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ABSTRACT: To rationalize the noninvasive disease diagnosis by breath analysis, developing a
high-performance gas sensor with exceptional sensitivity and selectivity is important to detect
trace biomarkers in complex exhaled breath under harsh conditions. Among the various
technological innovations, catalyst design and synthesis techniques are the foremost challenges,
because gas sensing properties are predominantly determined by surface chemical reactions
governed by catalytic activities. Conventional nanoparticle-based catalysts, with their simple
structural features, have technical limitations in achieving the requirement for accurate breath
analysis. Innovative strategies have been pursued to synthesize unconventional catalyst types
with enhanced catalytic capabilities. This Perspective provides a comprehensive overview of
recent advancements in catalyst technology for chemiresistive-type gas sensors used in breath .

analysis. It discusses various emerging catalysts, such as doping catalysts, single-atom catalysts R
(SACs), bimetallic alloy catalysts, high-entropy alloy (HEA) catalysts, exsolution catalysts, and e e
catalytic filter membranes, along with their unique chemical activation mechanisms that

enhance gas sensing properties for detecting target biomarkers in exhaled breath. The review

also explores novel strategies for catalyst design, including computational prediction, advanced synthesis techniques, and the
integration of sensor arrays with artificial intelligence (AI) to improve diagnostic reliability. By highlighting the crucial role of these
emerging catalysts, this review provides valuable insights into the catalytic, synthetic, and analytical aspects that are essential for
advancing breath analysis technology.

Emerging catalysts
in gas sensors

KEYWORDS: catalyst, gas sensor, breath analysis, biomarker, diagnosis

B BIOMARKERS FOR BREATH ANALYSIS & DISEASE becoming increasingly important for fast and accurate disease
DIAGNOSIS diagnosis by continuous monitoring of the sensing data.

Various diseases are associated with distinct breath
biomarkers, offering the potential to diagnose specific diseases
with gas detection. For instance, halitosis is associated with
VOCs or volatile sulfuric compounds (VSCs) such as
hydrogen sulfide (H,S), methyl mercaptan (CH;SH), and
dimethyl sulfide (C,H¢S), which helps assessment of either
intraoral or extra-oral health.” Asthma involves a major
biomarker of nitric oxide (NO), where continuous monitoring

Breath analysis offers a powerful and fast diagnostic approach
by detecting biomarkers in human exhaled breath, which can
diagnose various diseases by noninvasive tests. The bio-
markers, specific volatile organic compounds (VOCs) exhaled
during metabolic processes, play a critical role in modern
medicine." These chemical signatures can reflect underlying
physiological or pathological conditions, enabling the early

detection and continuous monitoring of diseases. The field of of NO levels using gas sensors can aid disease management.”
breath analysis has evolved significantly from basic medical Similarly, acetone (C;HgO) levels in the exhaled breath can
observations to incorporating breath analyzing platforms with serve as a biomarker for type 1 diabetes, as well as the acetone
advanced gas sensors.” With the advancements in gas sensor levels are closely related to fat-burning metabolism, offering

technology, breath analysis has become more precise in

detecting trace amounts of biomarkers, opening new Received: September 11, 2024
opportunities for healthcare applications. In particular, the Revised:  October 20, 2024

development of Internet of Things (IoT) technology promotes Accepted: November 5, 2024
the integration of gas sensors into portable health kits and Published: November 25, 2024

mobile devices for personal health monitoring,” Therefore, the
development of highly sensitive and selective gas sensors is
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Figure 1. Emerging catalysts and gas sensors for application in breath analysis.

potential feasibility for monitoring the progression of diabetic
symptoms.” In addition, exhaled isoprene (CiHg) gas can
reflect metabolic byproducts or blood cholesterol levels.”® In
lung cancer, exhaled breath contains VOCs such as benzene
(C¢Hg) and toluene (C,Hy).” Early detection and screening
through gas sensors for cancer diagnosis can significantly
improve the survival rates of cancer patients. Effective gas
detection, especially under challenging conditions, requires the
ability to detect target gases at parts-per-billion (ppb) to parts-
per-trillion (ppt) levels while maintaining long-term stability
and ensuring selectivity against other biomarkers. This is
crucial even in high concentrations of interfering substances,
such as water vapor (H,0), as exhaled breath typically
contains 80—90% relative humidity (RH).

B GAS SENSORS FOR BREATH ANALYSIS

Breath biomarkers offer a promising breakthrough for the rapid
and noninvasive diagnosis of various diseases. Since the
diagnostic accuracy of breath diagnosis relies on the
identification and quantification of gaseous biomarkers in
human exhaled breath, the development of high-performance
gas sensors is essential for enhancing the accuracy of breath
analyzers. Among the various types of gas sensors, chemir-
esistive gas sensors offer fast responding time with adequate
detection limits, making them particularly suitable for breath
analysis.'°~'? Additionally, chemiresistive sensors are preferred
for portable electronic devices due to their simple fabrication
processes and nanoscale miniaturization, utilizing a wide range
of nanomaterials such as metal oxides,">™>° transition metal
chalcogenides,m_26 and carbon-based materials.””’*®* The
incorporation of catalytic materials with these sensing materials
is crucial for enhancing sensitivity and selectivity by
acceleratin% surface chemical reactions and charge transfer
processes.2 30 Noble metals (e.g, Au, Ag, Pt) and heteroge-
neous metal oxide nanoparticles (NPs) have been generally
employed as catalysts, providing superior sensitivity to VOCs
at parts-per-million (ppm) levels for applications in air quality
monitoring. Nevertheless, new approaches in the design and
synthesis of innovative catalysts are necessary for gas sensors as
detecting specific biomarkers in exhaled breath is more
challenging. Human exhaled breath contains a complex
mixture of gases, often with high concentrations of humidity,
interfering precise identification of target biomarkers.” Also,
the extremely low concentrations at parts per trillion levels in
exhaled breath require high sensitivity with superior gas
discrimination ability to identify similar molecular structures of
biomarkers. Therefore, substantial advancements in gas sensing
catalysts are still required to address the demands of breath
analysis. Accordingly, numerous synthetic methods for
developing novel catalysts are being explored, requiring a
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comprehensive understanding of emerging catalysts for gas
sensors used in breath analysis. While several review articles
cover the gas sensors for breath analysis, they mainly focus on
sensing materials or sensor design, lacking insights from the
catalyst perspective.’'

In this Perspective, recent advances in novel catalyst
technology for chemiresistive gas sensors are presented,
highlighting the innovative approaches for catalyst design,
synthesis, and characterization for biomarker detection
capability (Figure 1). The fundamental gas sensing and
catalytic sensitization mechanisms are initially outlined to
identify key design parameters for emerging -catalysts.
Subsequently, various synthetic methods for novel catalysts,
including doping catalysts, single-atom catalysts (SACs),
bimetallic alloy catalysts, high-entropy alloy (HEA) catalysts,
exsolution catalysts, and catalytic filter membranes are
discussed in conjunction with their biomarker sensing
performance. Moreover, design strategies for novel catalysts
and sensor devices are explored, incorporating computational
methods and thermal-shock processes. These include catalyst
design for the highly active gas sensors with active learning-
based computational calculations. Finally, future directions for
breath analysis and noninvasive diagnostic platforms are
proposed, emphasizing catalyst design challenges and
innovations in catalyst incorporation into sensing materials
by identifying the current state of catalyst development in gas
sensors.

B MECHANISM OF GAS SENSORS AND CATALYTIC
EFFECT

Basic Principles in Chemiresistive Gas Sensors. This
review primarily focuses on the role of catalysts in
chemiresistive gas sensors developed for breath analysis. The
fundamental operating principle of chemiresistive sensors
involves measuring changes in the electrical resistance of the
sensing layers caused by the interactions between oxygen
species (0,7, 07, and O*7) adsorbed from the atmosphere and
various target gases, including a range of biomarkers.””**
These interactions involve physical adsorption (physisorption),
chemical adsorption (chemisorption), and forming or elimi-
nating surface and bulk defects within the sensing layers.
Among these mechanisms, the chemisorption of oxygens is
particularly important in most semiconducting metal oxide-
based gas sensors, especially operating at elevated temper-
atures, typically between 100 and 500 °C.***° At these
operating temperatures, a larger amount of adsorbed oxygen
species increases the number of reaction sites available for the
target gas, thereby significantly enhancing the sensitivity and
overall performance of the sensors. On the other hand,
semiconducting metal oxide-based sensors have two operating
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Figure 2. Schematic illustration for (a) chemical sensitization, (b) electronic sensitization of catalyst, and (c) emerging catalyst systems, including
doping catalyst, single-atom catalyst, bimetallic alloy catalyst, high-entropy alloy catalyst, exsolution catalyst, and catalytic filter.

functions: receptor function and transducer function.”” The
receptor function represents the surface reactivity of the
sensing layer with the gas molecule, which involves
identification of the target gas. The transducer function then
converts these surface chemical phenomena into measurable
signals in the electrical resistance of the sensor.>® Among these,
the superior sensing performance for detecting and discrim-
inating biomarkers can be attributed to enhanced receptor
functions. It is widely accepted that negatively charged oxygen
species (0,7, O7, and O*") form depletion layers (for n-type
metal oxides) at the surface, which react with target
biomarkers, leading to electrical resistance changes upon the
modulation of depletion layer thickness.’” Therefore, it has
been challenging to discriminate target biomarkers due to
similar gas reaction processes of different gas types with
adsorbed oxygen species. The receptor function determines the
surface affinity of sensing layers to target gases, which assigns
the gas selectivity from the diverse target gases. Importantly,
catalytic sensitizers distributed on the sensing layers are crucial
to controlling the surface properties of sensing layers affecting
the selectivity and improving the sensing performance by
influencing these basic functions through various mechanisms.

