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Real-time monitoring of food freshness facilitates the supply of safe and high-quality food products to
customers. Various gases, including CoH,4, NHs, CsHgN, and H.S, can be generated during the spoilage
or ripening process of food, providing insights into the state of food freshness. Chemoresistive gas
sensors represent one of the reliable pathways to assess food quality due to their high sensitivity, fast
response speed, and easy integration. In this paper, we review recent progress in chemoresistive gas
sensors for applications in food quality monitoring. Diverse materials, such as metal oxides, carbon-
based materials, transition metal dichalcogenides, and other emerging materials, have been proposed
with discussions on their sensing mechanisms. This review primarily focuses on the key strategies to
enhance the sensitivity and selectivity of specific food quality marker gases using the chemical properties

of materials. Additionally, we address the remaining challenges hindering the practical application of
Received 20th October 2023 h isti h t . . i d liabilit hil
Accepted 13th Decernber 2023 chemoresistive gas sensors, such as water poisoning, power consumption, and sensor reliability, while

proposing potential solutions. The chemoresistive sensor platform, encompassing functional sensing

DOI: 10.1039/d3b00156b materials and data recognition systems, can pave the way for real-time food quality monitoring
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Various gases generated during the food spoilage or ripening process are reliable indicators for food freshness assessment. In this perspective, chemoresistive
gas sensors are plausible candidates for real-time food quality monitoring due to their advantages such as cost effectiveness, fast response, and facile mini-

aturization. Developing high performance chemoresistive gas sensors and combining them with machine learning technologies can be a sustainable strategy for
ensuring the consistent delivery of high quality food products to consumers. We believe this review could pave the way for sustainable possibilities in agri-

cultural and food packaging applications.

1. Introduction

To date, with the rapid growth of the food industry and expansion
of the supply chain, real-time monitoring of food freshness is
demanded to ensure the safety and quality of food products. The
early-stage monitoring of food spoilage not only reduces the risk
of waste products but also prevents food-borne disease.
Furthermore, for foods such as fruits that undergo maturation,
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monitoring their ripening stages enables the large-scale cultiva-
tion of high-quality products.

Food products undergo various changes over time due to
microbial growth or metabolism. Traditionally, diverse tech-
niques have been used to detect such changes and assess overall
food quality. For instance, a pH indicator, like a colorimetric
sensor,"* can evaluate changes in food acidity caused by the
production of organic acids or bases. This sensor allows real-
time monitoring of food quality and can be integrated into
food packaging. However, variations in temperature and illu-
mination conditions may pose challenges in accurately deter-
mining the actual state of the product via visual means.**
Microbial sensors, on the other hand, measure the presence of
microorganisms formed during food spoilage, providing an
estimation of food quality.>® These sensors use fluidic devices
containing antibodies that react with bacteria. While they offer
real-time and large-scale measurement of microbial presence
within food products, they require sophisticated equipment.

Recently, researchers have proposed an alternative method
for monitoring food quality that involves detecting gases

© 2024 The Author(s). Published by the Royal Society of Chemistry
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produced during the spoilage or ripening stages of food. For
instance, trimethylamine (C3;HoN, TMA) is generated during the
spoilage process of fish and meats and its concentration grad-
ually increases over time.” Similarly, ethylene (C,H,) is a plant
hormone gas produced during the growth and ripening of
fruits.® Therefore, the detection of these gases gives a reliable
pathway for food freshness monitoring. In this regard, chemo-
resistive gas sensors can be suggested as a valuable technology
for real-time food quality assessment. They take numerous
advantages such as fast response speed, cost-effectiveness, and
miniaturization capabilities.®'® To date, several results have
been reported on food-generated gas detection using chemo-
resistive gas sensors."

In this review, we will explore the fundamental operating
mechanism of chemoresistive gas sensors and introduce their
research trends in food quality monitoring fields. The main focus
of this review is the achievement of selective detections toward
target gases for real-time application, where numerous gas species
coexist simultaneously. Furthermore, the challenges, potential
solutions, and future perspectives of employing chemoresistive
gas sensors for food quality monitoring will be discussed.

2. Chemoresistive gas sensors:
overview

For real-time detection of food freshness, it is necessary to
develop a sensor platform with integrated sensor arrays (Fig. 1).
To achieve this, single gas sensors with high sensitivity and
selectivity to various food freshness marker gases, even at low
concentrations, should be evolved. In this section, we will
provide a detailed review of the operating mechanism, evalua-
tion parameters, candidate materials, and design method for
chemoresistive gas sensors.

2.1 Operating mechanism of chemoresistive gas sensors

The operating mechanism of chemoresistive gas sensors has
been extensively reported.” The general operating principle
involves the injection or extraction of charge carriers within the
material through redox reactions between active adsorbed
oxygen species and the target gases. This mechanism is illus-
trated in Fig. 2.
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In the ambient atmosphere, negatively charged oxygen
species (0,7, O7, and O*>7) adsorb onto the surface of the
material, resulting in the formation of electron depletion layers
(EDLs) in n-type materials (Fig. 2a) and hole accumulation
layers (HALSs) in p-type materials (Fig. 2b). Upon exposure to
reducing gases such as CO, C,H;OH, and NH3, these gases react
with adsorbed oxygen species and inject electrons into the EDLs
or HALs of the material. Therefore, the resistance of the che-
moresistor decreases (n-type) or increases (p-type) (Fig. 2c and
d). On the other hand, oxidizing gases such as NO, directly
adsorb onto the surface of materials, extracting electrons and
thereby expanding the EDLs or HALs. This leads to an increase
(n-type) or a decrease (p-type) in the resistance of the material.

Some specific chemoresistors, especially two-dimensional
(2D) nanomaterials, operate through an alternative sensing
mechanism." Analytic gas molecules directly interact with
material and exchange charge carriers. In p-type 2D materials,
oxidizing gases (NO,) withdraw electrons, inducing a decrease
in resistance. In contrast, reducing gases (CO and NH3) inject
electrons, resulting in an increase in resistance. The n-type 2D
materials exhibit the opposite phenomenon of chemoresistive
variations.

