZnO
Pd
nanoparticles

TEA 500 ppb
9 s/1,114s
(50 ppm TEA)

250 °C [119]

SnO2 Fe n-Propanol 5 ppb
13.5 s/134.6 s
(50 ppm n-propanol)

250 °C [120]

Zn mixed-
WO3

- NO2 1 ppm
4.21 s/150.66 s
(100 ppm NO2)

150 °C [121]

SnO2 Ag NO2 10 ppb
1.4 s/-
(100 ppm NO2)

RT [122]

PrFeO3 - n-Butanol 26.3 ppb
18 s/13 s
(100 ppm n-butanol)

280 °C [123]

In2O3
Au
nanoparticles

n-Butanol 50 ppb 325 °C [124]

ZnO
Au
nanoparticles

n-Butanol 100 ppb 275 °C [125]

V2O5 - Ethanol 100 ppb 240 °C [126]

Bi2O3

modified-In2O3

Pt
nanoparticles

TEA 100 ppb 1 s/- (100 ppm TEA) 140 °C [127]

W18O49 - TEA 1 ppm
9 s/147 s
(100 ppm TEA)

260 °C [128]

CuO - NOx 50 ppb 1 s /78 s RT [129]

ZnO - HCHO 298 ppb 448 s/836 s 225 °C [130]

WO3-x - Linalool 150 ppb 19 s/5 s 275 °C [131]

ZnO/SnO2 - NO2 50 ppb - 100 °C [132]

1-D: one-dimensional; 2-D: two-dimensional; 3-D: three-dimensional; RT: room temperature; TEA: triethylamine.

8 s/15 s
(100 ppm n-butanol)

1 s/92 s
(100 ppm n-butanol)

63 s/347 s
(100 ppm ethanol)

100 s (50 ppm H2S)/
7s (100 ppm H2S)

18 s/40 s
(50 ppm ethanol)

oae
线条

oae
线条

oae
线条

oae
线条

oae
线条
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Figure 4. (A) Schematic illustration of SnO2 nanorods functionalized with Au-CuO composite nanocatalyst via GLAD, along with the
corresponding cross-sectional and top-view scanning electron microscopy (SEM) images. Sensitivity of 1 nm-deposited sensor array to six
gases (10 ppm acetone, toluene, xylene, ethanol, ammonia, H2S) at 300 °C. Reprinted with permission. Copyright 2024[133], Springer
Nature; (B) Schematic and SEM images of oxygen vacancy-rich SnO2 nanosheets. Dynamic response-recovery curves of SnO2 nanosheets
after nitrogen plasma treatment for 2.5 min upon exposure to 0.5-50 ppb NO2 at 80 °C. Reprinted with permission. Copyright 2025[135],
American Chemical Society (ACS); (C) Schematic and a cross-sectional SEM image of W-decorated NiO nanoigloos with a bar graph
showing the response of bare and W-decorated NiO nanoigloos to various target gases at 300 °C. Reprinted with permission. Copyright
2019[137], American Chemical Society (ACS); (D) Schematic and SEM image of Au-decorated Sn3O4 nanoflowers with response values of
Sn3O4 sensors at 190 °C and Au/Sn3O4 sensors at 160 °C to 5 ppm acetone and interfering biomarker gases. Reprinted with permission.
Copyr ight 2024 [ 1 3 9 ] , Amer ican Chemica l Soc iety (ACS) ; (E) Schemat ic of NO 2 sens ing on the oxygen-adsorbed and
hydroxide-functionalized SnO2 surface. Response curves to 1-5 ppm NO2 in dry and RH 20% conditions. Reprinted with permission.
Copyright 2019[7], Wiley; (F) Cross-sectional SEM image and gas-sensing performance of the 0.4CeO2/Rh-SnO2 sensor, along with
dynamic response transients to 0.1-1 ppm benzene, toluene, ethylbenzene, xylenes, styrene (BTEXS) at 300 °C. Reprinted with permission.
Copyright 2023[149], Springer Nature. GLAD: Glancing angle deposition.

