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Quantum dots (QDs) are used progressively in gas sensing applications because of their special
electrical properties resulting from their extremely small size. QDs show a high sensing
performance at generally low temperatures owing to their extremely small sizes, making them
promising materials for the realization of reliable and high-output gas-sensing devices. This article
discusses the gas sensing features of QD-based resistive sensors. Diﬀerent types of pristine QD
gas sensors for the detection of various gases are discussed in this article.
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1. Resistive-Based Gas Sensors: Basics
Air pollution is a global problem that caused ~4.9 million premature deaths in 2017

[1].

The

human olfactory system is highly sensitive and can discriminate diﬀerent odors. On the other
hand, some dangerous gases are odorless. In some cases, the extremely low concentration of
gases is not detectable by the human olfactory system. Furthermore, in many places, humans are
not present or cannot be present to detect the odor of gases. Thus, sensitive devices of small size
and high performance are needed to detect various toxic gases and vapors reliably

[2].

Some

techniques, such as ion chromatography and gas chromatography, require multi-step laboratory
procedures. In addition, they are expensive, bulky, and cannot oﬀer online signals

[3][4].

There are various types of gas sensors, including surface acoustic waves [5], mass-sensitive
infrared

[7],

security,

and optical

[8],

environmental

[6],

based on diﬀerent materials and principles [9]. They are used for public
control,

chemical

quality

control,

safety

in

homes,

automotive

[10][11].

Among the

applications, air conditioning, and breath analysis for medical diagnoses

diﬀerent gas sensors, conductometric sensing devices are popular owing to unique features,
including (i) low cost, (ii) ease of fabrication and use, (iii) high response, (iv) high stability, (v) easy
integration into sensor arrays, and (vi) simple operation

[12]

. Bradeen and Bradeen were the ﬁrst

to discover the gas-sensitive inﬂuences on semiconducting germanium

[13]

. Seiyama et al. [14]

reported the ﬁrst metal oxide gas sensor based on ZnO for toluene, CO2, and propane sensing.
Taguchi later patented a SnO2 gas sensor and soon commercialized it [15].
The principle of the sensing mechanism is modulation of the sensor resistance in diﬀerent
atmospheres

[16]

. Depending on the n-type or p-type nature of the sensing layer and the nature of

the gas, the electrical resistance of sensing device changes in proportion to the amount of gas. In
n-type materials, such as SnO 2, an electron depletion layer initially exists in the air by adsorbed
oxygen ions and subsequent exposure to a reducing gas. The liberated electrons return to the
surface of the sensing layer, narrowing the width of the electron depletion layer. Therefore, they
contribute to the sensor signal. For p-type materials, a hole accumulation layer exists initially in
the air. The width of this layer decreases in a reducing gas medium, leading to an increase in
sensor resistance. Figure 1 shows the mechanisms for n- and p-type gas sensors when a reducing
gas is present [17].

Figure 1. Sensing mechanism of n-SnO2 and p-Co3O 4 (a,b) in air; (c,d) in C6H6, as an example of
a reducing gas

[17]

.

Therefore, by tracking the resistance variations, a calibration curve can be drawn and used for
applications

[18].

Some shortages of resistive-based gas sensors are low selectivity and high

sensing temperature [19]. The performance of these types of gas sensors can be improved using a
range of methods, such as the formation of p-n heterojunctions
doping

[22]

, UV irradiation

[23]

, morphology engineering

[24][25]

[20],

noble metal decoration

[21],

, and decrease of particle size.

Generally, resistive-based gas sensors are fabricated by depositing a thin or thick ﬁlm over an
interdigitated insulator substrate

[26]

. The pellet form is not eﬃcient as much of the bulk volume is

inaccessible to the target gas, resulting in a lower response relative to either thin or thick ﬁlm
counterparts, as shown in Figure 2

[27]

. Electrodes are used to provide an electrical signal for the

electrical device. Sometimes a heater is incorporated in the backside of the substrate to oﬀer the
necessary temperature for operation

[28]

. Figure 3 presents the front and back sides of an

alumina substrate equipped with electrodes and heaters in the front and back sides, respectively
[29]

.

Figure 2. Response of NdFeO3 pellet and ﬁlm gas sensors to LPG [27].

