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Gas sensors play an undeniable role in most ﬁelds of technology in the modern world; they are broadly used for
public safety, pollution monitoring, quality control, breath analysis, smart homes and automobiles, and so on.
Due to their low cost, high sensitivity, compact size, online detection, ease of use, portability, and low power
consumption, metal oxide (MO) gas sensors have exceptional potential for detection of more than 150 gases. This
paper reviews the current state-of-the-art H2S conductometric MO gas sensors. In the ﬁrst part, the H2S sensing
mechanism for MOs is presented in detail. In the next part, the H2S sensing characteristics of the diﬀerent MOs
are presented, focusing on strategies such as metal doping, heterojunction composites, and diﬀerent morphologies that are applied to enhance their sensing characteristics. In general, CuO, ZnO, and SnO2 show the highest
sensitivity to H2S; therefore, most of this review is dedicated to these oxides. In the last part, some unusual and
emerging MOs for H2S sensing are presented.
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1. Metal oxide (MO)-based gas sensors: general considerations
In both the discrimination and detection of diﬀerent gases, the
human olfactory system is excellent. There are several million olfactory
receptor cells in the nasal cavity, containing nearly 900 diﬀerent olfactory receptor genes. Such an advanced system has high sensitivity
and can detect very low concentrations of odorant molecules almost
instantaneously. As an example, the human olfactory system can detect
extra low concentrations (one part in 2.5 billion parts of air) of ethyl
mercaptan, which is usually added to natural gas as an odorant [1,2].
Even if the human olfactory system is highly sensitive in detecting
of odors, most toxic gases or vapors are only detectable at high concentrations or cannot be detected at all [3]. Therefore, to increase
safety, sensitive devices that can help detect such toxic substances are
urgently needed. Standardized methods for monitoring gases often require complex laboratory procedures and expensive and bulky equipment and cannot oﬀer real-time results [4]. High-performance liquid
chromatography [5], gas chromatography [6], and ion-chromatography
[7] possess high sensitivity toward low concentrations of toxic gases
and vapors. However, they have disadvantages, such as complex sample
preparation, high cost, and long detection time [5,6]. Pollution control
and increased safety demand continuous real-time and inexpensive
control of hazardous gases and vapors in the atmosphere. Thus, classical methods cannot be used for air quality monitoring (AQM), and it
follows that there is an urgent need for developing fast, portable, and
cost-eﬀective devices for AQM.
Among diﬀerent devices, small, inexpensive, fast, and sensitive gas
sensors with high stability and selectivity with respect to a given gas are
highly populated [8]. Accordingly, diﬀerent gas sensors based on various sensing principles, including conductometric gas sensors [9,10],
optical gas sensors [11], micro-cantilever sensors [12], surface plasmon
resonance sensors [13], catalytic combustion sensors [14], surface
acoustic sensors [15], microwave sensors [16], have been reported.
However, to date, no speciﬁc sensor type has demonstrated optimal
performance in all aspects, and the question of which type of gas sensor
is most suited to a given application depends on the gas type and other
related parameters, such as interfering gases and temperature.
Of all the sensing materials investigated, metal oxides (MOs) are
among the most popular for detection of hazardous gases, and they
have been exhaustively investigated for detection of more than 150
toxic gases [17]. MO-based gas sensors commonly have three designs:
(i) thin ﬁlm, (ii) thick ﬁlm, and (iii) sintered pellet. Thin ﬁlm and thick
ﬁlm sensors are the most common types and are produced by depositing
a sensing layer onto a substrate (such as Al2O3) equipped with electrodes (such as Pt), which are used to measure the resistance (or current) of the sensor, and a heater to increase the temperature of the gas
sensor [18]. The success of MO-based gas sensors is due to their numerous advantages, such as high sensitivity, compact size, simple design, rapid response time, low cost, and low power consumption
[19,20]. Nevertheless, MO-based gas sensors require high operating
temperatures (generally between 150 °C and 500 °C), along with poor
selectivity [21].
Semiconductor-based gas sensors can be fabricated in planar or
tubular conﬁgurations. In both cases, the sensors are fabricated by
depositing a sensing layer over the substrate equipped with electrodes,
which are used for the readout of sensor resistance. Sometimes a heater
is also provided in order to increase the temperature of the gas sensor
[18]. After preparation of the gas sensor, the gas sensing properties of
the fabricated sensor should be evaluated. There are many variations of
gas sensing setups. However, any gas sensing system measurement must
have the following items: (i) it must be able to switch gas valves and gas
ﬂow controllers to allow for exposure of the sensor to the target gases,
(ii) the system must control the temperature of the gas sensor, (iii) a gas
chamber with a deﬁned volume is necessary to avoid prolonged response times, and (iv) electronic devices connected to the computer
must measure and record the resistance of the sensor before and after