Catalyst-based Gas Sensing Mechanism. The operating
mechanism of chemiresistive gas sensors predominantly occurs
at the gas—solid interface, making receptor function vital. It is
well-established that the chemical adsorption and reaction of
gas analytes on the surfaces of metal oxides require activation
energy. Therefore, by precise control of the composition and
morphology of functionalized catalysts, the receptor function
can be optimized to lower the activation energy and promote
specific gas adsorption, thereby enhancing gas selectivity and
sensitivity. Catalysts for gas sensors enhance sensing perform-
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ance based on the sensitization effect through two mecha-
nisms.*® First, the chemical sensitization effect, also known as
the spillover effect, promotes the adsorption of specific gas
molecules on the sensor surface by lowering the activation
energy of adsorption, often facilitating oxidation or reduction
reactions (Figure 2a).*" This effect involves the adsorption of
the gas molecule and the migration of ionic adsorbate to the
surface of the sensing layers. As the chemical sensitization
effect relies on the specific interaction between the catalyst
surface and the gas molecule, the chemical sensitizer can
effectively control the selectivity of the gas sensor. By
improving selectivity, chemical sensitizers ensure the sensor
can accurately detect biomarkers in complex environments,
such as human breath,*” where various VOCs are present. On
the other hand, electronic sensitizers modulate the electronic
properties of the sensing layers, affecting charge carrier
concentration, electrical conductivity, and electronic energy
band structure (Figure 2b).* This modulation boosts the
signal transduction of sensing layers induced by gas reaction
(transducer function), resulting in an enlarged gas response
value. This electronic sensitization effect is based on the
electronic interaction between the catalyst and the sensing
layer. Therefore, selecting an appropriate combination of
catalyst and base sensing material systems is important to
maximize the electronic sensitization effect. Together, chemical
and electronic sensitizers enhance both the response and the
selectivity of the sensor, making them vital for advanced gas
sensing technologies for breath analysis.

To date, noble metal catalysts have been incorporated into
gas sensors with their sensitization effects.** However, the
current gas sensing performance with conventional NP-type
catalysts is insufficient to meet the requirements of practical
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breath analyzer applications such as gas discrimination ability
to various biomarkers in sub-ppb concentrations, reliable gas
detection under high humidity conditions, and long-term
stability under harsh operating conditions. These limitations
are primarily attributed to their simple NP morphology, which
restricts catalytic efficiency, even with nanoscale dimension.
The NPs inevitably possess internal atoms that do not
contribute to the catalytic activity, reducing the catalyst
loading efficiency. Moreover, the weak interaction between
metal catalysts and support sensing materials, typically metal
oxides, leads to catalytic performance degradation under harsh
operating conditions due to aggregation by atomic migration
or poisoning effect at the catalyst surface.”” Additionally, the
simple single-element composition exhibits low gas selectivity
over the range of similar gas species, hindering the precise
detection of specific biomarkers.

To address these limitations, recent innovations have
emerged, including doping catalysts,46 SACs,”” bimetallic
alloy catalysts,”® HEA catalysts,” exsolution catalysts,”’ and
catalytic filter membranes (Figure 2c).”' Doping involves
introducing specific atoms to alter the electronic properties of
the sensing materials, enhancing their sensing performance and
surface activity.”>>> SACs consist of isolated metal atoms
supported on a material, which maximizes catalytic efficiency
and surface area, resulting in highly sensitive and consistent gas
detection.”” Bimetallic alloy catalysts have a diverse array of
properties stemming from each element. These alloy catalysis
are remarkable because of the unexpected synergistic effects
that arise when different elements interact.”> HEA are
composed of multiple elements in nearly equal amounts,
providing increased stability and resistance to degradation,
which enhances their durability and performance in harsh
conditions.”® Exsolution catalysts are formed through the
spontaneous growth of metal NPs on the surface of a host
oxide.”” In this process, certain cations doped in a complex
oxide lattice selectively diffuse to the surface and grow to NPs
when the oxide is partially reduced at high temperatures,
remaining firmly anchored to the lattice. The anchoring of
exsolution catalysts ensures their stability under high temper-
atures and harsh conditions, unlike that of conventional NPs,
and enhances the durability of gas sensors. Catalytic filter
membranes act as a pretreatment stage by either blocking the
diffusion of interfering gases through chemical binding or
converting less-reactive gases into more-reactive ones, thereby
enhancing selectivity.”® This process improves the reliability of
measurements in complex gas mixtures such as exhaled
breaths. Advanced catalysts facilitate selective chemical
reactions between catalysts and biomarker target gases and
effectively modulate the electronic conductivity of the sensing
layers, enhancing the sensing performance for breath analysis.
In the next section, we will discuss more detailed features and
advantages of each type of catalyst for potential use in exhaled
breath sensors.

B EMERGING CATALYSTS IN GAS SENSORS

In this section, we provide an overview of the emerging
catalysts for gas detection under extremely harsh conditions,
including the detection of target gases at parts per trillion
levels, long-term stability, and selectivity against other
biomarkers in the presence of highly interfering humid
conditions. We will discuss not only the effect of electronic
and chemical sensitizations of these catalysts but also their
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stability, catalytic efficiency, and electronic structure engineer-
ing of host metal oxides.

Doping Catalysts. Introducing single-atom catalysts or
heteroatom doping into sensing materials are effective
strategies for enhancing gas sensing properties, as they can
significantly improve both sensitivity and selectivity.">*>”
Catalysts accelerate surface reactions in gas sensing layers
through chemical or electronic sensitizations, thereby boosting
the sensitivity to target gases.’ Similarly, heteroatom doping
in sensin§ materials such as graphene,””*"*> hollow carbon
supports,” metal oxides,”* and conjugated polymers®>*® not
only modulates the electronic properties of these materials but
also introduces various active sites that facilitate gas adsorption
and dissociation.

In general, doping in metal oxides with an element that has
an oxidation state lower than that of the host metal introduces
additional oxygen vacancies to maintain charge neutrality.
These surface oxygen vacancies significantly influence the
concentration of adsorbed oxygen species, which directly affect
both the conductivity of the sensing material and its gas
adsorption capacity.””*® Conversely, doping with an element
with a higher oxidation state leads to the formation of metal
vacancies. The degree of lattice mismatch during doping
should also be considered, as these lattice distortions can alter
the surface geometry and bonding in metal oxides, affectin
adsorption energies and overall sensing performance.’”’
Thus, the type and concentration of the dopant play critical
roles in determining the degree of conductivity modulation
and overall sensor performance.

In carbon-based materials, doping alters the electrical
conductivity by shifting the Fermi level and modifying the
density of states near the Dirac point.”"”* For example, when
an n-type dopant is introduced into graphene, it donates
additional electrons to the graphene lattice, shifting the Fermi
level closer to the conduction band, reducing the number of
holes, and thereby decreasing the conductivity of p-type
sensing materials.”

Doping not only effectively modulates electrical conductivity
but also creates active sites for the adsorption and reaction of
gas molecules, directly influencing the sensor performance.
This improvement can be attributed to the increased number
of active sites, enhanced catalytic activity, and improved gas
adsorption. The integration of SACs further refines this
process by providing atomic-level precision in catalysis,
ensuring that each gas molecule interacts with highly reactive
and tailored sites. Introducing doping and/or SACs allows for
the fine-tuning of gas sensors, enabling rapid, sensitive, and
selective detection of gases at low concentrations, which is
critical for applications in medical diagnostics and healthcare.*”

Single-Atom Catalysts (SACs). Single-atom catalysts
exhibit high reactivity due to their atomic-scale distribution
on support sensing materials.”*’> However, stabilizing SACs
on nanostructures with high loading amounts and uniformity
has been challenging. To address this issue, Shin et al. reported
the stabilization of Pt single atoms on SnO, nanofibers (NFs)
using a carbon nitride and SnO, heterojunction trapping
strategy.76 Pt SACs anchored on melamine-derived carbon
nitrides (Pt-MCN) were synthesized by exfoliating carbon
nitride nanosheets (NSs) and subsequently using a wet
impregnation method to anchor the Pt SACs with a high
loading amount (4.3 wt %). The as-synthesized Pt-MCN was
then loaded onto the SnO, nanotubular structure by using
electrospinning, followed by a subsequent calcination process
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Figure 3. (a) Schematic illustration of Pt SAC-SnO, nanofibers and oxygen dissociation over Pt SAC and (b) dynamic response transitions toward
HCHO. Reproduced with permission from ref 76. Copyright 2020 American Chemical Society. (c) Synthetic schematic illustration of SAC on
nanosheets, (d) effect of humidity on the sensing response under S ppm of acetone, and (e) sensing mechanism of SAC under highly humid
conditions. Reproduced with permission from ref 77. Copyright 2022 Wiley-VCH GmbH. (f) Synthesis schematic illustration of N doped rGO
(N@rGO) by an ultrafast flash-thermal shock technique, (g) N 1s XPS spectrum of N@rGO, and (h) sensing response transitions toward various
concentrations of NO,. Reproduced with permission from ref 82. Copyright 2023 American Chemical Society. (i) Schematic illustrations of
processing for B doping on GO (B@rGO), (j) B 1s XPS spectrum of B@rGO, and (k) sensing response transitions toward various concentrations
of NO,. Reproduced with permission from ref 83. Copyright 2020 Wiley-VCH GmbH.

