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Ji-Won Jung1,+ and Ji-Soo Jang2,+

Abstract
The accurate detection of environmental and biomarker gas species has attracted increasing attention due to their broad applications,
such as air quality monitoring, disease diagnosis, and explosive chemicals detection. To accurately detect target gas species using
chemiresistive gas sensors, using nanocatalysts on semiconducting metal oxides (SMOs) is considered the most promising approach.
This review summarizes recent studies on methods for nanocatalysts functionalization on SMOs to achieve the highly selective gas sensors. To this end, we discuss various nanocatalyst decorated metal oxide-based chemiresistive gas sensors and provide an insight to construct highly accurate gas sensors.
Keywords: Gas sensors, Oxide semiconductors, Nanocatalysts

1. NANOCATALYSTS ON METAL OXIDES
FOR SELECTIVE GAS SENSING

significantly improve the selectivity of sub-ppm level acetone gas
molecules [10]. Shin et al. developed a single Pt atom loaded
SnO

2

nanofiber for highly selective H S detection [11].
2

Since the discovery of their gas sensing property in the early

Conventional synthetic methods for nanocatalyst decoration on

1960s, semiconducting metal oxides0(SMOs) have been

desired SMO support materials; however, these methods do not

investigated for gas detector applications [1]. SMOs based

allow simultaneous manipulation of several critical factors of

chemiresistive sensors have been receiving increasing attention

SMO-based gas sensors, such as grain size, pore, size, and

because of their extensive applications in monitoring air pollution,

nanocatalyst uniformity on SMO supports. This review

toxic and flammable gases, food conditions, and medical

summarizes the effective nanocatalysts functionalization methods

diagnosis [2-6]. Particularly, because SMO-based gas sensors

regarding desired SMOs, such as templating route, thermal-shock

exhibit simple operation, low cost, fast response, ease of

methods, and photo-thermal methods. In each part, we highlight

miniaturization, and outstanding limit of detection, designing

the different nanocatalysts functionalization methods with high

SMO-based gas sensors is promising for practical use [7,8].

uniformity and small size. We hope that this review can

However, low selectivity to target gas molecules remains a critical

effectively guide and stimulate various creative ideas that can

barrier for practical use. As a promising approach for boosting the

revolutionize accurate gas sensors.

selectivity of SMOs gas sensors, the functionalization of

2. BIO-INSPIRED NANOCATALYST
DECORATION ON METAL OXIDE
NANOFIBERS

nanocatalysts on the surface of SMOs is an important
technology[9].
For example, Jang et al. reported that uniformly decorating Pt
on SnO nanotubes employing bio-inspired nanocatalysts could
2

Apoferritin is a family of iron storage proteins composed of 24
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protein subunits, which have approximately 12–13 nm exterior
diameter with an inner cavity of 7–8 nm [12,13]. Apoferritin is a
promising nano-template for synthesizing nanoparticles due to its
unique hollow nanostructure. As shown in Fig. 1a, the inorganic
cations in an aqueous solution can infiltrate into the core of
apoferritin through its 3-fold axis; subsequently, the reduction of

This is an Open Access article distributed under the terms of the Creative
Commons Attribution Non-Commercial License(https://creativecommons.org/
licenses/by-nc/3.0/) which permits unrestricted non-commercial use, distribution,
and reproduction in any medium, provided the original work is properly cited.

inner side cations can be reduced by sodium borohydride [14,15].
Therefore, sub-10 nm-sized metallic nanoparticles can be
187
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encapsulated in the apoferritin. Through the transmission electron

functionalized on electrospun metal oxide nanofibers; accordingly,

microscopy (TEM) analysis, the Pt, Pd, and Rh nanoparticles

the bio-template can induce porosity on metal oxide nanofibers.

(NPs) encapsulated in apoferritin can be clearly observed (Figs.