Fig. 1. Schematic representation of the sensor measurement system in dynamic
mode with sensor conﬁguration (After [22]).

exposure to the target gas. In general, there are two types of gas sensing
measurement techniques: (i) dynamic and (ii) static. A schematic view
of the gas system setup used for electrical measurements of the chemiresistors in dynamic mode is shown in Fig. 1 [22]. All dynamic
measurement systems have (i) gas cylinders, (ii) mass ﬂow controllers
(MFC), (iii) a heating system, and (iv) measurement and data acquisition systems and a computer.
The dynamic system involves the use of MFCs, which are used for
the reference and target gases. Thus, it is possible to produce gas
mixtures with varying concentrations for both the reference and target
gases. After determination of the gas concentrations, the gases ﬂow to
the gas chamber through plastic tubes with constant ﬂow rates, usually
in the range of 100–500 sccm. The temperature and humidity in the gas
chamber are carefully controlled. Additionally, the chamber has a gas
inlet and an outlet. Before sensing tests, the sensors are usually preheated in air at high temperatures to remove any adsorbed moisture on
their surface. The fabricated sensors are inserted in the gas chamber
and are connected to the measurement unit by wires to record the
variation of electrical resistance of the gas sensor versus time. A multimeter data acquisition unit and a source meter are used to measure
the resistance of the sensor before and after exposure to the target
gases. All of the electrical equipment is linked to the computer, and all
functions are controlled by professional software (LabVIEW). The resistance of the sensor in air, at diﬀerent temperatures, and in the presence of diﬀernet concentrations of target gas is recorded [23,24].
In the static sensing measurement system, as shown in Fig. 2, the
sensor is placed into a transparent gas chamber with a limited volume
and controlled temperature and humidity. Electric fans installed in the
gas chamber can be used to make the target gas homogeneous. When
the resistances of the sensors are stable in air, a pre-determined amount
of the target gas is introduced into the test chamber by a syringe
through the gas inlet. The gas concentration is determined by the volume ratio of the injected gas to air under standard atmospheric pressure. After the sensor resistance reaches a new constant value, the gas
chamber is opened to recover the sensors in air. The resistance of the
sensor in the presence of air and the H2S gas is measured, and the response of the sensor is calculated using the obtained values. The whole
experimental process is usually performed in a clean room with constant humidity and temperature. The working temperature of a sensor
can be adjusted by varying the heating voltage. The operating temperature of the sensors is automatically controlled by the analysis
system [25–28].
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Fig. 2. Schematic representation of the gas sensing measurement in static mode (After [27]).

However, p-type MOs, such as Cr2O3 [37], Co3O4 [38], NiO [39], and
CuO [40], are widely used as gas sensors, mostly owing to their excellent catalytic capabilities.
Even though there are some published reports about H2S sensing by
metal complexes such as (Cu5(bipyO2)6Cl8)Cl2 [41], metal sulﬁdes such
as CdS [42] or CdS-polyaniline [21], oxynitrides such as cadmium
germanium oxynitrides (Cd0.98GeO1.16N1.21) [43], copper acetate [44],
functionalized MWCNT [45,46], organic crystals such as dinaphtho
(3,4-d:3′,4′-d′) benzo (1,2-b:4,5-b′) dithiophene (Ph5T2) [47], gold NPs
[48], and conducting polymers such as polycarbazole [49], this review
focused on MO-based gas sensors for detection of H2S. There are a few
reviews about H2S sensing by MOs. Panedy et al. [50] in 2012 published a review paper about H2S sensing by all types of sensors. Guo
et al. [51] published a short review paper about H2S detection by both
MO and metal salts. Patil et al. [52] published a review paper about MO
gas sensors for detection of all types of gases. Llobet et al. [53] very
recently (2017) published a review paper about H2S sensing by all
nanomaterials and diﬀerent types of gas sensors. The present paper
focuses on H2S sensing by conductometric (i.e., resistance-based) MO
gas sensors. Although Guo et al. brieﬂy researched some conductimetric
MO-based H2S sensors, we extensively studied this subject.
In the following sections, after the introduction of H2S gas and the
sensing mechanism, we brieﬂy present diﬀerent MO-based gas sensors
for detection of H2S, including CuO, ZnO, SnO2, WO3, In2O3, Fe2O3,
binary oxides, and ternary oxides.
Table 1 summarizes the sensing performance parameters of MObased H2S sensors in terms of concentration, temperature, and sensitivity. Among these nanostructured sensors, those based on CuO, SnO2,
and ZnO show much better sensing performances than other MOs.