(Figure 3a). This structure is advantageous for gas sensing enhance the sensing properties. Notably, the Pt-MCN-loaded
layers due to its high surface area, well-developed porosity, and SnO, sensor exhibited superior sensing performance with the
the catalytic effects of the Pt-MCN complexes. To demonstrate responses (Rair/Rgas) of 339 and 1.5 at 5 and S5 ppb,
the effectiveness of the Pt-MCN complex catalysts for respectively, attributed to the synergistic effects of SnO,-
formaldehyde (HCHO) sensing, four different sensors were MCN heterojunction formation and the maximized catalytic

prepared: pristine SnO,, MCN-loaded SnO,, Pt-doped SnO,, efficiency achieved through atomic isolation of Pt. The Pt—N/
and Pt-MCN-functionalized SnO, (Figure 3b). The results C sites in Pt-MCN provide strong adsorption sites for O,,
showed that doping SnO, with Pt atoms improved the HCHO dissociating into chemisorbed oxygen (e.g., O~) on the SnO,
response, while MCN loading alone did not significantly sensing layers via a spillover process. Because the Pt SACs are
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encapsulated between carbon nitride and SnO,, the sensors
exhibited exceptional long-term cycling stability over 27
repeated cycles with high resistance to sintering over 2
months, even at a high operating temperature of 275 °C.

The introduction of high-density SAC functionalization on
other dimensional nanostructures, such as 2D NS structures,
holds significant potential for creating diverse high-perform-
ance gas sensing materials. In this context, Shin et al
demonstrated a general method for preparing SACs on
metallic, metal oxide, and perovskite NSs using N-doped
graphene as a sacrificial template to confine the SACs.”’
Specifically, Pt single-atom-stabilized N-doped graphene (Pt,—
NGr) was synthesized by pyrolyzing ethylenediaminetetra-
acetic acid disodium salt dehydrate (EDTA-2Na-2H,0).
Subsequently, various metal precursors were coated onto
Pt,—NGr via a solution-mediated adsorption process, followed
by calcination, during which the NGr decomposed, and the
metal precursors were oxidized into metal oxide or perovskite
structures (Figure 3c). To produce metallic NSs, an additional
reduction step was conducted in a H,/N, environment. High-
angle annular dark-field scanning transmission electron
microscopy (TEM) images demonstrated that Pt single
atoms were finely distributed and anchored on SnO,,
LaCoOj3, and Pd NSs, respectively. When an excessive amount
of Pt precursor was introduced during the synthesis of Pt-
anchored N-doped graphene (Pt,-NGr), Pt nanocluster-
functionalized SnO, (Pt,-Sn0O,), LaCoO; (Pt,-LaCo00Q;), and
Pd NSs (Pt,-Pd) were obtained.

When sensors are used for breath analysis, it is crucial that
the sensors exhibit a stable response, even under highly humid
conditions (85—95% RH). Typically, metal oxide-based gas
sensors suffer from significant performance degradation in high
humidity, as the adsorption of water molecules competes with
oxygen chemisorption. In this regard, the sensing properties of
pristine SnO, NSs, Pt;-SnO, NSs, and Pt;—SnO, NSs were
investigated toward S ppm acetone gas under various relative
humidity conditions (0—95% RH) (Figure 3d). The pristine
SnO, NSs and Pt,-SnO, NSs displayed degraded sensing
responses as the relative humidity increased during acetone
sensing. Interestingly, Pt;—SnO, NS sensors exhibited stable
sensing properties under highly humid (95% RH) conditions
with a response of 95.4 at 10 ppm of acetone. Under high
humidity, high-valent Pt species (e.g., Pt surface-doped SnO,)
enhance the reaction between lattice oxygen and reducing
gases (e.g,, acetone) (Figure 3e). This mechanism activates
lattice oxygen near Pt single atoms (Pt—O—Sn boundaries) to
react with target gases rather than relying on chemisorbed
oxygen. In contrast, Pt,—SnO, NSs, which contain more
metallic Pt nanoclusters/NPs, showed about 56.6% reduction
in response at 10 ppm of acetone compared to Pt;—SnO, NSs
due to NP deactivation under high humidity.

The stabilization of single atoms offers significant advantages
not only in metal oxide-based inorganic supports but also in
graphene-based sensing materials. In addition, doping plays a
critical role in modulating electrochemical properties by
inducing n- or p-type effects, while also creating active sites
for enhanced gas adsorption through stronger binding energies
between doped sites and gas analytes. These strategies include
various methods such as chemical vapor deposition using
organic precursors,”” plasma treatment,”””” and chemical
doping via reactions between graphene and nitrogen-
containing compounds.*”®’ However, these approaches
typically require prolonged exposure to a reducing atmosphere
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and elevated temperatures to effectively reduce graphene oxide
and achieve heteroatom doping. Therefore, the development of
alternative ambient-air and rapid processing methods with high
mass productivity is crucial for commercialization.

Recently, Kim et al. introduced an ultrafast flash-thermal
shock (FTS) technique that facilitates the efficient and cost-
effective production of single-atom-stabilized N-doped gra-
phene (SACs N@rGO) in an ambient-air environment
(Figure 3f).*” Melamine serves as the N-doping source,
enabling thermodynamically stable single-atom sites via
metal—nitrogen bonding, resulting in a uniform and high-
density distribution of SACs, including Co, Ni, Pt, and Co—Ni
dual components. The process involves the self-assembly of
melamine on graphene oxide due to zeta potential differences,
followed by a single flashlight irradiation that induces a rapid
temperature increase to 2850 °C within 10 ms. X-ray
photoelectron spectroscopy (XPS) analysis confirmed the
degree of N-doping and the reduction of graphene oxide, with
nitrogen predominantly doping into pyridinic sites, which is
advantageous for catalytic efficiency (Figure 3g).

When metal precursors are included, the FTS process
simultaneously stabilizes metal SACs through three key steps:
reduction of graphene oxide, N-doping, and SAC anchoring via
metal—nitrogen bonding, i.e, M-N,. Testing with nitrogen
dioxide (NO,) sensors revealed that N-doping improves gas
response by creating preferential adsorption sites, while SAC
stabilization, especially with Ni, further enhances the response
due to higher binding energy between Ni—N, sites and NO,
(Figure 3h). Moreover, N-doping increases electrical con-
ductivity, while SAC anchoring introduces active sites that
accelerate the adsorption and dissociation of NO, gas,
collectively improving the reaction kinetics. For example, Ni
SACs N@rGO showed 7.7-fold and 3.5-fold improved
adsorption and desorption rate constants compared to N@
rGO, respectively. Overall, the SACs N@rGO system
exhibited excellent sensing characteristics, including response,
reversibility, and reaction rates, driven by the combined effects
of doping and SACs on the physicochemical properties of rGO
systems.

Another study tackled the challenge of achieving low-
thermal-budget heteroatom doping and reduction of graphene
oxide in ambient air by utilizing flash irradiation of boric acid
on graphene oxide with intense pulsed light to synthesize B-
doped reduced graphene oxide (B@rGO) (Figure 3i).* Boric
acid served as the boron doping source, with the photothermal
temperature playing a crucial role in effectively decomposing
boric acid and facilitating doping on reduced graphene oxide.
Given that boric acid vaporizes around 400 °C and graphene
oxide reduces between 500—1200 °C, temperatures exceeding
1400 °C were necessary to activate boron doping on reduced
graphene oxide. The doping states of boron included BCO,,
BC,0, BC;, and BC,, with their relative compositions varying
depending on the photothermal annealing temperature (Figure
3j). Specifically, as the photothermal temperature increased to
1400 °C, the intensity of the BCO,-related peaks in the B 1s
spectra also increased. At temperatures above 1630 °C, BCO,-
related peaks decreased sharply, while BC,-related peaks
became prominent. This work demonstrated the fine-tuning
of B-doping states through millisecond-scale, temperature-
dependent bond engineering based on the photothermal
effects of graphene oxide.