Therefore, the sensitivity and selectivity to target gas molecules

1b–d). Because the apoferritin template encapsulates the metallic

are simultaneously boosted.

NPs, sub-10 nm metallic NPs can be uniformly formed. Such
apoferritin encapsulated metallic NPs demonstrated excellent

3. IN-SITU NANOCATALYST GROWTH
TECHNIQUE ON METAL OXIDES: EXSOLUTION

dispersibility in deionized (DI) water. Therefore, these NP
solutions can be easily dispersed in an electrospinning solution,
enabling the functionalization of metallic NPs on electrospun
nanofibers. Then, the subsequent calcination of metallic NPs
loaded electrospun nanofibers induces the formation of metallic

In addition to bio-template-based nanocatalysts, in-situ

NPs loaded metal oxide nanofibers. As shown in Fig. 1e, Pt NP-

nanocatalyst growth technique on desired host oxides, called

loaded WO nanofibers are formed with uniform nanofiber width.

“ex-solution”, have attracted attention as an intriguing route to

Moreover, we realized that the burn-out of organic apoferritin can

obtaining highly stable nanocatalysts [16]. It is based on the

induce numerous pores on WO nanofibers as shown in Figs. 1f

phenomenon that specific cations in the desired oxide lattice

and 1g. Furthermore, owing to the excellent dispersibility of

selectively precipitate on the host oxide surface when the host

apoferritin-based catalytic NPs, Pt NPs are well-distributed on the

oxide is reduced at a high temperature [17]. The metal NPs

WO nanofibers (Fig. 1h).

synthesized by the ex-solution process are strongly bound to

3

3

3

the host oxide; thus, they exhibit outstanding thermal and

By controlling the catalytic NPs on WO nanofibers, such as the
3

Pt-WO nanofibers, Pd-WO nanofibers, and Rh-WO nanofibers,

chemical stability. As shown in Fig. 2a, the Ir NPs on the WO

the selective detection capability can be manipulated. For

host oxide can be formed by the phase transition of host oxide

example, Pt-WO nanofibers show exceptional selectivity to

[18]. Starting from Ir-doped WO nanosheets, the elevated

acetone, while Pd- and Rh-loaded WO

temperature in H /Ar gas atmosphere induce the in-situ growth

3

3

3

3

3

3

3

nanofibers show

2

selectivity to toluene and H S, respectively (Figs. 1i–1k). It means
2

that tuning catalytic NPs on WO nanofibers can induce different
3

selectivity to target gas molecules. Based on these results, the biotemplate (i.e., apoferritin) driven catalytic NPs can be uniformly

Fig. 2. (a) Schematics of the synthetic ex-soultion process of Ir catalysts on WO3 nanosheets under various conditions. In situ
TEM images of Ir doped WO3 nanosheets under reduced gas
atmosphere at various temperatures: (b) room temperature, (c)
300 C, (d) 400 C, (e) 500 C. (f) dynamic H2S response transitions of Ir nanoparticles with ex-solved WO3 nanosheets (1–
5 ppm), selectivity properties of (g) Ir doped WO3
nanosheets, and (h) Ir nanoparticles with ex-solved WO3
nanosheets [18]

Fig. 1. (a) Illustration of the synthetic strategy for nanocatalyst
encapsulation in apoferritin. TEM images of (b) Pt nanoparticles encapsulated in apoferritin (AF-Pt NPs), (c) AF-Pd
NPs, and (d) AF-Rh NPs. (e) SEM image of Pt loaded WO3
nanofibers (Pt-WO3 NFs), (f) STEM images of Pt-WO3 NFs
with EDS mapping results, (g) cross-sectional STEM image
of Pt-WO3 NFs, and (h) high-resolution TEM image of PtWO3 NFs. Selectivity property of (i) Pt-WO3 NFs, (j) PdWO3 NFs, and (k) Rh-WO3 NFs [14]
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of Ir NPs on WO nanosheets. Due to the phase transition of
3