2.2. Evaluation parameters of chemoresistive gas sensors

The gas sensing performance can be evaluated using several
parameters, including response, sensitivity, selectivity, limit of
detection, response/recovery times, and stability. These
parameters play a vital role in choosing the appropriate solu-
tions for specific applications. The response (S) of the sensor (n-
type) is usually defined as RaRg’1 — 1 when the sensor is
exposed to reducing gas and as R,R, ' — 1 when exposed to
oxidizing gas; where R, and R, represent the sensor resistance in
air and analyte gas, respectively. Sensitivity refers to the change
in response per unit concentration of analyte gas. This can be
calculated as the slope of the plot showing analyte gas response
vs. concentrations. Another crucial parameter for determining
sensing performance is selectivity. Selectivity represents the
ability of a sensor to detect a target gas despite the presence of
interfering gasses. Typically, it is defined as response ratio, St/
Sp, where St and S; are the sensor responses to the target gas and
interfering gas, respectively.

Food quality
monitoring

Fig. 1 Schematic diagram of chemoresistive gas sensors for food quality monitoring.
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Fig. 2 Gas sensing mechanism and resistance transients of (a), (c) n-type and (b), (d) p-type chemoresistive gas sensors.

The limit of detection (LOD) is the lowest measurable concen-
tration of analyte gases. Representative criteria for calculating the
theoretical detection limit include R,R, " >1.2 (ref. 14 and 15) and
a signal-to-noise ratio >3.'*"” Additionally, the dynamic behavior of
the sensor can be evaluated by measuring the response and
recovery times. The response time is the duration needed to achieve
stable sensor resistance when the sensor is exposed to analyte gas.
Conversely, recovery time is the time required for the sensor to
return to its initial resistance in the absence of analyte gas. Typi-
cally, the time taken to reach 90% of the resistance change is
referred to as the response and recovery time. The reliability of the
sensor can be confirmed by measuring the repetitive sensor
response over an extended period. Also, the stability of the sensor
under varying humid conditions is a significant factor, and it will be
discussed in detail in the following session.

2.3. Materials for chemoresistive gas sensors

The primary operation principle of chemoresistive gas sensors
relies on the variations in the electrical resistance of sensing
material upon exposure to the analytic gas. Various materials
have been employed for chemoresistors, including metal oxide
semiconductors (MOSs), carbon-based materials, and transi-
tion metal dichalcogenides (TMDs) (Table 1).

MOSs such as SnO,, WO3, In,03, Co30,4, and NiO have been
used as sensing materials for detecting various gases, including
C,Hs;0H, NHj3;, H,S, and CO."*?' These MOSs possess abundant

adsorbed oxygen species, which play a crucial role in inducing
resistance changes and contributes to their excellent sensing
performance. However, their operating temperatures are rela-
tively high (200-500 °C), resulting in high power consumption
and poor long-term stability.

From this perspective, carbon-based materials such as
carbon nanotube (CNTs), graphene (Gr), and reduced graphene
oxide (rGO) have been suggested as another candidate for che-
moresistors owing to their flexibility, low operating temperature
(RT-100 °C), and high chemical tunability.**>*” Furthermore,
TMDs such as MoS,, WS,, SnS,, and MoSe, have received
significant attention as sensing materials for detection of NHj,
H,S, and NO,.>*** Their 2D structures with high specific surface
areas and abundant active edge sites enhance the adsorption of
gas molecules, resulting in sensitive sensing performance.’**
The unique characteristics of 2D TMDs, such as adjustable
bandgap and flexibility, provide a diverse range of sensing
materials with relatively low operating temperatures (RT-250 °
Q).

As emerging materials, metal-organic frameworks (MOFs)
are being explored for their application in chemoresistive gas
sensors due to their diverse advantages such as abundant
mesopores, ultrahigh specific surface area, and high catalytic
activities.***® Their porous structures provide high gas acces-
sibility and abundant adsorption sites which facilitate the gas
sensing reactions.*”*® Furthermore, some specific 2D structured
conductive MOFs can be operated even at room temperature

Table 1 Material type, materials, typical operating temperature, and major target gases of chemoresistive gas sensors

Material type Materials

Operating temp.  Target gases Ref.

Metal oxide
Carbon-based materials

Sn0O,, WOj;, In,03, TiO,, Fe,03, NiO, Co30,
CNTs, Gr, rGO

TMDs MoS,, SnS,, WS,, In,S;, MoSe
MOFs Cuz(HHTP),, Niz(HITP),, Cos(HITP),
MXenes TizCyTy, Vo,CTy, V4C5Ty

268 | Sustainable Food Technol., 2024, 2, 266-280

200-500 °C Most gases 14, 18-20, 50, 52
RT-100 °C NO,, NH; 23-25
RT-250 °C NO,, H,S, NH; 28-30
RT-150 °C NO,, NH3, H,S 39, 40
RT-150 °C C,Hs0H, CH;COCHj;, H,, CH;,  43-45

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(RT) with high gas selectivity.*>** Additionally, other materials
such as covalent organic frameworks (COFs),**> MXene,**™** or
their hybrids***® are garnering intense attention as potential
candidates for gas sensing applications.