To validate the practical application of B@rGO in
chemiresistive sensing, NO, sensing tests were conducted
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Figure 4. (a) Transient sensing response of bimetallic PdAu alloy catalysts on SnO, and their schematic illustration for the sensing mechanism.
Reproduced with permission from ref 89. Copyright 2023 Royal Society of Chemistry. (b) TEM image of core—shell NPs, featuring a AuAg alloy as
the core and ZnO as the shell, and schematic illustration of ethanol sensing mechanism. Reproduced with permission from ref 91. Copyright 2022
Elsevier. (c) Dynamic acetone sensing response of bimetallic PtPd and PtRh alloys loaded WO, NFs and schematic illustration for gas sensing
mechanism. Reproduced with permission from ref 42. Copyright 2017 Wiley-VCH GmbH. (d) Response curves of bimetallic PtRu alloy on cMOF
toward NO,, and schematic illustrations for the catalytic effect, including the spillover effect of Pt and strong adsorption for NO, of Ru.
Reproduced with permission from ref 94. Copyright 2021 Wiley-VCH GmbH. (e) Energy-dispersive X-ray spectroscopy (EDS) elemental
mapping, scanning transmission electron microscopy (STEM) images of AgAuPtPdCu HEA NPs, and response curve of MoS, and HEA-decorated
MoS, toward S000 ppm of H, at 100 °C. Reproduced with permission from ref 99. Copyright 2020 Royal Society of Chemistry. (f) Schematic
illustration of hydrogen adsorption on TiZrVNbHf HEA NPs decorated MoS,, and DOS of MoS, and HEA NPs decorated MoS, systems.
Reproduced with permission from ref 100. Copyright 2023 Royal Society of Chemistry.

and compared with pristine rGO sensors (Figure 3k). The B@ low activation barrier for N, dissociation and a surface with
rGO sensors showed a S5.4-fold improvement in response low coverage of adsorbed atomic nitrogen.”> This balance
(AR/R,;, = 3.8%) to S ppm of NO, compared to the response requires a catalyst with strong and weak N-surface interactions,
(AR/R,;, = 0.7%) of pristine rGO, attributed to the presence of avoiding extremes of a high or low nitrogen adsorption energy.
B-doping active sites in the graphene lattice. These B-doped The Mo, which has high adsorption energy of N, and Co,
active sites, including BC;, BCO,, and BC,O, provide strong which has low adsorption energy of N, alloy catalyst was
binding sites for NO, molecules, enhancing resistance developed into ammonia synthesis catalysts due to their
modulation and sensor response. Additionally, B@rGO could complementary adsorption and desorption of nitrogen in the
detect NO, concentrations as low as 0.1 ppm, while the ammonia synthesis. This catalyst showed significantly higher
detection limit for pristine rGO was 0.4 ppm. This process ammonia synthesis activity than its individual components and
allows for large-scale, rapid doping and reduction with a even outperformed Fe and Ru, which have high turnover
significantly lower thermal budget, resulting in a material with frequencies for ammonia synthesis. Depending on the mixing
abundant B active sites that is highly effective for sensitive and pattern, bimetallic alloy NPs can be classified into three main
selective NO, sensing at room temperature. types: core—shell structures, heterostructures, and intermetallic
Bimetallic Alloy Catalysts. Bimetallic alloys exhibit a or alloyed structures.”* The synergistic effects of these diverse
range of properties contributed by each element. Moreover, structures significantly enhance catalytic activity suitable for

the unexpected synergistic effects between these elements emerging catalysts in exhaled breath sensors.
make these new bimetallic alloy catalysts particularly note- Hydrogen gas is a biomarker for gastrointestinal disorders
worthy.** For instance, in ammonia synthesis, optimal catalytic owing to insufficient absorption in the colon by metabolizing
performance is achieved by balancing two opposing factors: a carbohydrates, including lactose.”® Hydrogen gas is easily
39 https://doi.org/10.1021/acssensors.4c02464
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adsorbed on the Pd surface, forming PdH,, due to the spillover
effect of H,.*” This process causes volume expansion, which
enhances the diffusion and adsorption—desorption rates of gas
molecules, leading to improved sensitivity through a large
change in the resistance. However, at temperatures above 300
°C, commonly used in gas sensor systems, the Pd catalyst
tends to oxidize to PdO. Additionally, repeated volume
changes can cause cracking and delamination of the Pd
catalyst. To address these limitations, Pd-based alloys have
been explored to improve hydrogen gas sensing performance
through the restriction of deactivation of Pd.**”° Among
these alloys, Au is often incorporated into Pd due to its equal
face-centered cubic crystal structure, which helps maintain
structural integrity during continuous hydrogenation and
dehydrogenation cycles. The atomic-level electrical interaction
between Au and Pd further amplifies the sensitization effect. In
addition, the Au can prolong the lifetime of the heat-generated
hole—electron pairs due to high work function compared to
support metal oxides and has a strong capability to dissociate
oxygen molecules to enrich the activated oxygenic species.
Moreover, the Schottky barrier between the PdAu alloy and
the supporting metal oxides promotes electron transfer,
creating an additional depletion layer. As a result, PdAu alloys
exhibit improved gas adsorption, dissociation, and activation
properties, as evidenced by a large resistance change (R,;/ Ryas
= 46.4) toward 100 ppm of H, at 175 °C with fast response
time (19 s) (Figure 4a).

Similar to the prevention of Pd oxidation by alloying with
Au, an AgAu alloy has been developed to inhibit Ag oxidation.
However, the density of atomic oxygen decreases as the Au
content increases since the additional electrons in the
antibonding orbitals of Au weaken the binding of the atomic
oxygen Ag—O bond on the alloy surface. Thus, a suitable
combination of highly active Ag and Au, which can enhance
the stability, is required to improve the gas sensing
performance. As a result, the Ag,,Aus, alloy exhibited high
sensing performance toward ethanol (Figure 4b).”' In
addition, Pt-based alloy catalysts play a crucial role in
accelerating the dissociation of oxygen molecules and target
gases through a spillover process. The inhomogeneity of the
Pt;Co surface creates nonequivalent adsorption sites, increas-
ing the amount of oxygen adsorption species.”” The adsorbed
oxygen molecules then dissociate along the lowest energy
barrier pathways. While Pt-centered pathways have less stable
transition states and higher activation energies, Co-centers are
more reactive for O, dissociation. As a result, the Pt-based
alloy exhibits a high oxygen spillover effect due to the
abundance of oxygen adsorption sites and the low activation
barrier for O, dissociation.

Kim et al. reported the synthesis of highly acetone-sensitive
WO; NFs with Pt-based bimetallic NPs, including Pd and
Rh.** Taking advantage of nanoscale protein cavities in the
apoferritin, the high specific area of small size (less than 3 nm)
and dispersibility of Pt-based alloys improved the gas sensing
performance. PtPd and PtRh NPs not only enhance the
dissociation of molecular oxygen and the analyte but also
contribute to increased depletion widths through the
formation of p—n junctions between n-type WO; and p-type
PtO,, Rh,0;, and PdO on the surface (Figure 4c). This
interaction increased the baseline resistance, leading to more
significant resistance changes and enhanced sensitivity with
responses (R,;,/ Rgas) of 97.5 and 104 toward 1 ppm acetone at

40

300 °C, with the decoration of PtPd and PtRh on WO; NFs,
respectively.

A catalytic Ru promotes the adsorption of nitrogen-
containing molecules, transforming its oxidation state from
Ru*" to Ru*".”” Park et al. demonstrated the NO, adsorption
capabilities of a PtRu catalyst incorporated into conductive
metal—organic frameworks (cMOFs), specifically
Cu;(hexahydroxytriphenylene), (Cuy(HHTP),).”* The XPS
analysis revealed that the Cu’* peaks in the PtRu@cMOF were
shifted to higher binding energies compared to monometallic
NPs (Pt@cMOF and Ru@cMOF), indicating that more
electrons were depleted of the Cu metal nodes upon NO,
adsorption, where NO, is adsorbed on the Cu open metal sites.
As a result, a noticeable sensing response (AR/Ry) of —53.0%
was obtained with PtRu@cMOF toward 3 ppm of NO, at
room temperature. The density functional theory (DFT)
calculations confirmed that the PtRu catalyst accelerates the
dissociation of NO,, enhances the adsorption of nitrogen
molecules at Ru sites, and promotes NO diffusion, leading to
improved NO, sensing performances (Figure 4d).

High-Entropy Alloy Catalysts. The HEA represents a
novel and increasingly significant class of metallic materials,
distinguished by their unique compositional and structural
properties. Unlike traditional alloys, which typically consist of
one or two principal elements with additional elements in
minor quantities, HEA is engineered with five or more
principal elements, each contributing significantly to the overall
composition—typically ranging between 5—35% by atomic
percentage.”” This HEA catalyst can be fabricated under
similar conditions to the conventional alloy catalyst synthesis,
but precise control of the HEA composition is crucial to
stabilize the multielemental system and prevent phase
separation, taking into account the thermodynamic stability
and lattice structure. This approach results in a highly complex
and balanced elemental distribution that sets HEA apart from
conventional alloy systems.”