Figure 3. (a) Front; (b) back sides of an alumina substrate for gas sensing studies; (c) Sensor
holder

[29]

.

2. Resistive-Based Gas Sensors Based on QDs
2.1. Pristine Metal Oxide and Metal Sulﬁde QD Gas Sensors
2.1.1. SnO 2-Based Gas Sensors
SnO2 is a widely used material for sensing studies [30] because of its low price, good stability, and
high mobility of electrons

[30]

. In this direction, Xu et al. [31] investigated the grain size eﬀects in

SnO2 gas sensors and reported that the gas-sensing features of SnO2 were enhanced by reducing
the grain sizes. In particular, the sensing properties were increased when the grain size was
comparable to the Debye length. Liu et al. [32], prepared SnO2 QDs (2.0–12.6 nm) and reported
that the sensing response was signiﬁcantly increased when the grain size was close to the Debye
length

of

SnO2.

Generally,

the

quantum

SnO2 nanoparticles (NPs) is about 1–10 nm

size
[33]

eﬀects

appear

. Du et al.

[34]

when

the

size

of

the

prepared SnO2 QDs via a

hydrothermal route. By varying the amounts of alkaline reagent, the size of SnO2 QDs was
adjusted to 2.5 ± 0.3 nm, 4.0 ± 0.3 nm, and 4.5 ± 0.3 nm (Figure 4).

Figure 4. (A–C) TEM and HRTEM (insets) micrographs, and (a–c) relevant size distributions of
SnO2 QDs prepared by hydrothermal synthesis [34].
A previous study reported that at 240 °C, the response of SnO2 QDs to trimethylamine (TEA)
increased with a decreasing SnO2 QDs size. First, because the size range of gas sensors was close
to the Debye length of SnO 2 and smaller than twice the thickness of the electron depletion layer
(EDL), the entire crystal became depleted from electrons. Hence, subsequent exposure to TEA and
the huge amount of resistance modulation causes a strong response on the gas sensors. Second,
with further increases in size, the quantum conﬁnement eﬀect becomes more evident, and the
surface defects increase. Thus, the highest responses to TEA were observed in a sensor with the
smallest grain sizes.
Generally, high temperatures, complex organic solutions, and long reaction times are needed to
prepare SnO2 QDs with ultra-small sizes. On the other hand, He et al. [35] reported a facile, room
temperature precipitation method to synthesize ~2.5 nm SnO2 QDs. SnO2 QDs with diﬀerent sizes
were synthesized without needing a capping agent or an organic solvent or annealing at diﬀerent
temperatures. As shown in Figure 5, SnO2 QDs showed an enhanced response to ethanol gas
relative to SnO2 NPs. The SnO2 QDs with a small size of 3.7 nm revealed a strong response to 30–
50 ppm ethanol at 200 °C with fast response (1 s) and recovery (1 s) times. The strong response
was related to the complete depletion of SnO2 QDs from electrons in air and subsequent
resistance variation in the presence of ethanol.

Figure 5. Sensing response and crystalline size of the SnO2 samples as a function of the
annealing temperature

[35].

Zhu et al. [36] synthesized SnO2 QDs (5–10 nm) by a microwave (MW)-assisted wet chemical
method at 160 °C and subsequent annealing at 400 °C. In polycrystalline SnO2 grains, double
Schottky barriers form between two neighboring grains in air and the motion of electrons is
restricted in air (Figure 6a). Thus, the resistance is high in the air. In reducing gas atmosphere,
the height of barriers decreases, increasing the conductance. When the particle size is smaller
than the EDL thickness, the electron-depleted regions overlap (Figure 6b). In the case of
SnO2 QDs, the whole SnO2 crystals become electron-depleted in air, and a ‘ﬂat-band’ condition
was expected. The energy diﬀerence between the conduction band (Ec) and Femi level (EF) is
increased. In a reducing gas atmosphere, the electrons return to the SnO2 QD surface, and the
whole grains become more conducting than in the air, and an enhancement of gas sensitivity is
expected.