An alternative design strategy is illustrated in Figure 4B, where oxygen vacancy-rich SnO
2
 nanosheets were

engineered via nitrogen plasma treatment
[135]

. The nitrogen plasma exposure enabled effective modulation of

surface defect chemistry while preserving the two-dimensional nanosheet morphology. The increased

density of oxygen vacancies provided abundant active sites for NO
2
 adsorption and facilitated charge transfer

at the gas-solid interface, resulting in pronounced and reproducible sensing responses. Consequently, the
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optimized SnO
2
 nanosheets exhibited clear dynamic response-recovery behavior toward 0.5-50 ppb NO

2
 at a

low operating temperature of 80 °C
[136]

.

In another approach, hollow NiO nanoigloos were synthesized using a soft-template method and

subsequently modified with W [Figure 4C]
[137]

. The porous nanoigloo framework already offered a high

surface area, but W incorporation generated a rough pyramidal surface enriched with oxygen vacancies. This

structural transformation facilitated the formation of NiO/WO
3
 heterojunctions, which activated charge

transport pathways and enhanced surface reactivity toward NO
2
. As a result, the modified structures

displayed responses several hundred times higher than pristine NiO
[138]

, while also exhibiting superior

selectivity and accelerated response and recovery dynamics.

Au-decorated Sn
3
O

4
 nanoflowers provide a further example prepared hydrothermally [Figure 4D]

[139]
. The

hollow, flower-like assembly of nanosheets created a three-dimensional porous network that facilitated rapid

gas diffusion. Au decoration promoted oxygen dissociation and activation, yielding a high density of

chemisorbed oxygen species. These effects accelerated redox reactions with acetone, generating extensive

conductivity modulation and enabling ppb-level detection limits. Devices based on this architecture achieved

rapid response and recovery, while maintaining strong selectivity even under humid conditions.

Beyond structural and catalytic approaches, humidity, traditionally regarded as a detrimental factor due to

water poisoning, remains a significant reliability concern in oxide-based chemiresistors. Moisture adsorption

generates hydroxyl species and perturbs ionized oxygen equilibria, which can induce baseline drift and

reduce gas response. Reported mitigation strategies include incorporating dopants or secondary oxides such

as NiO
[140]

, Sb
[141]

, Pd
[142]

 and CuO
[143]

 to suppress humidity-dependent surface reactions
[140-146]

, as well as

applying selective porous coatings, including zeolitic imidazolate framework (ZIF) layers
[147]

, to limit

moisture uptake while maintaining analyte accessibility. System-level correction using auxiliary humidity

readouts and algorithmic post-processing offers an additional layer of compensation. While these

approaches improve stability, each introduces trade-offs such as altered selectivity, diffusion limitations, or

increased calibration demand, indicating that humidity robustness remains an active design consideration

for artificial olfaction. In parallel, recent studies have shown that humidity can under certain conditions

participate in ion-activated sensing pathways and even enhance gas response
[148]

. This humidity-assisted

behavior is exemplified in Figure 4E, which highlights an ion-activated sensing mechanism operating under

moderate relative humidity. In ion-activated mechanisms, illustrated in Figure 4E, water molecules adsorb

and dissociate on oxide nanostructure surfaces, such as SnO
2 
nanorods, forming a hydroxide layer that serves

as an ionic conduction path
[7]

. When NO
2
 is introduced, this hydroxide layer reacts with the gas molecules,

eliminating the ionic mediator and thereby increasing the resistance. Figure 4E schematically depicts this

process, while the corresponding measurements demonstrate a pronounced resistance change with rapid

recovery under moderate relative humidity, in contrast to the slow and incomplete response observed under

dry conditions. This approach converts ambient humidity from an interfering variable into a functional

component, enabling room-temperature operation, accelerated response and recovery, and improved

selectivity.