Interestingly, the catalytic properties of multicomponent
HEA are not the simple addition of the advantages from their
individual components, but they have unique catalytic
properties with synergistic effects. Notably, HEA NPs have
the potential to reduce the amount of noble metals required
without sacrificing catalytic efficiency, as these metals can be
highly dispersed within the HEA structure. For example,
PtPdAuAgCu HEA catalyst containing strong hydrogen
adsorption elements (Pd, Pt) with weaker ones (Ag, Au) has
been shown to enhance catalytic activity compared to a single-
element catalyst for electrocatalysis.”” This is due to the low
free energy of intermediates at the surface of HEA during CO,
reduction reactions, which promotes the electroreduction of
formic acid to produce CO, and H, even at zero bias. Wang et
al. demonstrated the potential of HEA NPs replacing novel
metals, such as PtIrCuNiCr and PtAuPdFeNi, for the
hydrogen-evolving reaction (HER) and oxygen-evolving
reaction (OER) catalyst. The Pt atoms in these HEA NPs
induce a lattice distortion, leading to a thermodynamic
nonequilibrium state. A higher free energy potential of
lattice-distorted HEA NPs lowers the energy barrier of catalytic
reactions and enhances catalytic performance.”

In the case of gas-sensing catalysts, Kusuma et al. reported
the development of a noble metal-based HEA catalyst,
AgAuCuPdPt HEA, for hydrogen gas detection.”” Pd has
been a well-known catalyst for a chemical sensitizer toward
hydrogen gas, facilitating H, dissociation and resistance-driven
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2022 American Chemical Society. (d) Schematic illustration of gas sensors and sensing mechanism and resistance transition curves of exsolution
catalysts decorated SnO, NFs. Reproduced with permission from ref 109. Copyright 2023 American Chemical Society. (e) Schematic illustration of
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function of the filter temperature. (g) Ethanol concentration of human exhaled breath without and with ZnO filter at 260 °C. Reproduced with
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Reproduced with permission from ref 118. Copyright 2021 Wiley-VCH GmbH.

sensing through volumetric expansion. The equiatomic
AgAuCuPdPt HEA NPs on MoS, exhibited improved H,
sensitivity, selectivity, and response/recovery times, even
with a Pd content of only 20% (Figure 4e). The AgAuCuPdPt
HEA NPs induced the reduction of the MoS, work function
from 4.9 to 4.75 eV due to electron transfer from HEA to
MoS,. This electron transfer increases the resistance of the p-
type semiconductor MoS, due to enlarged surface oxygen
adsorption based on the chemical sensitization effect. This
significant rise in oxygen adsorption leads to an enhanced gas
sensitivity with a large change in electrical resistance by the gas
reaction. The HEA-decorated MoS, demonstrated enhanced
response and improved response (10 min) and recovery (7
min) times toward 5000 ppm of H, at 100 °C as the HEA NPs
increase the number and rate of hydrogen gas molecule
adsorption on the surface. DFT calculations showed that the
adsorption energy of hydrogen on HEA-decorated MoS, is
exothermic, whereas it is endothermic on pristine MoS,,

a1

suggesting that hydrogen will adsorb more rapidly on HEA-
decorated MoS,, resulting in a shorter response time.
Therefore, the synergistic effect of nanoscale junction
formation between HEA and MoS, and the strong affinity of
HEA NPs showed a 10-time increase in the response and faster
response/recovery times toward hydrogen gas.

Moreover, Mondal et al. demonstrated the equiatomic
TiZrVNbHf HEA NPs on MoS, sheets for hydrogen gas
sensing.'”’ Without expensive noble metals, TiZrVNbHf HEA
NPs composed of relatively cheaper transition metal elements
can improve hydrogen adsorption, enhancing hydrogen
sensing performances. The bandgap of MoS, decreased from
0.11 to 0.05 eV upon TiZrVNbHf HEA NPs decoration.
Additionally, the density of states (DOS) of MoS, with the
TiZrVNbHT shifted down toward the Fermi level, around 0.51
eV, as calculated by the DFT (Figure 4f). This shift toward the
Fermi level facilitates electron transfer from H, molecules to
the TiZrVNbHf HEA NPs on MoS,, selectively enhancing the
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sensor response to H,. In addition, the TiZrVNbHf HEA NPs
on MoS, generated more H, adsorption and dissociation, as
evidenced by DFT calculation, which induced electronic
charge redistribution of HEA NPs over the MoS,.

Exsolution Catalysts. Maintaining the sensing stability
against aggregation and poisoning under harsh environments is
essential to provide the reliability of breath sensing results.
Exsolution, a promising catalyst design, has emerged as a
powerful approach for a robust catalyst synthesis process where
the doped metal ions diffuse to the surface of the metal oxide
sensing layer and nucleate/grow through reductive heat
treatment.””'*"'%* This process results in the formation of
socketed catalyst NP structures that induce reciprocal strain
and smooth interfaces. The unique socketing structures of
exsolved metal NPs that strongly anchor in the oxide lattice
result in a robust structure with excellent thermal and chemical
stability. Furthermore, the exsolution approach induces a fine-
particle-size distribution based on their specific doped metal
ion diffusion procedures. However, harsh reduction conditions
involving balanced H, gas at a high temperature (>800 °C) are
conducted to grow and ripen these particles, where the surface
area of the support materials is often degraded. Thus, the
thermally and chemically stable host oxides were needed to
meet these demands.

In the early design of gas-sensing materials, exsolution
catalysts have been decorated on stable supports such as
perovskite oxides and yttria-stabilized zirconia (YSZ) owing to
harsh exsolution process conditions. Ling Wang’s group
reported the development of exsolved PdO NPs on
LaFePdy(sO;,5 Ag NPs on AgNbO; and Ag NPs on
NiFe,Ag) 504025 for the impedancemetric sensors for NO,
and NH; detection.'”™'% Following the exsolution process,
the stable, fine, and evenly distributed heterostructure
formation of the exsolved catalyst significantly enhanced
catalytic activity and gas responses to such target gases.

The size, distribution, and depth of the exsolution catalysts
changed catalytic properties. Kim et al. reported size and
distribution-controlled Co exsolution catalysts on
Lag43Cag37,C0006 904034 by controlling the reduction tem-
perature. The average particle size, population, and
exsolution depth varied with the reduction temperature (600,
700, and 800 °C). As the temperature increased, the driving
force for exsolution was boosted, leading to an increased
number of particles. However, heat-treatment at an excessive
temperature induces the aggregation of these particles into
larger sizes, reducing the total number of particles and catalytic
activity. Considering this trade-off, the optimal Co exsolution
catalyst design at 700 °C reduction temperature resulted in
high sensing capability to ethanol gas with the response (R,;/
Rgas) of 116.3 toward S ppm ethanol at 350 °C (Figure Sa).
Interestingly, the numerous Co exsolution catalysts changed
the majority of charge carriers from hole to electron by the
formation of oxygen vacancies, which induced an improvement
in sensitivity owing to conduction paths. The enhanced sensing
response was attributed to the synergistic effect of the p- to n-
type majority carrier transition and catalytic activity of
uniformly distributed Co NPs on the host oxide.

The heat-treatment at high temperatures for extended
periods and reductive gas treatment of the exsolution process
confine the decorated exsolved NPs on a binary metal oxide
support, which is mainly utilized for gas sensor applications.
Thus, alternative internal material composition or external
environment changes are needed to decorate exsolved NPs on
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binary oxides. Jang et al. demonstrated an ultralow temperature
exsolution process in reducible WO; NSs.'”” Catalytic Ir
doping triggered a dynamic phase transition in host WO;, and
this phase transition in WOj accelerated the exsolution of Ir
NPs at the oxide surface (Figure Sb). The H,S, a
representative biomarker for halitosis, has a high affinity for
metallic phases because of the strong chelation property with
sulfur compounds. Thus, the sulfur poisoning of metal catalysts
was one of the challenges for sulfur gas-contained sensing
applications. The exsolved IryWy990; NSs-based sensor
exhibited a significantly enhanced H,S sensing performance
compared to Iryy-doped Wj490; NSs without exsolution.
Specifically, exsolved-Ir;(;Wy9oO3; NSs with a reduction
process at 400 °C showed the highest H,S response (R,/
Ry, = 35 toward S ppm of H,S at 375 °C), which is over 10
times higher than that of Iryy-doped W; 4003 NSs due to the
sensitizer effect of exsolved Ir NPs.

Recently, Shin et al. demonstrated ambient-air Pt, Rh, and Ir
NPs exsolution using an intensive photothermal effect on WO,
NFs.'”® The ultrahigh photothermal effect induced by
intensive irradiation can complete the exsolution process
within 20 ms. With the extremely short process time, the
support degradation during the exsolution process is
minimized even under ambient-air conditions, making it
applicable to various support materials, including binary
metal oxides. This ultrafast annealing promoted mild surface
reduction, leading to heterojunction formation (WO, —WO;),
which induced large resistance changes (Figure Sc). The
synergistic effects with the exsolution catalyst and formation of
heterojunctions improved the gas sensing performances. As a
result, a highly sensitive gas sensor for halitosis diagnosis was
developed, exhibiting exceptional H,S sensing performance
(Ryir/Ryys > 800 toward 1 ppm of H,S at 80% RH and 350 °C).
According to previous studies, exsolved NPs exhibited
excellent resistance to sintering and coking due to their
socketed geometry. Similarly, exsolution catalysts loaded on
WO; maintained stable H,S sensing characteristics over 80
repeated sensing cycles. The stable socketed exsolution catalyst
allowed the exsolved NPs to remain on the WOj after cyclic
sensing tests, even at an elevated temperature of 350 °C.