2.4. Material design for chemoresistive gas sensors

Nanostructured materials with abundant active sites and high
gas accessibility facilitate rapid and effective sensing reactions.
The analytic gas permeates sensing materials through their
pores and reacts with adsorbed oxygen species. Therefore, it is
crucial to design the configuration of nanostructures such as
size, porosity, and thickness to enhance gas sensing perfor-
mance. For example, our coworkers prepared highly gas acces-
sible Fe,O; nanotube arrays via the glancing angle deposition
(GAD) process.* The vertically aligned Fe,O; nanotube arrays
exhibited improved acetone response compared to dense planar
Fe,0; thin film. Notably, the Fe,O; nanotube arrays showed
a rapid response time of less than 3 s. This can be attributed to
their large specific surface area and the presence of nanosized
narrow necks.’ Jo et al. reported hierarchical Coz;O, hollow
nanocages prepared by MOF template.” The shell of hollow
nanocages was composed of thin nanosheet building blocks,
facilitating the gas permeation within the nanostructure. The
response to xylene increased as both the size and shell thick-
ness of the nanocages decreased. However, when the size of
nanocages became extremely small, the xylene response
decreased significantly due to the reduced gas accessibility
caused by the particle agglomeration. These findings suggest
that optimal particle size and thickness should be considered
when designing gas sensing materials. Numerous studies have
focused on improving gas sensing ability via designing nano-
structures such as nanowires, nanosheets, hollow, hierarchical,
and porous films.”*™*

Forming a heterostructure or heterojunction between
sensing materials and catalysts such as metal and metal oxide
can be a viable strategy to control sensing characteristics. This
approach allows the modulation of the thickness of EDLs/HALSs,
tuning of catalytic activity, and the adjustment of chemical
affinity to specific gases.”®*” First, the enlargement in EDLs/
HALs increases sensor response due to the higher variation in
charge carrier concentration upon exposure to analyte gases.
Therefore, metal and metal oxide catalysts with high work
functions have been loaded/doped onto sensing materials to
achieve high gas response. For instance, our coworkers deco-
rated Au nanoparticles (NPs) on WO; to increase response to
ethanol and NO, by decreasing the background charge carrier
concentration of WO;.>® Likewise, we also fabricated the Fe,O;
loaded NiO nanorods via GAD which exhibited ultrasensitive
toluene sensing properties by forming a p-n junction.*® Second,
the incorporation of additives with sensing materials can
increase the number of active sites, thereby contributing to
enhanced catalytic activity. Zhou et al. reported Rh-doped SnO,
as a highly selective acetone sensor.®® The Rh doping elevated
the number of adsorbed oxygens, leading to a high acetone
response. Also, Lee et al. fabricated a highly sensitive volatile
organic compounds (VOCs) sensor by loading Au NPs onto the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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In,O; inversed opal thin films.*® The Au NPs effectively
promoted oxygen adsorption, resulting in increased VOCs
response. Lastly, additives showing high chemical affinity to
specific gases can be employed to enhance gas sensing prop-
erties. For example, Choi et al. reported the CuO-loaded SnO,
hollow spheres as an ultrasensitive H,S gas sensor.®> Compared
to the pristine SnO,, the CuO-loaded SnO, showed a 7.1 times
higher response to H,S. This can be attributed to the high
chemical affinity of CuO toward H,S, which converts CuO into
CuS upon exposure to H,S, resulting in a significant decrease in
sensor resistance.®® Also, loading Pd and PdO can increase H,
response, as Pd triggers the H, spill-over effect; which decom-
pose H, molecules into H atoms. For instance, Zhou et al.
fabricated a highly sensitive and selective H, gas sensor by
loading Pd NPs on W;50,40.** By loading Pd NPs on W;30,4, the
response to H, increased preferentially. Also, Kim et al. reported
a PdO-functionalized SnO, as a selective H, sensor.®> Compared
to the pristine SnO,, the PdO-functionalized SnO, exhibited
a 6.4 times higher response to H,, attributable to the Pd-
induced spillover effect. Overall, forming appropriate hetero-
junctions with sensing materials and additives can effectively
enhance sensitivity and selectivity.

Functional overlayers, when deposited onto the sensing
layer, possess the capability to enhance sensitivity and selec-
tivity toward target gases. One approach involves employing
a physical filtering method, utilizing the difference in molecular
sizes of gases to selectively detect small-sized gases. For
instance, Jo et al. suggested a selective formaldehyde sensor
using a ZIF-7/PEBA mixed matrix membrane (MMM) coated
TiO, sensor.** The pristine TiO, sensor showed a high response
to both ethanol and formaldehyde. However, upon applying the
MMM coating on the sensing layer, larger ethanol molecules
were filtered out, allowing only smaller formaldehyde molecules
to penetrate the sensing layer. As a result, this sensor exhibited
remarkable selectivity towards formaldehyde. Alternatively,
catalytic filtering layers can be applied, considering the
reforming/oxidation reactions of the analyte gases. Moon et al.
designed a Rh-TiO, overlaid SnO, sensor that selectively
detected benzene over xylene and toluene.®® The catalytic Rh—
TiO, layer facilitated the conversion of stable benzene into
reactive species (e.g., aldehydes), while the interfering gases
were completely oxidized (e.g., CO, and H,0). As demonstrated
in the previous reports, the application of overlayers with
physical or chemical filtering abilities can enhance the selec-
tivity and sensitivity of chemoresistive gas sensors.

3. Chemoresistive gas sensors for
food quality monitoring

Chemoresistive gas sensors are currently employed in various
fields such as breath analysis, environmental, and industrial
applications.®”*® In particular, the detection of specific gases
generated during the process of food spoilage, fermentation,
and ripening, can provide information about the freshness
stage of food items. The number of publications and citations
related to this application have been significantly increased and
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accounted for a large proportion compared to other fields
(Fig. 3) In this section, we will focus on the development trends
in chemoresistive gas sensors for detecting various food fresh-
ness marker gases and their underlying mechanisms. Table 2
provides the summary of various chemoresistive gas sensors to
detect food quality marker gases.

3.1. Ethylene (C,H,) sensors

Ethylene (C,H,) is a plant hormone gas that evolves during
ripening, and it has numerous effects on the growth, senes-
cence, seed germination, ripening, browning, and softening of
fruits and vegetables.'**'** As fruits ripen, the emitted concen-
tration of ethylene increases, accelerating the ripening process
and ultimately leading to fruit spoilage. Thus, detecting
ethylene in a sensitive and selective manner can be a useful
strategy to determine the freshness of fruits and vegetables.