In both sensing measurement systems, the response of gas sensors is
usually expressed in terms of the ratios of the measured resistances in
the presence of air and the target gas, where the ratio must be > 1. For
example, for an n-type metal oxide gas sensor in the presence of a reducing gas such as H2S, the response is deﬁned as R = Ra/Rg, where Ra
and Rg are the resistances of the gas sensor in the presence of air and
H2S gas, respectively. Additionally, the response and the recovery times
are deﬁned as the times to reach 90% of the resistance change upon
exposure to target gas and air, respectively [29].
A good strategy to at least partially overcome the aforementioned
shortages of MO-based gas sensors is the use of nanostructured MOs
[30]. Nanostructured MOs show outstanding features in gas sensing
applications. In particular, they can operate at lower temperatures with
higher sensitivity to very low concentrations of gases and better selectivity relative to their bulk counterparts [31]. Accordingly, one of
the most important and most common approaches to increasing the
performance of MO-based gas sensors is reduction of particle size to the
nanoscale. As the particle size is reduced, a large improvement in the
sensor characteristics is observed. This is mainly due to the large surface area provided by nanostructured MOs, where more sites are
available for adsorption of gaseous species. Consequently, they have
higher reactivity relative to their bulk counterparts, leading to an increase of sensing performance [32].
In general, n-type MOs are more favorable for use as gas sensors.
This is due to the following reasons [33]: (i) n-type MOs are more
thermally stable and can work at lower oxygen partial pressures in
comparison with p-type MOs. Most p-type MOs are somewhat unstable
owing to their tendency to easily exchange lattice oxygen with air. (ii)
Most toxic gases are reductive, and the interaction of n-type MOs with a
reducing gas decreases their resistances. Therefore, much simpler
electronic devices are needed to measure the changes in the resistance
of n-types MOs relative to p-type ones, where their resistances increase
upon exposure to reducing gases. (iii) n-type MOs possess higher carrier
mobilities relative to p-type ones. For example, electron mobility in nSnO2 is ∼160 cm2 V−1 s−1, and that for n-ZnO is ∼200 cm2 V−1 s−1)
[34]. In contrast, the mobility of holes in p-type oxides is usually much
less. For example, hole mobility for Cu2O is ∼10 cm2 V−1 s−1, while
that for NiO is just 0.2 cm2 V−1 s−1 [35]. Because mobility provides the
proportionality constant of the change of electrical conductivity when
the number of electrical carriers changes as a result of gas-solid interactions, it has a key role in the ﬁnal gas sensing performance of MOs
[35].
Typically, the gas response of p-type MO gas sensors (Rp) is lower
than that of n-type MO gas sensors (Rn) with the same morphology, as
shown below [36]:

Rp =

Rn

2. Hydrogen sulﬁde (H2S)
Hydrogen sulﬁde (H2S), which is also referred to as manure gas and
sewer gas [50], is a highly poisonous and ﬂammable gas. It commonly
collects in enclosed places with inadequate ventilation, such as basements, manholes, and sewer lines. It usually originates from bacterial
decomposition of organic matter in anaerobic environments. It can also
occur in geothermal systems, where it originates from magma degassing
and thermal metamorphism. Moreover, H2S is produced as a by-product
in more than 70 industries, including petroleum reﬁning, Kraft paper
mills, coal gasiﬁers, waste management, and natural gas production
[153].
In low concentrations, it has the characteristic odor of rotten eggs.
The odor is strongly oﬀensive at concentrations as low as approximately
5 ppm. At concentrations above 100 ppm, the gas quickly paralyzes the
olfactory nerves, and the sense of odor disappears. This can give the
false impression that exposure to the gas was transient. In low concentrations (50 ppm), it is an irritant of the eyes and the entire

(1)

Therefore, MO gas sensors are often fabricated from n-type oxides.
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Table 1 (continued)

Table 1
MO gas sensors for H2S detection.

Sensor
Sensor

Conc.
(ppm)

T (°C)

Response

Ref.