Selective filtering strategies offer another dimension of performance enhancement. A representative case is

illustrated in Figure 4F, where a nanometer-thick cerium oxide (CeO
2
) catalytic overlayer is deposited on an

oxide semiconductor sensing film, forming a bilayer structure
[149]

. Aromatic hydrocarbons, such as benzene,

toluene, ethylbenzene, xylene, and styrene, are highly toxic indoor pollutants that occur at trace ppm levels

and pose significant health risks. However, they are challenging to detect due to their low reactivity and the

presence of interfering gases in indoor air. The CeO
2
 overlayer functions as a molecular filter: highly reactive

interferents are oxidized into CO
2
 and H

2
O at the outer layer, while less reactive aromatic hydrocarbons
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permeate into the inner oxide sensing film. This bilayer design offers ~ 44-fold higher selectivity toward

aromatic hydrocarbons, enabling both qualitative and quantitative discrimination within sensor arrays.

Because the CeO
2
 overlayer can be applied to various oxide channels, this strategy represents a versatile route

to enhance the accuracy and reliability of artificial olfaction under complex environments.

Collectively, these material- and structure-level strategies demonstrate how nanostructured oxide sensors can

be engineered to improve selectivity, robustness, and discrimination capability
[150]

 at the sensing stage. Even

in such advanced implementations, these approaches primarily address performance optimization at the

level of chemical sensing. Within the context of neuromorphic olfaction, conventional nanostructure-based

SMO sensors are primarily positioned as sensory front-end components, corresponding to the receptor stage

in biological systems
[23]

. Their contribution is largely confined to the transduction of chemical stimuli into

electrical signals, and research efforts have therefore concentrated on optimizing material composition,

nanostructure, and interfacial properties to enhance sensitivity, selectivity, and response characteristics at

this sensing level. Neuromorphic artificial olfaction, however, is not achieved by signal transduction alone. In

biological sensory pathways, receptor-level signals are subsequently structured, encoded, and dynamically

modulated through neuronal and synaptic processes
[151,152]

. Translating these principles into artificial systems

requires functional elements that extend beyond the sensing front end, enabling distributed encoding,

temporal signal processing, and adaptive modulation
[153,154]

. In this context, nanostructure-based sensors

constitute an essential starting point, while additional functional layers are required to realize

neuromorphic-level olfactory processing
[155]

.

INTEGRATION INTO NEUROMORPHIC OLFACTORY ARCHITECTURES
Neuromorphic artificial olfaction aims to emulate the biological pathway, where odorant molecules are

converted into electrical signals, organized into combinatorial maps, and processed through networks that

exhibit spatiotemporal spiking dynamics and synaptic plasticity. Reproducing these functions in engineered

platforms requires oxide nanostructures to serve as versatile building blocks that can underpin odor

mapping, spike generation, and adaptive learning within scalable device frameworks.

Recent progress illustrates several complementary directions. Odor map construction has been pursued

through the use of sensor arrays that capture chemical diversity and project it into multidimensional patterns

for the recognition and discrimination of mixtures
[156]

. Spike-based signal encoding has been advanced by

integrating oxide sensors with neuron circuits, where gas-induced resistance variations regulate leaky

integrate-and-fire dynamics, producing analyte-specific temporal codes suitable for processing by spiking

neural networks
[28]

. In parallel, an ion-redox-driven chemo-memristive paradigm exploits defect modulation

in oxide channels to generate programmable conductance shifts analogous to synaptic weight updates,

thereby embedding sensing with plasticity at the device level
[18]

.

Odor map construction with combinatorial oxide nanostructures

Odor map construction represents a distinct avenue toward neuromorphic olfaction, in which chemical

information is captured as spatially distributed patterns rather than temporal dynamics. Oxide

nanostructures provide a versatile platform for this strategy, as their compositional diversity can be

engineered to yield a wide range of chemical reactivities.

One notable implementation integrated chemoresistive oxide sensors with optoelectronic readout units to

realize a compact LED-CMOS-based sensing platform
[157]

. Figure 5A illustrates the chemical light-emitting

diode (ChemLED) architecture, where nanostructured sensing channels are paired with light-emitting

diodes, and gas adsorption alters their resistance, thereby modulating the emission intensity of individual

pixels. The resulting optical signals are collected in parallel through a CMOS array, enabling scalable, rapid,

                                                                                                 