In general, most oxide semiconductors generally exhibit low
response and selectivity to ethylene, as it is the simplest alkene
with non-polarity and strong bonds. To overcome this limitation,
pretreatment of gases such as the chemical oxidation of interfer-
ence gases into less reactive or non-reactive species (e.g., CO, and
H,0) and the ethylene reforming reaction into more reactive
intermediates(e.g., aldehydes) have been suggested. Jeong et al.
reported a sensitive and selective ethylene sensor based on
a Cr,0;-Sn0O, bilayer consisting of hollow SnO, spheres as
a sensing layer and a nanoscale catalytic Cr,O; overlayer
(Fig. 4a).%° The SnO, sensing layer was prepared using the screen-
printing method and the catalytic Cr,0; overlayer (~300 nm) was
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Fig. 3 (a) Diverse applications of chemoresistive gas sensors reported
in the literature, (b) the number of publications and citations on che-
moresistive sensors for food quality monitoring. The data was
collected using Web of Science — Web of Science Core Collection
Search: keywords of (gas sens* or chemiresis* or chemoresis*) and
environment* or industry* or breath* or health* or food or explosive*
were used.
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coated via electron-beam evaporation. The Cr,03-SnO, sensor
exhibited a significant increase in ethylene selectivity after coating
the Cr,0; layer (Sehylene/St >3.3 to 2.5 ppm analytic gases at 375 ©
C), which was 8.0 times higher than that of the pristine SnO,. The
underlying mechanisms of these results can be explained as the
chemical filtration of Cr,0; which induces the catalytic oxidation
of more reactive interfering gases into non- or less-reactive species
(e.g., CO, and H,0) while maintaining the response to relatively
stable ethylene. They further evaluated the potential of the Cr,O5-
SnO, sensor for fruit quality monitoring applications by investi-
gating the time-dependent changes in the sensor response during
fruit ripening. Moon et al. fabricated the Pd-V,05-TiO, yolk-shell
coated In,Oj; bilayer sensor for ethylene detection (Fig. 4b).” They
used the Pd-V,05-TiO, yolk-shell overlayer as a heterogeneous
Wacker oxidation catalyst, which reforms less reactive ethylene
into highly reactive acetaldehyde. This reforming reaction
improved the response to ethylene, as acetaldehyde is a well-
known reactive species. The conversion of ethylene to acetalde-
hyde through the Pd-V,05-TiO, overlayer was confirmed using
proton transfer quadrupole mass spectroscopy. The Pd-V,0s-
TiO,/In,03 bilayer sensor exhibited 15.5 times higher sensitivity to
ethylene (R,R, ' — 1 =18.6 to 5 ppm at 300 °C) compared to that
of the pristine In,O; sensor and 41.4 times higher selectivity
owing to the catalytic filtering of Pd-V,05-TiO,.

Ethylene sensors using carbon-based materials have been
also reported. Esser et al. prepared a single-wall carbon nano-
tube with Cu(i) complexes (1-SWNT) for an ethylene sensor.”
They proposed the Cu(i) complex as an ethylene receptor, as
Cu(1) has been found to be a cofactor of ethylene receptor (ETR1)
in plants during the ripening process (Fig. 4c). The 1-SWNT
showed significantly enhanced ethylene response and selec-
tivity compared to those of the pristine SWNT. They further
confirmed the feasibility of 1-SWNT sensor to real-time fruit
freshness quality monitoring by measuring the time-dependent
changes in the sensor response upon exposure to various fruits
(banana, avocado, apple, pear, and orange).

3.2. Ammonia (NH;) sensors

Ammonia (NHj;) is a toxic and harmful gas emitted from fish
and meat, resulting from the bacterial degradation of protein in
foods.'” Certain types of fish, including fermented skates,
possess a strong ammonia odor, which is intensified as spoilage
advances.'”® Consequently, the detection of NH; can serve as
a reliable indicator of the freshness or spoilage state of fish and
meat.

Several research studies were conducted to detect NH; at low
concentration levels in a highly selective and sensitive manner.
Especially, sulfide-based TMD materials, including MosS,,
exhibited a high sensitivity to NH; due to the their chemical
affinity.”*”> Our group reported a highly selective NH; sensor
with low operating power (19 mW) by integrating the MoS,
nanoflakes onto a MEMS (micro-electromechanical systems)
platform (Fig. 5a).”® The pristine MoS, exhibited a high
response and selectivity to NH; (R‘,J\Rg’1 —1=4.7,S\u,/51>8.0 to
50 ppm at 150 °C). It is attributable to the strong binding energy
of the MoS, edge site to NH;, which was confirmed by density

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Summary of chemoresistive gas sensors for food quality marker gases (response was defined as RaRg *, RaRg * — L RgRa % RgRa * — 1,

lalg ™ Talg™ = L 0l ™ or Igla™ = 1)