Pristine MOs
CuO NRs
ZnO TF
ZnO TF
Pillar-shaped ZnO NRs
Fe2O3 TF
WO3 NPs
CuO NBs
CuO NWs
SnO2 NWs
ZnO dendrites
MoO3 NPs
WO3 NPs
ZnO NRs
Dendritic ZnO nanostructures
Pristine WO3 NFs
Aligned ZnO NRs
Monoclinic WO3 NPs

100
20
20
100
50
0.02
10
0.01
20
100
20
1000
0.05
500
5
5
10

300
500
300
50
250
250
135
325
300
30
375
250
25
30
350
25
200

[54]
[55]
[56]
[57]
[19]
[58]
[59]
[60]
[61]
[62]
[63]
[64]
[65]
[62]
[66]
[67]
[68]

Hexagonal WO3 NPs

10

200

WO3 NWs
α-Fe2O3 nanochains
Porous α-Fe2O3 NPs
ZnO tetrapods
ZnO NR bundle
Hierarchically porous ZnO
ZnO TF
WO3 NPs
WO3 NPs
ZnO nanoﬂowers
ZnO QDs
YMnO3 NPs
ZnO NWs
Co3O4 ﬁlms
BaTiO3
Fe2O3 nano-boxes
In2O3 nanotubes

100
5
10
5
50
50
50
20
5
100
68.5
20
0.2
200
1000
5
50

300
285
350
300
500
332
300
200
300
300
90
100
300
200
300
250
25

4 (ΔR/Ra)
2 (Ra/Rg)
0.22 (ΔR/Ra)
61.7 (ΔG/Ga)
4.5 (Ra/Rg)
1.1 (Ra/Rg)
4.7 (Ra/Rg)
1.5 (Ra/Rg)
11 (Ra/Rg)
17.3 (ΔR/Ra)
370 (ΔG /Ga)
757 (Ra/Rg)
1.7 (Ra/Rg)
26.4 (ΔR/Ra)
35 (Ra/Rg)
581 (Ia/Ig)
1 × 10-6 (Ra/
Rg )
7 × 10-6 (Ra/
Rg )
1.84 (Ra/Rg)
4.7 (Ra/Rg)
12.9 (Ra/Rg)
100 (ΔG /Ga)
35 (ΔI/I0)
200 (Ra/Rg)
0.85 (ΔG /Ga)
3 (Ra/Rg)
3 (Ig/Ia)
9 (Vg/Va)
567 (Ra/Rg)
0.49 (ΔR/Ra)
0. 5(ΔR/Ra)
3.5 (ΔR/Ra)
313 (ΔG/Ga)
5.7 (Ra/Rg)
320.14 (Ra/Rg)

100
20
0.1
10
3
5
100
5
5
5
500
150
50
10
100
10
10
100
100
10

300
250
150
230
25
300
270
350
350
350
200
200
25
150
250
160
160
160
200
350

192.22 (ΔR/Ra)
0.38 (ΔG/Ga)
10 (Ra/Rg)
18.7 (ΔI/Ia)
474 (Ra/Rg)
14. 11 (Ra/Rg)
184.1 (Ra/Rg)
3.1 (Ra/Rg)
3.5 (Ra/Rg)
3.2 (Ra/Rg)
0.25 (ΔR/Ra)
0.85 (ΔR/Ra)
13.5 (Ra/Rg)
173 (Ra/Rg)
60 (Ra/Rg)
147.5 (ΔG /Ga)
46.6 (Ra/Rg)
220 (ΔG /Ga)
55 (Ra/Rg)
126 (Ra/Rg)

[54]
[86]
[87]
[88]
[89]
[90]
[91]
[66]
[66]
[66]
[92]
[93]
[94]
[95]
[96]
[97]
[98]
[99]
[100]
[101]

10
5
1000
400
5
500
1
50
10000
600
50
10
100

250
25
200
25
250
200
250
90
250
100
250
175
25

538 (ΔG /Ga)
80 (Ra/Rg)
910 (Ra/Rg)
200 (Ra/Rg)
100 (ΔG/Ga)
0.8 (ΔR/Ra)
16 (Ra/Rg)
0.14 (ΔR/Ra)
0.62 (ΔR/Ra)
1.45 (Ra/Rg)
4.7 (Ra/Rg)
157 (Ra/Rg)
40 (Ra/Rg)

[102]
[103]
[104]
[105]
[106]
[92]
[107]
[108]
[109]
[110]
[111]
[112]
[113]