Figure 6. Sensing mechanism of SnO2 QDs. (a) formation of double Schottky barriers; (b) energy
levels in SnO2 QDs when the grains are smaller than the thickness of the space charge layer [36].
Colloidal QDs (CQDs) are semiconductor nanocrystals dispersed in solution. Solution processability
can be obtained using long-chain ligands, such as oleic acid (OA) or oleylamine (OLA) capping on
the CQD surfaces

[37]

. Liu et al. [38] synthesized OA and OLA capped SnO2 CQDs for H2S sensing

studies. As reported elsewhere

[39]

, these capping agents have long carbon chains that generate

insulating barriers between CQDs and hinder eﬃcient gas adsorption and carrier transport,
resulting in poor gas sensing performance. Therefore, after spin coating the substrate, a surface
ligand treatment was applied using AgNO3, NaNO3, NaNO2, KNO2, and NH4Cl to exchange longchain surface-capping ligands. The ligand-treated samples showed a sensitive response to H2S
gas. In particular, AgNO3-treated SnO 2 CQD ﬁlm revealed the strongest response to this gas.

Characterization techniques approved the presence of Ag2O, which is a promising material for H 2S
gas sensing. At 70 °C, the AgNO3-treated SnO 2 CQDs gas sensor indicated a high response to 29–
50 ppm of H2S gas. In SnO2 CQD sensors, all the SnO2 CQDs become completely depleted from
electrons because of their small sizes (~up to 10 nm). Hence, there are no surface barriers
because there are no electrons in the entire crystal. Upon exposure to H2S gas, the Fermi level
(EFg ) becomes much closer to the conduction band, resulting in a more conductive state.
Therefore, the sensor response is related to the Fermi level shift, which depends on the amount of
gas.
2.1.2. ZnO QDs Gas Sensors
Semiconducting n-ZnO (Eg = 3.37 eV), which has high electron mobility and highly stable chemical
and thermal properties, is popular for sensing studies

[22][40]

. Zhang et al. [41] prepared OA-

capped ZnO CQDs using a facile colloidal method. OA capping was performed to avoid
agglomeration. The OA-capped sensor revealed almost no response to H2S gas. The OA with long
chains carbon limits electron ﬂow and prevents gas molecules react with the ZnO surface.
However, after treatment of the capping agent with diﬀerent agents, the ZnCl 2-treated gas sensor
exhibited a response of 113.5 to 50 ppm of H2S gas. Nevertheless, its recovery was still poor.
Upon annealing at 300 °C, the sensor showed a response of 113.5 with relatively fast recovery
time. Forleo et al.

[42]

prepared ZnO QDs (2.5–4.5 nm) using a wet chemical method for gas

sensing studies. At low temperatures, the sensor exhibited a high response to NO2 gas, whereas at
T > 350 °C, strong responses to acetone and methanol were recorded. However, the recovery
time was very long.
2.1.3. TiO 2 QDs Gas Sensors
N-type semiconducting TiO 2 is non-toxic, inexpensive, highly stable, and has unique electro–
optical properties

[43][44].

Liu et al. [46] prepared TiO2 QDs with a high surface area (315.74 m2/g).

At 25 °C, it showed a good response of 7.8 to 10 ppm NH3 gas. The sensing mechanism was
described based on the generation of EDL on TiO2 QDs.
2.1.4. PbS QD Gas Sensors
Lead sulﬁde (PbS) is used widely for sensing studies [45][46][47]. Liu et al. [48] prepared PbS CQD
sensors for NO2 gas-sensing applications. They compared the sensing output of the gas sensor on
three substrates: Al2O 3, PET, and paper at room temperature. The paper-based gas sensor
revealed a high response of 21.7 to 50 ppm of NO2, whereas the responses for sensors on
Al2O 3 and PET substrates, respectively, were 13.0 and 3.5. The strong response on the paper
substrate was due to the rough and porous nature of paper, which led to high porosity and better
exposure of the CQD surfaces to the target gas molecules. They also explored the fatigue and
bending characteristics of the paper-based gas sensor. Even after 180° bending, the resistance
showed almost no changes. Furthermore, the sensor prepared with a Pb to S ratio of 4:1 during
synthesis showed a stronger response to NO2 gas because of more Pb cations residing on the
surface, where the adsorption of NO2 molecules was improved, which was beneﬁcial for sensing of
NO 2 gas. In another study, the eﬀect of the PbS QDs ﬁlm thickness on the NO2 gas response was
reported

[49]