Operating
Gas Materials Conc. [ppm] Response temp. [°C] LOD [ppb] Food Ref.
C,H, Cr,0;-Sn0, hollow spheres 2.5 16.8 350 24 Banana 69
Pd-V,05-TiO,/In,0; bilayer 1 18.6 325 7.3 Banana 70
Cu-SWNT 50 1.7 RT — Banana, avocado, apple, pear, 71
orange
Pd-SnO, nanoparticle 100 11.1 250 50 Banana, lemon, apple, pear 72
ZnO nanosheet 200 6.4 500 1.0 x 10* Banana 73
NH; WS, thin film 0.2 2.1% 30 100 — 74
MosS, thin film 30 0.1% 30 300 — 75
MoS, flakes 50 6.58 150 — Fish (stingray) 76
PTS-doped PANI 5 2.25 30 — Fish, pork, chicken 77
CuBr film 5 30 RT 0.2 — 78
Fluorinated GO 500 121% RT 6.1 — 25
TiO,/MXene 30 41.0%  RT (UV) 0.2 Fish, pork, shrimp 79
CNT/metalloporphyrin 20 4.4% RT 500 Cod, salmon, pork, chicken 80
C3HoN WO; hollow sphere 5 56.9 450 11.8 — 81
o-MoO; nanorod 200 413 RT 1000 — 82
Pr-doped Ce ;W403; 20 20.1 350 — — 83
MoO; nanoplate 5 374.7 300 45 — 84
C030,@ZnO hollow cage 33 41 250 130 — 85
Au-Cr,0; yolk shell 5 200.9 225 4.3 — 86
5,5"-Di(naphthalen-1-yl)-2,2:5,2"- 21 x10° 4.1 RT 2.2 x 10" Fish, pork, chicken 87
terthiophene (NA-3T-NA)
H,S Ordered mesoporous WO; 50 269 250 — — 88
Bi,S3/SnS, nanoparticle 0.5 12.3 RT — — 89
CdS-ATP nanowire 10 9.99%  RT (visible light) 0.1 . 90
Ag-doped graphene 0.5 37% RT 100 — 91
MIL-88B (Fe) nanoparticle 100 1056 RT 170 — 92
Niz(HHTP), thin film 5 20.85 RT 3 — 93
SnSe,/WO; nanoparticle 10 33.8% RT 28 Egg 94
NiO-doped CuO composite 1 106% 180 1 Fish, pork 95
Macroporous ZnO@ZIF-8/Pt 5.5 118 310 40 Fish, shrimp 96
Inverse opal ZnCoO,@BM-ZIF 5 260 180 70 Chicken 97
CH;3;CHO Al-doped ZnO 0.4 50.6 200 — — 98
Hierarchical SnO, nanoparticle 100 178.3 243 500 — 99
CH;COOH Hierarchical SnO, nanoflowers 100 47.7 260 — — 100
Mesoporous CuO nanoparticle 100 27.2 200 — — 101
Peptide encapsulated SWCNTs 0.4 x 10*  21% RT — Wine 102

functional theory (DFT) calculations. The sensing performance
of this sensor was further examined under exposure to a fresh
skate for 5 days at RT. At fresh state, the sensor showed
a negligible response, however, after 5 days, the response
reached 26.5. The sensor response exhibited a linear correlation
with fermentation time, suggesting that this sensor has the
potential as a reliable food quality monitoring application.
Furthermore, NH; was selectively detected using conducting
polymer or ionic conductor thin films."” Ma et al. reported
a highly sensitive and wireless meat spoilage sensor using pol-
yaniline (PANI) based material (Fig. 5b).”” They doped iron(m) p-
toluene sulfonate hexahydrate (PTS) in PANI to enhance the
sensing performance, and this sensor exhibited a high response
(ARR,™ ' = 2.25) toward 5 ppm NHj. Furthermore, the author
measured the sensor response to various meat products (pork,
beef, chicken, and fish) at 30 °C for 20 h. The sensor showed
a high response (R,R,”' — 1 = 1.0-5.0) which varied with the
type of meat, due to the different protein levels. Giintner et al.

© 2024 The Author(s). Published by the Royal Society of Chemistry

reported a rapid and selective NH; sensor using a porous CuBr
film (Fig. 5c).”® The sensor discriminated NH; by forming
a stable amine complex (Cu(NH;)*"), resulting in a significant
decrease in conductivity. The porous film structure (porosity =
78%) facilitated the efficient NH; diffusion and interaction with
the CuBr surface. Therefore, this sensor exhibited rapid
response speed (2.2 min), high selectivity (Sx,/S1 > 30), and low
detection limit (LOD = 210 ppt with the criterion of signal-to-
ratio >3) at RT and highly humid atmosphere (90% RH; rela-
tive humidity). Additionally, there are several reports on the
development of highly selective, flexible, and RT operating NH;
sensors using emerging materials such as graphene, carbon
nanotube, and Mxene.?*7%:8¢

3.4. Trimethylamine (C;HgN) sensors

Most marine mammal products contain trimethylamine oxide
(TMAO), which is converted into TMA gas through the metab-
olism process of anaerobic bacteria.'®®'® Moreover, various

Sustainable Food Technol,, 2024, 2, 266-280 | 271
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Fig. 4 Ethylene sensors. (al) lllustration of Cr,O3z—-SnOsbilayer sensor fabrication process, (a2) cross-section scanning electron microscopy
(SEM) images of Cr,O3-Sn0O,, (a3) gas sensing characteristics of the pristine SnO, sensor and the Cr,Oz-SnO; bilayer sensor at the temperature
range of 350-450 °C (concentration: 2.5 ppm), (a4) gas sensing properties of the Cr,Os—SnO, bilayer sensor to banana and apple mango.
Reproduced with permission from ref. 69 Copyright 2019, Wiley. (b1) Cross-sectional backscattered image of Pd—V,05-TiO,/In,Oz bilayer
sensor, (b2) electron probe micro analysis (EPMA) elemental (In, Ti, V and Pd) images of bilayer, (b3) gas sensing properties of the pristine In,O3
sensor and the mPd-V,05-TiO,/In,03 (Mm =1, 2, 4) bilayer sensor. Reproduced with permission from ref. 70 Copyright 2023, The Royal Society
of Chemistry. (c1) SEM image of 1-SWNT, (c2) gas response of the 1-SWNT and the SWNT sensor to various analyte gases at RT (concentration: 50
ppm), (c3) relative response of the 1-SWNT sensor to 100 g of different fruit to 20 ppm of ethylene. Reproduced with permission from ref. 71

Copyright 2012, Wiley.

volatile basic nitrogen gases, including TMA, are generated
during the deterioration of meat.""®'"* The concentration of
TMA increases as fishery products or meat products undergo
spoilage, therefore, it can serve as a criterion for assessing the
freshness of seafood and meat products.”>"* For example, re-
ported literature suggested a correlation between fish freshness
and TMA concentration (fresh: 110 ppm, early corrosion: 10-
50 ppm, rotting: >60 ppm).***