WO (monoclinic → tetragonal → WO → WO ), the inner
side Ir dopants can be extracted from the host oxides, forming
3

2.9

2

the Ir NPs on the WO nanosheets. The Ir-doped WO
3

3

nanosheets at room temperature do not exhibit Ir NP
o

formation, while Ir doped WO nanosheets at 300 C exhibit
3

small Ir NP formation; elevated temperatures induce highlydense NPs with large size on host oxide (Fig. 2b–2e). Because
the Ir NPs with ex-solved WO nanosheets exhibit high
3

uniformity and strong bonding energy with WO nanosheets,
3

they possess outstanding sensitivity with high stability (Fig.
2f). Notably, Ir-doped WO nanosheets exhibit poor selectivity

Fig. 3. (a) Illustration of the encapsulation process of Pd nanoparticles in ZIF-8, (b–c) TEM images of Pd nanoparticles encapsulated ZIF-8. (d) Illustration of the synthetic process for PdO
catalysts loaded SnO2 nanotubes, (e) SEM image and (f)
TEM image of the Pd@ZIF-8 loaded as-spun nanofiber, and
(g) SEM image of the PdO catalysts loaded SnO2 nanotubes.
(h) Dynamic acetone gas response transition and (i) selectivity characteristics of SnO2 nanotubes based sensors. (j) Pattern recognition of exhaled breath of simulated diabetic
patients and healthy people using PCA analysis [23, 24]

3

to target gas molecules, while Ir NPs with ex-solved WO

3

nanosheets exhibit exceptional H S sensing selectivity (Fig. 2g
2

and 2h). This means that ex-solved catalytic NPs on host
oxides can boost the sensing selectivity to target gas
molecules. Considering the numerous advantages of ex-solved
NPs, such as strong durability, excellent selectivity, and high
dispersibility on host oxide, the ex-solution technique can be
further applied to chemiresistive sensing fields.

polymer, and nanocatalyst loaded ZIF-8 (Fig. 3d). As shown in
Figs. 3e and 3f, the nanocatalyst loaded ZIF-8 is successfully

4. MOFS DERIVED NANOCATALYST
DEPOSITION ON METAL OXIDES

loaded on as-spun nanofibers. After the calcination process of
these electrospun nanofibers, nanocatalysts in ZIF-8 are loaded
on the SnO nanotubes; accordingly, ZIF-8 change to ZnO
2

Metal-organic frameworks (MOFs) have attracted increasing

particles [24]. Finally, the nanocatalysts loaded ZnO/SnO

attention owing to their intriguing features, such as significant

composite nanotubes are formed (Fig. 3g). Owing to the

surface area, ultrahigh porosity, and adaptability to various

uniform distribution of PdO nanocatalysts on ZnO/SnO

2

2

structures [19-21]. In particular, their ability to encapsulate

composite nanotubes and heterogeneous nanostructures, the

catalytic NPs, such as Pt, Pd, and Au, within their cavities has

PdO NPs loaded ZnO/SnO composite nanotubes demonstrate

been considered a noteworthy feature. For example, Hermes et

high acetone responses as well as excellent selectivity to

al. reported that metal-loaded MOFs release metallic atoms

acetone (Fig. 3h and 3i). Based on the significant acetone

from their precursors using metal-organic chemical vapor

selectivity of the PdO NPs loaded ZnO/SnO composite

deposition [22]. Likewise, MOFs are an effective sacrificial

nanotubes, PdO NPs loaded ZnO/SnO composite nanotubes

2

2

2

template for encapsulating the tiny nanocatalysts and can be

can be utilized to distinguish between diabetic patients and

transferred to desired oxide structures. As shown in Fig. 3a, the

healthy people with exhalation experiments; note that the

Pd cations can be diffused into the inner side pores in ZIF-8;