Chun et al. Microstructures 2026, 6, 2026087 Page 17 of 30

Figure 5. (A) Optical nose system: a chemoresistive nanostructure sensor array drives an LED array (ChemLED units) to generate optical
patterns captured by CMOS for odor recognition; (B) Combinatorial fabrication of gradient sensing arrays using tilted deposition and
shadow masks; energy dispersive X-ray spectroscopy (EDX) confirms spatial elemental gradients; (C) Principal component analysis (PCA)
plot showing distinct clustering for eight gases across concentrations; (D) Response maps of representative gas mixtures derived from
ChemLED optical intensities. Reprinted with permission. Copyright 2024 (A-D)[157], Wiley; (E) Schematic of the artificial olfactory neuron
module integrating a micro-LED gas sensor and GeSe-based OTS neuron; (F) Current-voltage characteristics of the GeSe-based OTS
neuron; (G) SEM and TEM images of porous In2O3 nanostructures decorated with Ag and Au nanoparticles; (H) Spiking behavior of the
In2O3@Au-based neuron module under exposure to NO2, ethanol, and methanol; (I) SNN architecture for real-time gas classification with
three hidden layers; (J) Confusion matrix and real-time gas classification results showing 99.6% accuracy. Reprinted with permission.
Copyright 2025 (E-J)[28], American Association for the Advancement of Science (AAAS). ChemLED: Chemical light-emitting diode; OTS:
ovonic threshold switch; CMOS: complementary metal-oxide-semiconductor; TEM: transmission electron microscopy; SNN: spiking neural
network.

and contact-free data acquisition
[158]

.
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To maximize sensing diversity, a combinatorial vapor deposition technique based on GLAD was employed

to fabricate an array of chemoresistive oxide nanostructures with continuously varying compositions on a

single substrate. In this context, the GLAD-based gradient array illustrates how controlled morphological

and compositional variation can be deliberately engineered to expand sensing dimensionality and pattern

diversity, functioning as an enabling feature rather than a source of device-level inconsistency when

appropriately calibrated. As shown in Figure 5B, this gradient array provides hundreds of distinct sensing

elements, each exhibiting unique analyte interactions, enabling the platform to operate as a high-dimensional

sensor library. This materials-driven approach eliminates the need for discrete fabrication, while optical

readout bypasses the wiring complexity that typically limits scalability.

Figure 5C demonstrates the projection of distributed optical responses into principal component space,

where well-separated clusters appear for gases such as NH
3
, CO, NO

2
, ethanol, acetone, and H

2
S. Beyond

single-analyte  recognit ion,  the  same  framework  also  resolves  mixtures :  Figure  5D  shows

concentration-dependent odor maps reconstructed from spatially encoded patterns, enabling deconvolution

of multiple analyte contributions.

These advances demonstrate that oxide nanostructures, when engineered with compositional gradients and

combined with optical readout, can generate artificial odor maps in a compact and scalable manner. By

capturing chemical diversity in high-dimensional form, such platforms serve as versatile enablers of

neuromorphic olfaction capable of mixture recognition and complex pattern discrimination.

Spike-based signal encoding in neuromorphic olfaction

Biological olfactory neurons convert continuous odor stimuli into temporally resolved spike trains by

integrating synaptic inputs until the membrane potential reaches a spike initiation threshold. This temporal

spiking representation forms the basis of odor encoding in the olfactory pathway. Inspired by such

spike-based encoding principles, an artificial olfactory neuron module has been demonstrated that directly

couples gas-induced resistance changes to threshold-switching-driven spiking, thereby enabling

simultaneous gas sensing and spike generation within a single device
[23]

.

Recent developments have demonstrated fully integrated neuromorphic olfaction systems capable of

overcoming the energy and latency constraints of conventional sensor-processor architectures. A

representative system architecture is shown in Figure 5E, where a GeSe-based ovonic threshold switch (OTS)

is coupled with a μLED-activated In
2
O

3 
gas sensor to form an artificial olfactory neuron module operating at

microwatt power levels
[28]

. The OTS exhibits threshold switching near 2.0 V, considerably lower than the 5 to

7 V typically required for MOSFET-based neurons, thus enabling low-voltage spiking and reduced power

consumption, as illustrated in Figure 5F.