TMA is a representative amine gas that exhibits a high
chemical affinity to oxides with a highly acidic surface. Cho
et al. prepared a high-performance TMA sensor using WO;
hollow spheres (Fig. 6a).®* This sensor showed a high gas
response (RaRg’1 = 56.9 at 450 °C) to 5 ppm TMA and a high
selectivity (Stma/S:t > 1.7) over other interfering gases. Addi-
tionally, Srinivasan et al. proposed a MoO; nanorod gas sensor
with high response to 200 ppm TMA (R,R, ' = 413 at 30 °C;
Fig. 6b).*> This sensor also showed excellent sensing perfor-
mance to other amine gases (RJ/Ry ' = 63 and 39 for

272 | Sustainable Food Technol., 2024, 2, 266-280

dimethylamine and monomethylamine, respectively.) Consid-
ering that both WO; and MoO; have relatively high surface
acidity," utilizing the acid-base interaction can be served as
a promising pathway for a high-performance TMA sensor.****
Furthermore, considering that TMA has a large molecular
size, increasing the adsorption of oxygen species by adding an
oxidative catalyst and designing nanostructures are the effective
strategies to enhance the TMA sensing ability. Yan et al. re-
ported a MEMS based TMA sensor using a Co;0,@ZnO hollow
cage synthesized with a MOF template (Fig. 6¢).** The Cos-
0,@ZnO hollow cage exhibited enhanced TMA sensing perfor-
mance (I,[,”* — 1 = 41 to 33 ppm) compared to that of the bare
ZnO (LI,”" — 1 = 20). The hollow cage structure with large
surface area (48.4 m® g ') and high porosity provided excellent
gas accessibility and abundant active sites for oxygen species to
adsorb, resulting in a high gas response. Also, the formation of
pP(C030,4)-1n(ZnO) junction increased the thickness of EDLs,
inducing the higher variation in sensor resistance upon

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 NHs sensors. (al) SEM image of MoS, nanoflakes, (a2) schematic

illustration of MEMS sensor platform (operating power = 19 mW), (a3)

sensor response transients of MoS,-MEMS gas sensor to various analytic gases (concentration: 50 ppm), (a4) MoS,-MEMS sensor response to
various concentrations of NHz (concentration: 10-50 ppm), (a5 and a6) MoS,-MEMS sensor response after exposure to skate depending on the
fermentation time. Reproduced with permission.”* Copyright 2023, American Chemical Society. (b1) Transmission electron microscope (TEM)
image of PTS-PANI, gas responses (ARRo ™) of PTS-PANI sensor to (b2) various analytic gases and (b3) four kinds of raw meats (beef, pork, fish,
and chicken). Reproduced with permission.” Copyright 2018, American Chemical Society. (c1) Cross-sectional SEM image of CuBr films, (c2)
resistance change transient of CuBr gas sensor upon exposure to various concentration of NHz (concentration: 5-5000 ppb, RT, 90% RH), (c3)
response (Rg,‘?{1 — 1) of CuBr sensor to various analytic gases (concentration: 500 ppb). Reproduced with permission.”® Copyright 2020, Wiley.

exposure to TMA. Kim et al. prepared an Au-loaded Cr,0; yolk-
shell nanostructure via spray pyrolysis for its use as a TMA
sensor (Fig. 6d).*® This sensor exhibited a high gas response
(ReR, = 200.9) and selectivity (Stwma/Sy > 2.1) to 5 ppm of TMA
at 250 °C. Furthermore, the calculated LOD (using RyR, ' >1.2
as a criterion) was as low as 4.3 ppb, indicating the potential use
of this sensor for seafood freshness assessment. The synergistic
combination of the highly gas accessible nanostructure and
catalytic promotion effect of Au nanoparticles results in the
superior TMA sensing performance.

3.5. Hydrogen sulfide (H,S) sensors

Hydrogen sulfide (H,S) is a colorless, flammable, and corrosive
gas with the distinctive smell of rotten eggs. H,S is easily
produced during meat spoilage, resulting from the decompo-
sition of sulfur-containing amino acids."****® Hence, detecting
H,S can be a useful strategy to monitor meat freshness quality.

Various H,S sensors are suggested using MOSs and TMDs. For
instance, Li et al. prepared a well-ordered mesoporous WO; using
the template-carbonization method for the H,S sensor (Fig. 7a).*
The high mesoporosity and surface area of WO; resulted in a high

© 2024 The Author(s). Published by the Royal Society of Chemistry

H,S response (R,R, ' = 269 to 50 ppm at 250 °C) and selectivity
(Sw,s/S1 > 6). Also, Wang et al. synthesized the Bi,S;/SnS, hetero-
structure via a solvothermal method and evaluated its sensing
properties at RT.** The Bi,S;/SnS, sensor exhibited a high H,S
sensitivity (R,R, ' = 12.3 to 0.5 ppm) and selectivity (Sy,s/S1 > 3.0),
attributable to the enlargement of EDLs and increased active sites
after forming the heterojunctions. The CdS-based metal chalco-
genide nanowire has been also reported by Jin et al. to detect H,S
sensitively.” The author functionalized the surface of CdS nano-
wires with an amino group (ATP = 4-aminothiophenol), as the
amino group can selectively interact with H,S via hydrogen
bonding (Fig. 7b). The ATP functionalized CdS (Cd-ATP) nanowire
showed an excellent response (RE,Rg’1 = 9.99 to 10 ppm), selec-
tivity, and response/recovery time to H,S under visible light irra-
diation at RT. Considering those reports, H,S can be effectively
detected by designing highly, gas accessible structures with
abundant active sites.

Recently, carbon-based materials and MOF have garnered
interest as emerging sensing materials. For instance, Ovsianytskyi
et al. reported an Ag-doped Gr sensor, fabricated via the wet
chemical method and measured its sensing properties toward

Sustainable Food Technol,, 2024, 2, 266-280 | 273
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ppm). Reproduced with permission.®¢ Copyright 2017, Elsevier.