acetone gas species in human breath is related with diabetic

subsequently, the chemical reduction using NaBH can induce

patients. In this sense, we can realize that the numerous pore

the creation of catalytic Pd NP-loaded ZIF-8 [23]. Through the

sites in MOFs can be used as encapsulation sites for

TEM analysis, sub-5 nm Pd NPs are successfully encapsulated

nanocatalysts. These catalytic NPs in MOFs are loaded onto

in ZIF-8 (Fig. 3b and 3c). Owing to the space limitation of

the desired oxide supports to boost up the selectivity to target

pores in ZIF-8, significantly small-sized Pd NPs can be formed

gas molecules. However, after the calcination of nanocatalysts

on ZIF-8. These nanocatalysts loaded ZIF-8 can be simply

loaded MOFs, the MOFs driven residue oxides should be left

dispersed in the electrospinning solution (e.g., DMF solvent).

in the composite materials. Therefore, it is hard to decorate the

Thus, such catalyst-loaded ZIF-8 can be loaded on the

pure metallic nanocatalysts on desired oxides using the MOF

electrospun nanofibers, which have metal oxide precursors,

templating approach.

4
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To transfer the as-prepared catalysts onto the desired oxide
supports, physical vapor deposition methods, such as sputtering,
can be employed. For example, the SnO layer is decorated onto
2

the Pt-loaded CNFs, and subsequent heat-treatment at ambient air
induces the creation of Pt catalyst-loaded SnO hemitubes (Fig.
2

4f). Because the thermal-shock process is conducted under high
vacuum conditions, pure metallic Pt NPs were formed on the
CNFs, thus enabling to transfer the high-quality Pt NPs onto the
desired host oxides with high uniformity. The H S sensing tests
2

are carried out using thermal-shock process-driven Pt decorated
SnO hemitubes. As shown in Fig. 4g, Pt decorated SnO
2

2

hemitubes exhibit exceptional high response to ppm level H S (1–
2

5 ppm). Furthermore, the selectivity of Pt decorated SnO

2

hemitubes for H S or CH SH is outstanding. Because the H S or
2

3

2

CH SH gas molecules are key bio-markers for halitosis patients,

Fig. 4. (a) Illustration of synthesis of Pt decorated CNFs and Pt decorated SnO2 hemitubes. Digital images of CNFs paper (b)
before thermal shock, and (c) during thermal shock. SEM
images of (d) CNFs, (e) Pt decorated CNFs, and (f) Pt decorated SnO2 hemitubes. (g) Dynamic H2S sensing response of
Pt loaded SnO2 hemitubes samples at 300oC, (h) selectivity
property of Pt loaded SnO2 hemitubes, and (i) sensing stability test results of Pt loaded SnO2 hemitubes toward 5 ppm
H2S (18 cycles)[29]

3

thermal shock-driven Pt-loaded SnO hemitubes can be potentially
2

utilized in breath analyzers [30]. Regarding catalyst stability, Ptloaded SnO hemitubes demonstrate high recyclability with
2

respect to repetitive H S sensing cycles. This means that catalytic
2

Pt NPs on SnO hemitubes maintained their size, uniformity, and
2

metallic status.

6. INTENSE-PULSE LIGHT (IPL) BASED
NANOCATALYST DEPOSITION ON METAL
OXIDES

5. THERMAL SHOCK-DERIVED
NANOCATALYSTS DECORATION ON
HOLLOW METAL OXIDES

The light-based synthetic tools, such as intense-pulse light

Another promising approach for the functionalization of

(IPL), have attracted attention owing to their fast synthesis time,

nanocatalysts on the oxides is the thermal-shock method [25,26].

minimal material degradation, and high reproducibility [31-33].