The μLED activates the SMO sensing layer through 395 nm photoexcitation rather than thermal heating,

resulting in a power consumption of only 28 to 213 μW. Sensitivity is further enhanced by plasmonic Au or

Ag nanoparticles introduced onto the In
2
O

3
 surface, which promote gas-surface reactions through localized

surface plasmon resonance, as shown in Figure 5G.

Exposure to NO
2
, ethanol, or methanol modulates the sensor resistance, altering the charging rate of the

parasitic capacitance and thereby tuning the OTS neuron’s spiking frequency. Oxidizing gases increase

resistance and suppress firing, whereas reducing gases decrease resistance and elevate firing frequency. As

displayed in Figure 5H, these effects produce distinct transient spiking signatures across gas species and

concentrations, enabling rapid identification without the need for full signal stabilization. Functionally, this

hybrid element serves as an input neuron for spiking neural networks (SNNs), closely mimicking temporal
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coding processes in biological olfaction.

Two such modules, incorporating In
2
O

3
 @Au and In

2
O

3 
@Ag sensors respectively, provide input spike trains

to an SNN comprising three hidden layers with 80 neurons each [Figure 5I]. Training employed spike

frequency data sampled during the transient response regime with logarithmic curve-based augmentation.

As shown in Figure 5J, the network achieves 99.6 % accuracy across 540 validation cases and correctly

resolves both gas type and concentration. The energy cost per spike is 1.94 nJ, placing this approach among

the lowest-power artificial olfactory neuron systems reported to date. Collectively, these results demonstrate

a neuromorphic olfactory neuron architecture in which gas-surface interactions are directly translated into

temporally encoded spike trains, thereby integrating chemical sensing and neural signal generation within a

unified hardware module and enabling energy-efficient artificial olfactory processing.

Complementary paradigm: ion-redox-driven chemo-memristive gas sensing for neuromorphic
olfaction

Sensor-synapse integration enables simultaneous gas sensing and synaptic operation within a single device,

significantly reducing latency and energy consumption
[159]

. In conventional e-nose systems, signals from a

sensor array must be transmitted to an external processor for pattern recognition and learning, which

introduces transfer bottlenecks and limits scalability. In sensor-synapse integrated architectures, electrical

changes induced by gas exposure are directly converted into real-time synaptic weight modulation. This

intrinsic coupling enables in-sensor learning, where sensing, adaptation, and recognition are closely linked,

providing a decisive advantage for fast and energy-efficient neuromorphic olfactory systems.

Beyond carrier-dependent mechanisms, valence change mechanism (VCM)-based memristive devices

provide a framework for gas sensing. In VCM memristors, electroforming induces oxygen vacancies that

form nanoscale conductive filaments, while SET and RESET operations reversibly form and rupture these

filaments under bias electroforming step induces oxygen vacancies, forming nanoscale conductive

filaments
[160]

. The chemo-memristive gas-sensing mechanism is fundamentally governed by oxygen vacancy

dynamics within filamentary conduction regions, including filament cores and ruptured or constricted gap

regions. Upon exposure to H
2
, gas-solid redox reactions extract lattice oxygen, generating additional

positively charged oxygen vacancies and releasing electrons. Under a positive bias applied to the top

electrode, these vacancies electromigrate toward the bottom electrode along the electric field direction,

accumulating in the gap region where localized vacancy agglomerates reconstruct percolative conduction

pathways
[18]

. This direct participation of oxygen vacancies in gas reactions naturally imparts memory-like and

history-dependent transfer functions, extending gas sensing toward adaptive neuromorphic behaviors.

A representative implementation is the Pt/TiO
2 
nanorod/TiN crossbar structure [Figure 6A]

[18]
. The vertically

aligned nanorods define ultrashort conduction channels of ~10 nm, providing a high surface-to-volume ratio

and confining switching pathways that are well suited for vacancy-mediated dynamics. Prior to

electroforming, the device operates through conventional charge-transfer processes at the oxide surface

[Figure 6B]. After electroforming, however, its behavior transitions to ion-redox-driven chemo-memristive

dynamics, in which gas exposure induces vacancy generation at ruptured filament sites, yielding

type-independent responses [Figure 6C].