H,S.”* The high chemical affinity of Ag to H,S enhanced the
response and selectivity of Ag-doped Gr sensor compared to those
of the pristine Gr sensor. Moreover, Wang et al. prepared a H,S
sensor using Fe-based MIL-88B, synthesized by a solvothermal

method (Fig. 7¢).”* They controlled the pore size of MIL-88B by
optimizing the solvent. An increase in the pore size of MIL-88B
improved the H,S sensitivity (I, ' — 1 = 10.56 to 100 ppm at
RT) and selectivity compared to those of the MIL-88B with smaller
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Fig. 7 H,S sensors. (al) SEM image of the ordered mesoporous WOs3, (a2) gas response (RaRgfl) of the ordered mesoporous WOs to various
analyte gases at 250 °C (concentration: 50 ppm), (a3) the response and recovery curve of the ordered mesoporous WOz to 50 ppm of H,S at
250 °C. Reproduced with permission.®® Copyright 2014, Wiley. (b1) SEM image of the Cd-ATP nanowires, (b2) gas response (RaRgfl) of the Cd-
ATP sensor to various analyte gases under visible light at RT, (b3) response and recovery curve of the Cd-ATP nanowire sensor to 100 ppm H>S.
Reproduced with permission.®® Copyright 2023, The Royal Society of Chemistry. (c1) SEM image of the MIL-88B-20%, (c2) gas response (/I * — 1)
of the MIL-88B-0% and the MIL-88B-20% to different analyte gases at RT (concentration: 100 ppm), (c3) illustration of pore-sized dependent gas
sensing properties. Reproduced with permission.®? Copyright 2023, Wiley.
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pores. This enhancement is attributed to the increased surface
area and improved gas accessibility to the inner Fe active sites,
which was corroborated using Brunauer-Emmett-Teller (BET)
analysis and DFT calculation. In addition, Lee et al. reported
a thin-film-structured Ni;(HITP),, a conducting MOF, which
exhibited excellent H,S sensitivity (ARR, ' = 20.85 to 5 ppm at
RT).” The author suggested that the 1D pore system achieved by
the planar metal-ligand complex and the oriented nature of
Niz(HITP), promoted the binding and redox reaction to H,S.

3.6. Others

In addition to C,H,, TMA, NH;, and H,S, VOCs can also serve as
food spoilage markers for real-time monitoring. For example,
acetaldehyde (CH3;CHO), a well-known byproduct of alcohol
breakdowns, is produced during the spoilage of chicken, coffee,
and dairy products, including milk.****** Hagedorn et al.
proposed an Al-doped ZnO for the highly sensitive detection of
acetaldehyde.”® By doping Al on ZnO, the amount of adsorbed
oxygen species on the surface of ZnO increased significantly,
resulting in an extremely high acetaldehyde response at low
temperature (R,R, ' = 356 to 5 ppm at 210 °C). Additionally, Li
et al. fabricated the hierarchical butterfly-like SnO, nanosheets
via a hydrothermal method to detect acetaldehyde.”” The
proposed SnO, nanosheets possessed a highly porous structure
with a high specific surface area and abundant active sites,
attributable to a selective acetaldehyde sensing property
(Sacetaldehyde/SI > 4-4)-

Furthermore, acetic acid (CH;COOH) is produced during the
alcoholic fermentation of wine, making it a useful indicator for
assessing wine freshness.'”*'** Jin et al. reported an acetic acid
sensor using three-dimensional hierarchical flower-like SnO,
synthesized by a template-free hydrothermal method.'* The
flower-like SnO, exhibited a high response to acetic acid (R,Ry '
= 47.7 to 100 ppm at 260 °C) with a significantly rapid response
and recovery time, owing to its high specific surface area.
Similarly, Geng et al. enhanced the acetic acid sensing proper-
ties by increasing the surface area and porosity of CuO.*** The
mesoporous CuO synthesized using a silica template showed
a high response to acetic acid (R,R, ' = 27.2 to 100 ppm at 200 ©
C) with reversible sensing behavior.

4. Challenges and future perspectives

Various advances in chemoresistive gas sensors for food fresh-
ness monitoring have been achieved, resulting in the develop-
ments of sensors with high response, selectivity, rapid
response/recovery behavior, and relatively small LOD. Never-
theless, chemoresistive gas sensors still face challenges such as
water poisoning, power consumption, and low data accuracy. In
this section, we present the primary challenges in optimizing
chemoresistive gas sensors and propose possible solutions.

4.1. Water poisoning

Water poisoning deteriorates the performance of chemo-
resistive gas sensors as H,O interacts with active sensing sites,
resulting in the formation of hydroxyls on the surface of sensing

© 2024 The Author(s). Published by the Royal Society of Chemistry
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materials. This hinders the formation of surface adsorbed
oxygen species and/or adsorption of target molecules, leading to
reduced gas sensing properties such as a decrease in response
and change in resistance. Given that water vapor is a prevalent
interferent in food freshness monitoring systems, achieving
humidity-independent properties in gas sensors is important.
Applying water-resistant layers on the sensing materials,
inhibiting the penetrations of H,O while enabling O, perme-
ation, can be a viable solution to suppress water poisoning. For
instance, Jeong et al. prepared a hydrophobic Tb,0,-coated
In,0; gas sensor to detect acetone without humidity depen-
dence (Fig. 8a)."** The Tb,0, overlayer blocked the water and
prevented the formation of hydroxyl groups on the surface of
sensing materials. This humidity resistance layer was also
successfully applied to diverse materials including SnO,, ZnO,
and Pd/SnO,, confirming the general validity of Tb,0, as
a water-blocking layer. This phenomenon is also observed in
other hydrophobic materials such as PDMS** and ZIF-8."*° In
addition, additives such as Pd, Rh, Sb, NiO, CuO, CeO,, and Pr
could be employed for suppressing humidity-dependent char-
acteristics as they could capture or remove hydroxyls."*”**> For
examples, Yoon et al. proposed the underlying mechanism of
CeO, to remove the humidity effect on sensing performance
(Fig. 8b).* Upon exposure to water vapor, Ce** ions reduces to
Ce**, and hydrogen ions (H") are generated. These chemical
species react with hydroxyl groups on the In,O; surface,
regenerating the Ce*" species and water vapor molecule. This
phenomenon, called a hydroxyl scavenging reaction, gives
humidity-independence to the sensing materials. Accordingly,
designing appropriate heterojunctions between sensing mate-
rials and water-resistant components can be further explored
for achieving humidity-resistant properties.