Utilizing joule-heating with ultrafast pulse thermal shock (400 ms)

When an oxide sample is irradiated with high-energy light, the

on the conductive carbon materials, a temperature over 1000 K

incident photons can interact with the electrons inside the oxides,

can be emitted on the conductive carbon materials. Using such a

resulting in a photothermal energy transfer. Therefore, the

phenomenon, metal precursors loaded on the conductive carbon

temperature of the desired oxide can be rapidly increased over

materials can be transited to tiny metal NPs on the conductive

o

1000 C, resulting in the oxide phase transition or catalyst

carbon materials with high uniformity through fission and fusion

functionalization on host oxides. Fig. 5a indicates that the metal

mechanisms [27,28]. For example, as shown in Fig. 4a, the

precursor-loaded oxide samples can be transited to metal NPs

electrospinning-driven carbon nanofibers (CNFs) can be easily

loaded metal oxides. When the aqueous metal precursors loaded

coated by metal precursors using dip-coating or drop coating

SnO nanosheets are irradiated from IPL, the momentary thermal
2

methods[29].

shock is emitted to SnO nanosheets. Therefore, the metal ions can
2

After that, the subsequent thermal-shock process under vacuum

be reduced to metallic NPs on the host oxides. As shown in Fig.

induces the formation of catalytic NPs on the CNFs (Figs. 4d and

5b, regarding the SnO nanosheets, the momentary temperature of
2

4e). Owing to the rapid thermal-shock process (< 400 ms),

o

SnO nanosheets reached over 1500 C within 20 ms. Owing to the
2

significantly small-sized Pt NPs are uniformly decorated on the

ultra-fast heating rate, the degradation of SnO exceeding grain
2

CNFs. Owing to the high temperature during the thermal shock,

growth is prevented, while PtRu, PtIr, or PtRuIr NPs are

the shining light forms on the CNFs membrane (Figs. 4b and 4c).

successfully decorated on the SnO nanosheets (Figs. 5c–5e). The
2
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for functionalizing nanocatalysts on host oxides with high
uniformity, constant size distribution, and strong interactions
between oxides and nanocatalysts. As the unique nanocatalyst
decoration techniques on metal oxides, the bio-inspired protein
cage (apoferritin), MOFs templating routes, thermal-shock joule
heating, and photothermal tool were summarized in this review. In
addition to single component catalytic NPs (e.g., Pt, Pd, Rh, and
Ni), polyelemental NPs (e.g., PtPd, PtNi, and PtRh) were
synthesized and decorated onto the metal oxides to identify their
exceptional catalytic activities. Nanocatalysts decorated metal
oxide-based chemiresistors have been intensively studied in recent
years. However, further improvements are still needed to utilize
such materials in commercial sensors over a wide range of
applications. (1) Nanocatalysts should be uniformly decorated on
the metal oxide to achieve highly reliable sensing properties with
high sensitivity and selectivity. (2) The density of nanocatalysts on
the oxide should be optimized to minimize sensor degradation.

Fig. 5. (a) Illustrations of synthesis of metal oxide nanosheets stabilized by nanocatalsts via IPL treatment. (b) Temperaturetime curves of metal precursors loaded SnO2 nanosheets with
IPL treatment. STEM images of (c) PtRu loaded SnO2
nanosheets, (d) PtIr loaded SnO2 nanosheets, and (e) PtRuIr
loaded SnO2 nanosheets. STEM elemental maps of (f) PtRu
loaded SnO2 nanosheets and (g) PtIr loaded SnO2 nanosheets.
(h) Sensing results of Pt loaded SnO2 nanoheets regarding
H2S, CH3SH, and C2H6S at 250oC, (i) selective sensing characteristics of Pt loaded SnO2 nanoheets, and (j) digital images
of portable MEMS device and MEMS sensor module [31]

Moreover, establishing the interactions between nanocatalysts and
gas species, reaction kinetics, and thermodynamic mechanisms is
crucial. These points can be addressed by various nanocatalyst
functionalization tools. We hope that this review effectively paves
the way for the commercial application of nanocatalysts-loaded
metal oxides chemiresistive sensors.
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