With the strategies for moderating the harsh exsolution
condition, the range of material design of catalysts and
supports has been expanded. However, it is still challenging to
precisely control the synthetic factors such as composition,
size, and distribution of exsolution catalysts on binary metal
oxides in such an exsolution environment. To address these
challenges, a new strategy has been proposed to synthesize the
desired exsolution catalyst on a stable support and then
integrate them with a binary metal oxide sensing material in a
hybrid structure (Figure 5d)."% Lay4Cag4Fep9sC0005.Ni, O3 5
(LCF) NFs were stable supports for the exsolution process.
The size of exsolved catalysts with various elements (Co, Nj,
CoNi, and CoNiFe) was controlled by the reduction
temperature (600, 700, and 800 °C in 4% H,). These
controlled exsolved catalysts were mixed with a Sn precursor
and PVP polymer, and the hybrid NFs were synthesized via
electrospinning. Subsequent calcination led to polymer
decomposition, Sn precursor oxidation, and the formation of
exsolved NPs on LCF@SnO, NFs. These heterointerfaces, 1)
exsolved NPs-LCF, 2) heterojunction of LCF-SnO, NFs, and
3) the sensitizer effect of the exsolution catalyst, enabled the
development of a highly sensitive and durable sulfuric
compound gas sensor with the response (R,;,/Ry,) over 148
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toward S ppm dimethylsulfide (DMS) at 90% RH for CoNiFe
exsolved NPs on LCF@SnO,. This strategy also allows facile
selectivity tuning by adjusting the exsolution catalyst
composition. For example, a high gas response of 30 was
achieved toward S ppm of methyl mercaptan (CH;SH) at 90%
RH using Co NPs on Lay ¢Sry 4Mngg5Cog 1503 5@SnO, NFs.

Catalytic Filter. In the earlier sections, we introduced the
achievements that improved gas sensing performances using
catalyst decoration on sensing materials. Here, we present a
different approach that utilizes a catalyst for gas decomposition
in ambient air entering the sensor. While previous catalytic
strategies focus on modulating the surface chemical activity
toward specific gases, the catalytic filter strategy aims to
improve gas selectivity by removing interfering gas compo-
nents. This strategy can be categorized into two main
approaches: 1) inserting a catalytic bed upstream of the gas
sensor to remove interfering gases and 2) depositing a catalyst
membrane directly onto the sensing material to achieve in situ
interfering gas removal. The catalytic bed method embeds the
filter in front of the sensor devices, removing interfering gases
from the external atmosphere and injecting pretreated air at
the sensing materials.''*~""®> Guntner et al. developed a gas
sensor integrated with a ZnO-based catalytic bed for acetone
detection with selective removal of ethanol from exhaled
breath (Figure Se).”® The ZnO catalytic bed can completely
decompose ethanol at 200 °C and acetone at 300 °C, allowing
for selective removal of ethanol by operating at an intermediate
temperature (Figure Sf). This approach successfully improved
the accuracy of acetone detection even in exhaled breath
samples following alcohol consumption (Figure Sg). Fur-
thermore, the gas selectivity can be enhanced by modifying the
catalyst within the catalytic bed. Weber et al. demonstrated
that incorporating Pt-loaded Al,O; NPs into the catalytic bed
effectively removed various interfering gases (isoprene,
ethanol, H,, CO, and NHj;), thereby improving selectivity
toward acetone.''* By exploiting the temperature-dependent
decomposition characteristics of different gases, they achieved
selective acetone detection at 100 °C. Using a more efficient
catalyst such as Pt—AL,O; allowed for the decomposition of
other gases at lower temperatures compared to the above
references using ZnO particles, offering an energy efficiency
with low power consumption. This Pt—Al,O; catalytic bed
showed high gas selectivity for acetone, even in high-humidity
conditions relevant to breath analysis, confirming its capability
to selectively retain acetone in mixed gas environments.

By effectively removing interference gases, catalytic beds
improve the reliability of sensor results, particularly for VOCs,
which exhibit similar chemical activity on the surfaces of
sensing materials and are challenging to distinguish. However,
incorporating a separate catalytic bed into the sensor device
introduces an additional fabrication process, leading to a loss of
gas flow with a lowered actual gas concentration. To address
these limitations, the second approach utilizes a catalytic
membrane deposited directly onto the sensing material with
micrometer thickness.''>™""” Moon et al. enhanced gas
selectivity for breath analysis by depositing a Ru-TiO, catalyst
membrane on a SnO, sensing material (Figure 5h).''®
Although BTX (benzene, toluene, and xylene) gases are
biomarkers for different diseases, they are challenging to
differentiate using conventional gas sensors due to their similar
molecular structures. In that study, a catalytic overlayer was
used to differentiate between these gases based on the catalytic
activity of Ru. A catalytic overlayer deposited directly onto the
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sensor facilitates the diffusion of partially decomposed
intermediates into the sensing layer during gas decomposition
(Figure 5i). These highly reactive intermediates enhance the
gas response, known as the gas reforming effect. This effect
enables the sensor device to distinguish between gases by
modulating the gas response based on decomposition rates. In
this case, the more reactive xylene gas readily decomposes at
the catalytic overlayer, while the less reactive benzene exhibits
a slower decomposition process. For pure SnO,, higher gas
responses toward xylene were observed as a result of its higher
reactivity near the surface of the gas sensing layer. With the
small amount (0.5 wt %) of Rh-loaded catalytic overlayer, the
overall gas responses to target gases were increased due to the
gas reforming effect. As the Ru catalyst loading increases,
highly reactive gases undergo complete decomposition into
less reactive components while the reforming effect on
relatively stable gases persists. Consequently, the order of gas
response changes from xylene to toluene to benzene as the Rh
content increases from 0.5 wt % (0.5Rh-TiO,/Sn0O,) to 1 wt %
(1Rh-TiO,/Sn0,) and 2 wt % (2Rh-TiO,/Sn0,) (Figure Sj).
This approach allows for tuning the gas selectivity and
improving the benzene selectivity. The catalytic filter strategy
can be effectively integrated into existing high-performance gas
sensor technologies, significantly enhancing the gas selectivity
for detecting specific biomarkers in interfering mixture gases. It
is expected to be crucial in implementing target-specific breath
analyzers for detecting specific biomarkers.

B NOVEL APPROACHES ON CATALYST DESIGN
AND INTEGRATION INTO BREATH SENSORS

Emerging thermal treatment methods, ie., thermal-shock
annealing, are being explored to incorporate novel catalysts
that are challenging to use in gas sensors, including
carbothermal and flash-thermal shocks, owing to their unique
processing advantages such as overcoming the thermodynamic
equilibrium and minimizing thermal degradation of support
oxides. In addition, research in gas sensor development
increasingly utilizes computational approaches such as artificial
intelligence (AI) and machine learning to predict highly active
catalyst compositions and systems. In this section, we
introduced computational-calculation-based investigation of
optimal alloy compositions and combinations for specific gases.
Such methods have led to the discovery of new catalysts with
high reactivity toward the target gases. Furthermore, by
integrating these cutting-edge sensing materials into arrays
and employing Al-based predictions, the accuracy of gas
sensing is significantly enhanced, potentially rationalizing
noninvasive diagnosis by breath analysis.

Emerging Catalyst Design by Thermal-Shock Syn-
thesis. In addition to synthesizing the aforementioned novel
catalysts, finer control over their size and composition is crucial
for maximizing catalytic activity. Thermal-shock synthesis, with
its rapid ramping and cooling rates, enables such precise
control in catalyst synthesis. Furthermore, this method offers
several advantages, including low energy consumption, a
relatively simple working principle, short processing times,
and the ability to produce nonequilibrium or metastable
nanomaterials such as SAC catalyst, HEA catalyst, and
exsolved catalyst.''”~"** To induce thermal-shock in support
materials, powerful external force fields are required. Binary
metal oxides, such as SnO,, WO, and ZnO, are the most
commonly used catalyst support materials in gas sensors. A
method involving intensive light irradiation has been proposed
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Figure 6. (a) Schematic illustrations of flash-thermal shock-based synthesis of alloy and single-atom catalysts. Reproduced with permission from ref
126. Copyright 2022 Cell press. (b) Schematics illustration of flash-thermal shock synthesis of exsolution catalysts and proposed mechanism for the
formation of exsolved metal NPs. Reproduced with permission from ref 108. Copyright 2022 American Chemical Society. (c) Camera images of
carbon thermal-shock on CNFs and (d) Schematic illustrations of carbon thermal shock with SEM images of CNF and Pt-CNF. Reproduced with
permission from ref 127. Copyright 2022 Elsevier. (e) Schematic illustrations of laser-driven thermal-shock synthesis of various sensing materials
such as MoS,, CuO, and Ag-loaded ZnO. Reproduced with permission from ref 128. Copyright 2023 Elsevier. (f) Schematic illustration of the
active learning-based catalyst design. Reproduced with permission from ref 131. Copyright 2022 Wiley-VCH GmbH. (g) Sensitivity analysis of the
independent variables and Pareto solutions of the responses. Reproduced with permission from ref 132. Copyright 2019 Elsevier. (h) Schematic
illustration of the 3 X 3 gas sensor array and PCA result of multiple gases based on gas responses at different operating temperatures. Reproduced
with permission from ref 147. Copyright 2021 Royal Society of Chemistry. (i) Schematic diagram of exhaled breath analysis using DNA
functionalized graphene gas sensor array with an Al-assisted data analysis technique. Reproduced with permission from ref 155. Copyright 2023
Springer Nature.