Under repeated hydrogen exposure, the device exhibits hysteretic behavior [Figure 6D] demonstrating

history-dependent synaptic plasticity. As illustrated in Figure 6E, gas-driven redox reactions directly induce

paired-pulse facilitation (PPF) under reducing conditions and paired-pulse depression (PPD) under

oxidizing conditions, establishing key synaptic functions. These PPF/PPD dynamics emerge with high

linearity and reproducibility [Figure 6F]. Spatially resolved gas-response data [Figure 6G] provide a basis for
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Figure 6. (A) Schematic and SEM images of the chemo-memristive gas sensor, showing the Pt/TiO2 nanorod/TiN crossbar structure and
the highly porous morphology of TiO2 nanorods; (B) Response curves of TiO2 nanorods and NiO nanorods upon exposure to 1% H2 before
electroforming; (C) Schematic illustration of the sensor response to H2 in the initial state and after the formation of oxygen vacancies
induced by the reaction with H2. Response curves of TiO2 nanorods and NiO nanorods in high resistance state (HRS) and low resistance
state (LRS) (red line in inset); (D) Hysteretic response curve of TiO2 nanorods to 10 consecutive 0.2% H2 pulses after electroforming; (E)
Schematic illustration of controlling the synaptic weights based on the generation and elimination of oxygen vacancies using different
target gases; (F) Three sequential conductance modulations based on the type of target gas (reducing or oxidizing); (G) 3D image of the
trend in sensor response measured at 25 different locations; (H) MNIST-based neural network simulation for gas generation location
inference and corresponding recognition accuracy (~ 92.76%). Reprinted with permission. Copyright 2023(A-H)[18], Wiley. Distributed
under the terms of the CC BY-NC-ND license. No modifications have been made to the original images. PPF: Paired-pulse facilitation; PPD:
paired-pulse depression; SEM: scanning electron microscopy; MNIST: Modified National Institute of Standards and Technology.

system-level analysis that reflects realistic olfactory input patterns. The Modified National Institute of

Standards and Technology (MNIST) dataset is employed to assess the ability of the chemo-memristive

platform to learn and classify generic spatial patterns that conceptually mirror the distributed response

profiles of gas-sensor arrays. Classification tests using this dataset yield high accuracy, highlighting the

potential of the system for rel iable neuromorphic olfactory processing [Figure 6H]. Overal l ,

vacancy-mediated filament dynamics in VCM-based chemo-memristive devices unify gas sensing behavior

and synaptic functionality, providing a device-level framework for neuromorphic olfactory sensing.

This vacancy-mediated device-level framework has also been realized in alternative chemo-memristive

architectures, further clarifying the role of oxygen vacancy redistribution and filament evolution in
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gas-responsive synaptic behavior. In addition to chemo-memristive responses originating from

high-resistance states, where reducing gases promote additional oxygen vacancy formation in partially

ruptured filamentary regions, recent studies have discussed a complementary operating regime in which gas

interactions occur in a low-resistance state with a continuous filamentary conduction path
[161]

. In Ti/TiO
2
/Pt

crossbar architectures, porous oxide morphologies enable gas-accessible pathways and support

vacancy-controlled resistive switching behavior
[19]

.

Under repeated NO
2
 exposure, hysteretic behavior exhibits history-dependent synaptic plasticity associated

with cumulative oxygen vacancy redistribution in response to gas stimuli. Oxygen vacancy annihilation

modifies filamentary and percolative conduction characteristics, leading to conductance evolution governed

by prior gas exposure history. Together with the nanorod-based systems discussed earlier, these results

demonstrate that chemo-memristive gas sensors share a common physical basis based on oxygen vacancy

dynamics and ion migration, while allowing diverse structural implementations. Such platform-level

flexibility supports the integration of gas sensing, memory, and synaptic functionality within artificial

olfactory systems.

Material and device-level challenges

Oxide nanostructures have progressively transformed artificial olfaction, carrying the field from classical

chemoresistive sensing toward architectures that approach neuromorphic function. Early SMO platforms

established surface charge-modulated resistance, but limitations in response/recovery speed, selectivity, and

environmental robustness hindered their practical impact. Through nanostructuring, catalytic decoration,

and interfacial engineering, these limitations have been partially alleviated by improving gas accessibility,

surface reaction kinetics, and transduction efficiency, thereby establishing oxide nanostructures as a core

material platform for artificial olfaction.