. The size of the QDs was ~4 nm and diﬀerent QD ﬁlms with thicknesses in the range

from 500 nm to 1500 nm were deposited on the sensor substrate. The sensor with a thickness of
~1000 nm showed the best response to NO2 gas. NO2 has a high oxidation potential, acting as a
p-type dopant for PbS, increasing the number of free holes. The highest response was recorded for
a sensor with a thickness of ~1000 nm; however, the reasons were not mentioned.
2.1.5. ZnS QD Gas Sensor
Mishra et al. [50] synthesized ZnS QDs (Figure 7) for acetone-sensing application. At 174 °C, the
sensor indicated selectivity to acetone gas. The strong response to acetone was owing to the high

surface area of QDs, which provided large chemisorption of acetone molecules. Furthermore, the
rapid response (5.5 s) and recovery time (6.7 s) of ZnS QDs were related to the fast adsorption of
oxygen species and their quick interactions with acetone molecules due to the quantum size
eﬀects of ZnS QDs.

Figure 7. TEM images of (a) overlapped ZnS QDs; (b) diﬀerent sizes of ZnS QDs [50].
2.1.6. SnS QD Gas Sensors
SnS has low toxicity and low cost, with a direct and indirect bandgap of 1.0 eV and 1.3 eV,
respectively. In this compound, Van der Waal’s force is responsible for bonding Sn and S atoms
[51].

The charge exchange between polar gases and SnS is favored because of the anisotropic

crystal structure of SnS, making it a good candidate for sensing applications [54,[52]. Rana et al.
[53]

synthesized SnS QDs for ethanol sensing. At 300 °C, it showed a good response and high

selectivity to ethanol gas. The ultraﬁne size, chain-like structure, and appropriate stoichiometry of
the SnS QDs improved the response to ethanol gas.
Wang et al. [54] prepared SnS CQDs for low temperature NO2 gas sensing. The sensor exhibited a
p-type response and good selectivity to NO2 gas. Owing to the paramagnetic nature of NO2, upon
adsorption, it produces a magnetic dipole beside a surface electric dipole that was generated by
the charge. Thus, surface dipoles were formed on the gas sensor, leading to good electron transfer
from SnS to NO2. Accordingly, a strong response to NO2 gas was observed.
2.1.7. PbCdSe QD Gas Sensor
A new bimetallic PbxCd1−xSe QD (QD) gel consisted of dispersed Pb ionic sites into CdSe crystal
revealed a strong response and fast dynamics to NO2 gas at 25 °C. The DFT calculation results
indicated that Cd sites were responsible for the high NO2-sensing output because they oﬀer
remarkably higher charge transfer but comparable adsorption energy relative to the Pb sites. The
Pb ionic sites acted as the transfer electron density to the neighboring Cd cations, causing them
suitable electron donors to NO2 gas, improving the gas sensor response [55].
The pristine QD-based gas sensors have merits, such as ease of synthesis and relatively simple
operation and mechanism. To realize high-performance gas sensors, it is essential to combine two
or three QDs to make heterojunctions and use the synergetic eﬀects between the diﬀerent
materials. The following section provides details of composite QD-based gas sensors.

3. Conclusions
This paper discussed the gas-sensing features of diﬀerent QD-based resistive gas sensors. The
most widely used materials in the form of QDs for gas-sensing applications are metal oxides such
as SnO2 and ZnO, and metal sulﬁdes such as PbS. Due to their extremely ﬁne size, generally, QD-

based gas sensors work at low or room temperatures. In particular, the room temperature QDbased gas sensors generally show high sensitivity, high selectivity, and fast dynamics owing to the
extremely small size of QDs with a high-surface-area and quantum size eﬀects. There are some
considerations related to the development of QD-based gas sensors. First, due to their very small
sizes, they tend to be agglomerated, which can lead to the instability of gas sensors or decreases
in sensing performance. Therefore, the development of synthesis methods or post-synthesis
methods to have discrete QDs for sensing studies is necessary. Additionally, the current synthesis
methods are not able to synthesize the large-scale of QDs. Furthermore, exact control of the shape
of QDs is diﬃcult. Thus, researchers need to develop more novel and ﬂexible routes to not only
control the size and shape of QDs but to also produce QDs on large scales.
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