to synthesize catalysts on these metal oxides through thermal be optimized by considering crystalline size, defects, bandgap
shock, using the photothermal effect. This photothermal-based transitions, thermal conductivity, and porosity (Figure 6a).'”°
thermal shock exposes materials to specific wavelengths or By enhancing these properties, they synthesized SnO, NSs
bands, leading to light-to-heat conversion processes.'*” Kim et with high photothermal efficiency, including temperature
al. reported that the photothermal effect on metal oxides can exceeding 1800 °C within 20 ms, ramping and cooling rates
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of 1.4 X 10° and 4.6 X 10* °C/sec, respectively. This approach
was used to fabricate binary, ternary alloy catalysts, including
PtRu, Ptlr, and PtRulr, as well as Pt single-atom catalysts on
SnO, NSs, which were applied for VSC sensing, which related
to intraoral or extra-oral diseases from exhaled breath of
patients. Additionally, Shin et al. reported the exsolution of Pt,
Rh, and Ir catalysts on WO; NFs using an intensive
photothermal effect at ambient-air conditions (Figure 6b).'"®
As previously mentioned, the exsolution process has limitations
when applied to binary metal oxides due to harsh reductive
treatments. To overcome these challenges, the intensive
photothermal effect was employed to create a mild reductive
environment on the surface within milliseconds, enabling the
exsolution of catalysts. This approach to catalyst design using
the photothermal effect enables the attachment of small and
uniform nanocatalysts to metal oxide surfaces. The photo-
thermal effect of the support material makes it easier to anchor
the catalysts, which is particularly advantageous for designing
catalysts based on gas detection mechanisms that involve
reactions of surface with gases.

The additional thermal-shock synthesis is based on joule
heating derived from an electric current flowing through a
resistive element. Most metal oxides have a high resistance to
achieve the high temperatures required for thermal shock. To
address this issue, Chae et al. demonstrated a method where
thermal-shock-stabilized Pt NPs were first decorated on carbon
nanofibers (CNFs) (Figure 6¢,d)."”” Afterward, a sputtering
process followed by an oxidative heat treatment decomposed
the carbon, resulting in the synthesis of SnO, hemitubes.
Although this method has limitations in directly functionalizing
catalysts on metal oxide supports, it offers the advantage of
synthesizing various catalysts through joule heating and
subsequently anchoring them to different metal oxides, thereby
enabling functionalization across a range of oxide materials.
Laser-driven thermal-shock processes are generally faster and
have higher energy than those driven by light or joule heating,
making it easier to overcome thermodynamic limitations and
synthesize metastable nanomaterials. Zhao et al. demonstrated
the versatility of laser-assisted synthesis for gas sensing
materials, successfully synthesizing a range of catalysts,
including transition metal dichalcogenides, metal oxides,
noble metal-doped metal oxides, and composite metal oxides
on graphene for the detection of multiple gas analytes such as
NO,, trimethylamine (TMA), and H,S, including Mo$S,, CuO,
and Ag/ZnO with low detection limit, 2.7, 9.8, and 5.6 ppb,
respectively (Figure 6e).'”® In summary, these novel catalysts
are being synthesized through various thermal-shock methods.
Research in thermal shock-based catalyst design is progressing
owing to their exceptional advantages for overcoming the
thermodynamic equilibrium, and it is expected to be
increasingly applied to the design of gas sensor catalysts,
helping to overcome previous challenges associated with
conventional catalysts in gas sensing applications.

Computational Calculations for Outperforming Gas
Sensors. Optimizing the catalytic properties of complex
catalysts through the rational design of synthetic factors is
crucial to developing high-performance gas sensors. To predict
the composition and systems of highly active catalysts,
computational approaches, including Al and machine learning,
have been employed to design novel catalysts. However, these
methods are often limited by exhaustive data requirements and
high costs associated with experimental trials. Therefore, active
learning can facilitate the development of more effective
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models (Figure 6f)."”””"*" With a comprehensive under-
standing of unary catalysts with initial measurement data, the
properties of complex compositional catalysts can be predicted
by constructing an appropriate model. This approach is
particularly crucial in designing catalysts for gas sensors,
where it has not been extensively explored and, thus, requires
effective modeling strategies. Ghosal et al. demonstrated a
data-driven approach for designing ternary alloy catalysts for
methane sensors.">> These three parameters are critical for
sensing performances, but optimizing them simultaneously can
be challenging due to their often trade-off behaviors (Figure
6g). To address this issue, multiobjective optimization using
genetic algorithms plays a crucial role and has been successfully
employed to design alloys that balance these conflicting
objectives. The Pareto solution is a concept for finding
optimization of specific properties on trade-off behaviors.
Pareto fronts generated as the result of the optimization
process, which consist of nondominated optimal solutions,
were used to identify trends in combinations and composi-
tions, ultimately guiding the design of the alloy. Therefore, Pt—
Pd—Ag, Pt—Ag—Au, and Pd—Rh—Ag outperformed other
possible combinations based on Pareto solutions, with Pt—
Pd—Ag identified as the most promising for methane sensors.
This finding provides valuable guidance for future experimental
trials.

Integration into Sensor Array for Breath Analysis
with Al technique. Various catalysts using novel synthetic
methods introduced in this review have significantly enhanced
the performance of chemiresistive gas sensors, thereby
enabling their application in breath analysis. With these
advances in gas sensors, intensive research is underway to
encourage laboratory-scale achievements into practical, real-
world applications. Given the complex composition of exhaled
breath, developing reliable diagnostic tools is crucial for
successfully implementing breath analysis. Employing sensor
arrays, characterized as “electrical nose” (e-nose) rather than
individual sensors is advantageous to enhance sensing
reliability in breath analysis.'**~'*® The overall system can
more accurately detect and analyze gas mixtures by combining
multiple sensors with different gas selectivity. In practice,
commercial gas sensors often employ arrays of different
sensors to mitigate the effects of environmental varia-
bles."””~'** Recent research trends have emphasized the
utilization of AI to analyze gas response data and improve
system reliability,"**~"**

Al algorithms construct databases based on gas response
patterns, gas types, concentrations, humidity, and temperature
to accurately identify the target gases within complex gas
mixtures. Previous studies using sensor arrays have shown that
gas species can be distinguished using basic data analysis
methods such as principal component analysis (PCA) and
linear discriminant analysis (LDA).''*371¢ Tee et al.
fabricated a 3 X 3 gas sensor array with 3 different types of
metal oxides, WO;, SnO,, and NiO (Figure 6h)."*” Three
metal oxides were constructed as thin films, nanodomes, and
Au NPs decorated nanodomes. These nanodome structures
enhance the overall gas response but exhibit similar gas
selectivity. After Au NP decoration, Au NPs selectively
enhance gas responses, resulting in gas selectivity changes.
With the gas selectivity differences, this sensor array can
distinguish four target gases such as C;HO, C,Hg, NH;, and
H,S, using the PCA method. Freddi et al. fabricated a gas
sensor array based on different types of CNT by changing the
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Table 1. Summary of Emerging Catalyst-loaded Chemiresistive Gas Sensors for Breath Analysis