However, these achievements have not eliminated core challenges. Conventional chemoresistive sensing is

still fundamentally governed by thermally activated surface reactions and charge transfer, which impose

intrinsic limits on response dynamics, particularly under low-temperature or fluctuating environmental

conditions
[162]

. Humidity and background gas interference continue to affect baseline stability and signal

reproducibility, while the structural complexity of nanostructured sensing layers can introduce device to

device variation that complicates large-area array integration. Taken together, these challenges indicate that

material and device engineering, while substantially improving sensing performance, remain primarily

focused on receptor-level transduction.

System-level integration and outlook

A further progression in the field is the transition from improved transduction toward integrated processing.

To establish a coherent system level perspective, Figure 7 summarizes the general characteristics of three

representative neuromorphic implementation pathways: odor map architectures
[157,163]

, hybrid sensor neuron

systems
[23,28,159]

, and chemo memristive platforms
[18,19]

. The comparison is organized around five metrics,

including system complexity, adaptive learning capability, energy consumption, integration density, and

scalability.

Odor map architectures rely on compositional gradient arrays or optical readouts that generate high

dimensional chemical representations, offering strong discrimination capability and intuitive spatial

encoding of odor space
[157]

. These approaches typically employ illumination sources and imaging hardware,

which contribute to a higher power footprint but also enable stable, parallel acquisition of rich spatial

information. The reliance on spatially distributed structures or optical instrumentation is an inherent aspect

of this sensing paradigm, and accordingly these platforms are often implemented with larger physical layouts
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Figure 7. Schematic illustration of summarized general characteristics of three representative neuromorphic olfaction implementation
pathways, corresponding to their respective performance in system complexity, adaptive learning capability, energy consumption,
integration density, and scalability.

or auxiliary optical components, reflecting architectural characteristics that differ from compact chip level

realizations.

Hybrid sensor neuron systems convert gas induced resistance changes into spike trains, enabling temporally

precise and event driven encoding
[28]

. This architecture effectively captures fast transients, allows flexible

tuning of neuronal thresholds, and interfaces naturally with neuromorphic readout circuits, providing a

versatile route for time resolved odor representations. Their power characteristics are shaped primarily by

the microheater operation typically used in SMO sensing layers, although the event driven spiking scheme

helps reduce continuous electrical readout demands. In these systems, adaptive behavior is implemented

through peripheral neuron circuitry rather than within the sensing medium, a design feature that integrates

consistently with larger system architectures.

Chemo-memristive platforms integrate chemical transduction with history dependent conductance

modulation within a single device
[18]

. This built in plasticity enables locally adaptive behavior without

additional circuitry, thereby reducing system complexity and supporting high integration density. These

devices can operate at room temperature, which removes the need for thermal activation. However,

endurance limitations and device to device variability across large arrays still represent practical challenges

that influence long term scalability. These distinctions define the broader architectural landscape of

neuromorphic olfaction and clarify how different hardware routes partition sensing, encoding, and adaptive

                                                                                          



Chun et al. Microstructures 2026, 6, 2026087 Page 23 of 30

processing across the system.

Moving toward large-scale implementation depends less on advancing each function separately than on

developing strategies that co-assemble sensing and processing within a unified oxide-based framework. Such

integration offers a realistic route toward dense arrays with simplified calibration and compact,

energy-efficient neuromorphic olfactory systems
[164]

.

CONCLUSION
Oxide nanostructures have emerged as a core platform for artificial olfaction, bridging conventional

chemoresistive sensing and neuromorphic architectures. Beyond enhancing sensitivity, selectivity, and

stability through structural and catalytic engineering, recent developments demonstrate system-level

integration strategies, including structured odor representation and spike-based encoding inspired by

biological circuits. At the device level, chemo-memristive systems further reveal how sensing, memory, and

adaptive dynamics can converge within a single oxide framework. Together, these advances point toward

compact, adaptive, and scalable artificial olfactory systems that unify chemical transduction and

neuromorphic processing.
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