4.2. Power consumption

In general, chemoresistive gas sensors require thermal activa-
tion to generate charge carriers and enhance the number of
surface oxygen species. Therefore, an external heater is neces-
sary to ensure a consistent temperature of sensors for an
extended period, even in varying atmospheric conditions. Thus,
the power consumption of the sensor system should be
considered for its practical use in real-time applications. These
limitations regarding high power consumption can be solved by
fabricating MEMS based gas sensors. The chemoresistive gas
sensors with MEMS technology are composed of sensing
materials and a heater in a single chip, which have advantages
in miniaturization and small operating power."****¢ For
instance, Santra et al utilized complementary metal oxide
semiconductor (CMOS) MEMS to chemoresistive gas sensors to
reduce power consumption of ZnO based ethanol sensor
(Fig. 8c).*” The CMOS MEMS showed a high thermal efficiency
of 8.2 °C mW ', resulting in only 42.7 mW to heat up to 350 °C.
Therefore, MEMS-based sensors can pave a new way for IoT
application of food freshness monitoring. Furthermore, as an
alternative to heaters, the utilizing of light sources such as light-
emitting diodes (LEDs) can be suggested as another solution to
enhance the material stability and lower operating power. A

Sustainable Food Technol., 2024, 2, 266-280 | 275
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Fig. 8 (a) Gas response (RaRgfl) of the pure In,O3 (upper) and the Th4O; coated In,O3 (lower) sensors exposed to 10 ppm analyte gases in dry
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the humidity-independent properties of a CeO, coated In,O3 sensor. Reproduced with permission.**® Copyright 2016, Wiley. (c1) Optical
microscope image of CMOS MEMS, (c2) SEM image of the MEMS based ZnO sensor. Reproduced with permission.**” Copyright 2015, The Royal
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light source with a higher energy than the bandgap of the
materials can generate the charge carriers and increase the
conductivity at RT. This activation not only enhances the sensor
response, but also improves the response and recovery
kinetics."**'*® Various strategies were reported to optimize the
light activation effect including nanostructure design, hetero-
junction formation, and localized surface plasmon
resonance.**'*?* Also, integration of the sensor platform with
micro-LEDs can further enhance the sensor performance by
reducing the distance between the light source and sensing
materials.'**'** Likewise, a light-activated gas sensor platform
can be suggested as a rational strategy for the use of chemo-
resistive gas sensors in food quality monitoring.

4.3. Sensor accuracy and reliability

The low reliability of chemoresistive sensor, accompanied by the
difficulty in discriminating target gas over other interferents,
should be improved for its practical use for real-time freshness
monitoring applications. The integration of several sensors pos-
sessing different sensing properties and applying pattern

276 | Sustainable Food Technol, 2024, 2, 266-280

recognition enables the precise discrimination of the mixture
gases in real situations. For example, Moon et al. integrated nine
different sensors by fabricating 3 x 3 sensor arrays and measured
the responses of sensors toward eight different analytic gases
(CH;COCH;, C¢Hg, CO, C,H;0H, H,S, NH;, and NO; Fig. 8d).1¢
They mapped the response amplitudes on a color scale and
further investigated the data based on the principal component
analysis (PCA). The sensor arrays showed the high selectivity
toward H,S, NH;, and NO, implying that using multiple sensors is
advantageous in precise discrimination of gases. Similarly, Jeong
et al. discriminated between aromatic and nonaromatic gases by
using a nine sensor array and PCA.'” Notably, this sensor array
not only differentiated aromatic and nonaromatic gases, but also
quantitatively identified aromatic gases.

Additionally, utilizing machine learning to chemoresistive
gas sensors could increase the reliability of sensor arrays by
analyzing the response signals with sensitivity, and response/
recovery speed at different temperatures and concentrations.
For instance, Schroeder et al. fabricated twenty CNT-based
chemical sensor arrays to discriminate the odor of cheese,
liquor, and edible oil.*** Through the investigation of gas

© 2024 The Author(s). Published by the Royal Society of Chemistry
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sensing transient data using two different models followed by
training and testing, the proposed model classified samples of
several foods with up to 91% accuracy. Moreover, Oh et al.
successfully discriminated five different indoor air pollutants
(CéHs, CgHjg, C;Hg, HCHO, and C,H;OH) under varied
temperature and humid conditions by adopting machine
learning to In,0; based sensor array.**® Overall, applying sensor
array and machine learning to food quality monitoring appli-
cations is expected as a breakthrough in the reliability problem.

5. Conclusions

Chemoresistive gas sensors have emerged as a promising tool
for real-time freshness monitoring, addressing the growing
demands of the food industry. In this review, we have summa-
rized the recent progress and future perspectives regarding
chemoresistive sensors for monitoring food freshness. The
detection of representative food quality marker gases, including
C,H,, NH;, C3HoN, and H,S, has been achieved using metal
oxides, carbon-based materials, TMDs, and other emerging
materials. The selective detection of target gases, even in the
presence of interferences, was achieved through the design of
sensing materials with distinct chemical affinities or catalytic
effects for specific gases. Therefore, designing sensing mate-
rials with desired chemical properties appears to be a promising
strategy for real-time food freshness assessments. Nevertheless,
challenges and limitations remain in the field of chemoresistive
gas sensors, such as humidity-dependency, power consump-
tion, and a lack of reliability. Thus, we have also described
recent attempts to develop high-performance sensors by
designing sensing materials and utilizing new technologies.
Moreover, employing sensor arrays and machine learning based
signal processing in gas analysis enables the selective discrim-
ination between food quality marker gases. The development of
diverse chemoresistive gas sensors with the adoption of inno-
vative technologies will open up a new avenue in a wide range of
agricultural and food packaging applications.
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