EVE

Catalyst Target Response (IR,;,/ Humidity (R.H.
Catalysts elements Sensing layers gas ) 03‘ Related disease ref.
Doping catalyst Co, N WS,@carbon nanocages NO, 48.2% at S ppm dry Lung cancer 63
Sb SnO,@ZnO C;HO 12.8 at S ppm 90 Diabetes 64
PEIL PNDIT2 NO, 264% at 5 ppm dry Lung cancer 65
Al SnO, C,HsO 14 at 100 ppm dry Liver dysfunction 69
Eu SnO, C;H,O 32.3 at 100 ppm 60 Diabetes 70
B rGO NO, ~ 4% at S ppm 80 Lung cancer 82
Co CeO,@Sn0O, CsHg 120.38 at 5 ppm 75 Cholesterol metabolism 159
Single-atom catalyst Pt SnO, HCHO 33.9 at 5 ppm dry Cancers, Lungs 76
Pt SnO, C;HO ~ 38 at S ppm 95 Diabetes 77
Ni N doped rGO NO, ~ 1.9% at 1 ppm dry Lung cancer 82
Co N-doped carbon support NH; 7.6% at S ppm dry Kidney dysfunction 160
Pt Ag-doped LaFeO;@Zn0O CH;0H 453.0S at S ppm dry Alcohol metabolism 161
Bimetallic alloy catalyst PtPd WO, C;HO 97.5 at 1 ppm 90 Diabetes 42
PtRh WO, C;H,O 104 at 1 ppm 90 Diabetes 42
AuPt ZnO H,S 17.7 at 20 ppm dry Halitosis SS
PdAu ZnO H, 169 at 100 ppm dry Gastrointestinal 88
disorders
PdAu Sn0O, H, 46.4 at 100 ppm dry Gastrointestinal 89
disorders
PdAu ZnO H, 80 at 100 ppm dry Gastrointestinal 90
disorders
AgAu ZnO C,HsO 1755 at 100 ppm dry Liver dysfunction 91
PtRu Cu;(HHTP), NO, ~ 40% at 3 ppm 80 Lung cancer 94
Ptlr Sn0O, H,S 3165 at 1 ppm 90 Halitosis 126
PtRulr SnO, C,HgS 6089 at 1 ppm 90 Halitosis 126
PdRu Sn0O, TEA 256 at 100 ppm dry Liver dysfunction 162
High entropy alloy AgAuCuPdPt MoS, H, ~ 30% at dry Gastrointestinal 99
catalyst 1000 ppm disorders
TiZrVNbHf MoS, H, ~ 50% at 100 ppm dry Gastrointestinal 100
disorders
Exsolution catalyst Co Lay 43Cag37C00,06 004034 C,H,O 116.3 at S ppm dry Liver dysfunction 106
Ir WO, H,S 3S at S ppm dry Halitosis 107
Pt WO, H,S ~ 850 at 1 ppm 90 Halitosis 108
CoNiFe SnO, C,H¢S 148 at S ppm 90 Halitosis 109
Catalytic filter Pt—AL 04 Si-doped WO, C;H,O S4 at 1 ppm 90 Diabetes 114
Pt-ZIF8 ZnO H,S ~ 58 at 5.5 ppm 75 Halitosis 163
150—154

surface properties.'** They decorated different types of organic
molecules on the surface of the CNT to change the gas
selectivity. A total of 8 different gas sensors were integrated
into a single sensor device and measured the gas responses to
various kinds of gas species, which can be included and
presented in the exhaled breath of chronic obstructive
pulmonary disease patients. With the gas response measure-
ment data, the breath print of real patients was obtained by
PCA analysis and distinguished the breath of patients. In
addition, Duan et al. prepared a W-CeO, nanosphere to detect
H,S gas in exhaled breath for halitosis diagnosis.'*” 7% of W
doping in the CeO, nanosphere can improve gas response to
H,S. The sensor array was composed of different doping
concentrations of W in CeO,. To verify the H,S detection
capability of the sensor array, simulated exhaled breath was
prepared by introducing 100 ppb of H,S or 200 ppb of ethanol
to normal human exhaled breath. This sensor array can
distinguish each exhaled breath by the LDA algorithm. These
PCA and LDA methods effectively analyze sensing data from
gas sensors, demonstrating the feasibility of diagnosis of
diseases from exhaled breath.

Consequently, with the rapid advances in Al algorithms for
data analysis, such as machine learning and deep learning
algorithms, research is increasingly focused on improving
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diagnostic accuracy with Al-based analytical techniques.
Hwang et al. fabricated a DNA-functionalized graphene gas
sensor array to discriminate three biomarkers, i.e., H,S, NO,
and NH;, using an Al-based algorithm (Figure 6i).">> To
analyze the gas sensing data, they adopted two algorithms:
machine learning-based support vector machine (SVM)
classification and deep learning-based 1D convolutional neural
network (CNN) method. The SVM method classifies the data
by finding the optimal hyper-line or plane that maximizes the
distance with each class of data.”*">” To employ this SVM
method for analyzing the gas types, features such as the
magnitude, derivative, difference, time, and area of gas
responses are selected. The SVM-based classification exhibits
almost 98% accuracy for mixed gas components. Next, the
deep learning-based 1D CNN algorithm, inspired by the
human visual cortex, is a neural network designed to process
sequential data by applying convolutional filters along one
dimension to capture local patterns, often used in signal
processing."** This 1D CNN algorithm performed perfect gas
classification results for mixed gas combinations even under
humid conditions, offering a more automated classification
process without arbitrary feature selection. These Al-based gas
discrimination methods can effectively and accurately analyze
target gases in mixed gas states. Integrating Al-based analysis
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Figure 7. Future perspectives and challenges for innovating gas sensors by catalyst technologies for breath analysis. Reproduced with permission
from ref 76. Copyright 2020 American Chemical Society. Reproduced with permission from ref 94. Copyright 2021 Wiley-VCH GmbH.
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techniques with sensor arrays drives advancements in gas
sensor development for diagnostic applications. To increase
the efficiency and accuracy of Al-based analysis, the perform-
ance of individual gas sensors within the array and the design
of the sensor array are important. In particular, robust gas
selectivity of the constituent sensors is pivotal for ensuring
reliable diagnosis of diseases. Consequently, the development
of high-performance catalysts is essential for advancing future
gas sensor technologies.

B CONCLUSIONS AND PERSPECTIVES

This Account presents the recent advances in catalysts and
their roles in enhancing the sensing performance of
chemiresistive gas sensors for applications in breath analysis
(Table 1). Promising catalyst design and synthesis techniques
have been developed for innovative gas sensors, demonstrating
the feasibility of disease diagnosis and health monitoring by
breath analysis. SACs and heteroatom doping utilize singular
atoms as catalysts, boosting surface activity and catalytic
efficiency. Bimetallic alloy catalysts improve catalytic perform-
ance by combining metals to leverage synergistic effects. With
its complex composition of multiple principal elements, HEA
offers unique catalytic properties, lowering reaction barriers for
surface chemical reactions. By embedding metal NPs with a
socketed structure within an oxide matrix, exsolution catalysts
provide improved stability and prolonged catalytic perform-
ance, pursuing challenges for reliable sensing properties toward
sulfuric gas compounds. The catalytic filter strategy enhances
gas sensor selectivity by pretreating ambient air with catalysts
through a catalytic bed or a membrane applied directly onto
the sensing material to remove interfering gases.

Regarding new catalyst designs and synthesis, computational
calculations and machine learning enhance gas sensor design
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by optimizing performance and catalyst attributes, while
advanced synthesis methods ensure precise control over
catalyst properties. As an example of a catalyst synthesis
method, the thermal shock technique is highlighted owing to
its unique ability to produce nonequilibrium or metastable
nanomaterials by exposing extensive thermal energy within
milliseconds, resulting in unprecedented catalytic activities.
Classification and identification of breath biomarkers can be
accomplished by assembling diverse catalyst-decorated sensing
materials into a sensor array. In addition, integrating sensor
arrays with Al-based analysis improves reliability and
selectivity, advancing gas sensor technology for disease
diagnosis and healthcare applications by exhaled breath
analysis.

The recent advances in emerging catalysts discussed in this
review highlight the potential of breath analysis for disease
diagnosis. Establishing a reliable diagnosis is imperative to
ensuring the clinical relevance of breath analysis. Conse-
quently, further advancements in gas sensor technology for
breath analysis are necessary from diverse perspectives (Figure
7). Regarding catalyst design, it is essential to prioritize
catalytic capability for gas sensitivity and selectivity. Moreover,
forthcoming catalysts should consider (i) thermochemical
stability for reliable gas detection under harsh measurement
conditions such as highly humid conditions, (ii) catalyst
loading optimization for maximizing active sites, and (iii)
material design for specific biomarkers with one-to-one
correspondence, incorporating innovative atomic-scale engi-
neering strategies. To address these critical criteria, advance-
ments in catalyst synthesis are crucial for fabricating rationally
designed catalysts that enable precise control over catalysts at
the atomic level. In conjunction with advancements in gas
sensor technology, Al-based data analysis techniques can guide
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the design of catalyst materials and sensor devices. Addition-
ally, integrating advanced catalysts into sensor array platforms
without compromising performance or adding excessive
complexity is difficult, and scaling laboratory techniques to
the commercial production domain while maintaining high
performance is crucial. Following the collaborative progress,
emerging catalysts and advanced sensing layers hold great
promise for the future of breath analysis and diagnosis.
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B VOCABULARY

Volatile Organic Compounds (VOCs), are organic chemicals
that easily evaporate at room temperature, contributing to air
pollution and potentially causing adverse health effects; A gas
sensor, is a device that detects the presence and concentration
of gases in the environment by converting chemical
information into an electrical signal; Doping, is the intentional
introduction of impurities into a material to modify its
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electrical, optical, or structural properties. A single atom refers
to an individual atom, often used in catalysis, where it is
isolated and stabilized on a support material to maximize its
catalytic efficiency; Exsolution, is a process in which a solid
solution phase separates into distinct phases, often leading to
the formation of nanoparticles or secondary phases within a
host material; A bimetallic alloy, is a material composed of
two different metals that are combined to enhance properties
such as strength, corrosion resistance, or catalytic activity; A
high-entropy alloy, is a type of alloy composed of five or more
principal elements in near-equal atomic percentages, leading to
a material with unique properties due to its high configura-
tional entropy; A catalytic filter, is a filtration device that
incorporates a catalyst to simultaneously remove particulate
matter and catalyze chemical reactions
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