Metal-doped MOs
Pd-functionalized CuO NRs
Cu-doped ZnO TFs
Sb-doped SnO2 nanoribbons
6 at.% Cu-doped ZnO NFs
Au-sensitized ZnO NRs
Mo-doped ZnO NW networks
Fe-doped MoO3
Pd-embedded WO3 NFs
Pd NPs/WO3 NFs
Pd NPs/Pd-embedded WO3 NFs
Nanocrystalline CdIn2O4
La0.7Pb0.3Fe0.4Ni0.6O3
3D Fe2(MoO4)3
Mg-doped In2O3 NTs
3 at% In-doped ZnO
Pt/Fe2O3 NPs
2 wt% Pd doped α-Fe2O3 NPs
2 wt% Ag-doped α-Fe2O3 NPs
1 wt% Ru/10 wt%WO3/SnO2
0.5 wt% Ru-functionalized WO3
NRs
Au-doped Fe2O3 NPs
1 at% Au-modiﬁed ZnO NWs
Cu-doped SnO2
Cu-functionalized SnO2 TF
9 wt% Fe-doped CaCu3Ti4O12 TF
10 wt% Co-doped CdIn2O4
Au-incorporated WO3 TF
V-doped In2O3
Cd-doped ZnO:TiO2
3 mol% Ag-doped SnO2
Cu-doped ZnO
Pt-Fe2O3 NWs
2 wt% Au-doped ZnFe2O4

[68]
[69]
[70]
[71]
[72]
[73]
[74]
[75]
[76]
[77]
[78]
[79]
[80]
[81]
[82]
[83]
[84]
[85]

Conc.
(ppm)

T (°C)

Response

Ref.

Nanocomposites
MoO3-rGO NCs
MoO3/CuO NCs
SnO2-1.0 wt% CuO NPs
WO3 hemitubes/graphene
CuO-SnO2 NCs

50
10
5
1
20

160
100
300
300
100

[114]
[115]
[61]
[116]
[117]

CuO-functionalized WO3 NWs
CuO-SnO2 NWs
SnO2-CuO NWs

100
20
50

300
300
150

Cu-SnO2 NCs

10

100

Fe2O3-loaded NiO nanoplates
CuO-SnO2 NCs

10
1

200
50

Cu/Sn double layer
CuO-modiﬁed SnO2 nanoribbons
SnO2-ZnO-CuO thick ﬁlms

3
3
50

200
25
250

CuO islands on SnO2

20

150

SnO2-CuO NCs

50

200

CuO–SnO2 NCs
α-MoO3/ZnO NCs
CuO-SnO2 NCs

200
100
50

77
270
160

Ag2O/SnO2 NCs
CuO-doped SnO2
SnO2-3 vol% CuO

1
10
20

100
200
140

CuS-doped CuO NPs
SnO2-CuO-SnO2 NCs
CuO-SnO2 NCs

18800
50
100

50
90
170

SnO2-CuO NCs

10

200

SnO2-CuO NCs
5 wt% MoO3/reduced graphene
oxide
3D rGO/h-WO3 NCs
PPy (3%)/WO3 NCs
In2O3: 2.5 wt% Co/0.2 wt% Pt
rGO-SnO2 NCs
CuO-In2O3 NFs

100
40

150
110

4120 (Ra/Rg)
15 (Ra/Rg)
0.006 (ΔR/Ra)
5.6 (Ra/Rg)
2.3 × 103 (ΔG
/Ga)
6.72 (Ra/Rg)
809 (ΔG /Ga)
6 × 106 (ΔG
/Ga)
2.5 × 103 (ΔG
/Ga)
7.35 (Ra/Rg)
8 × 103 (ΔG
/Ga)
33 (Ra/Rg)
180 (Ra/Rg)
6 × 104 (ΔG
/Ga)
7.4 × 103 (ΔG/
Ga)
2.5 × 104 (ΔG
/Ga)
900 (Ra/Rg)
30 (Ra/Rg)
3.6 × 105 (ΔG
/Ga)
55.4 (Ra/Rg)
106 (ΔG /Ga)
2.7 × 104 (ΔG
/Ga)
3139 (Ra/Rg)
210 (Ra/Rg)
1.6 × 104 (ΔG/
Ga)
4 × 102 (ΔG/
Ga)
104 (ΔG /Ga)
60 (Ra/Rg)

1
1000
50
2
5

330
90
100
200
25

[64]
[138]
[139]
[140]
[141]

CuO-SnO2
2.01 mol% CdO-decorated NiO
ﬁlm
ZnO-NWs/ultrathin CuO layers
CuO-ZnO composite hollow
spheres
Cu2O/CuO sub-microspheres
CuO-SnO2
NiO/ RGO
TiO2/SiO2
SnO2-NiO
ZnO/CuO nanotube
5wt%PdO-NiO

20
100

130
92

10.80 (Ra/Rg)
60.6 (Vg/Va)
0.9 (ΔR/Ra)
34 (Ra/Rg)
9.2 × 103 (Ra/
Rg)
2600 (Ra/Rg)
102.5 (Ra/Rg)

[142]
[143]

40
5

200
350

50 (Ia/Ig)
13.3 (Ra/Rg)

[144]
[145]

1
10
50
50
50
5
20

120
60
92
250
25
50
60

6.1 (Ra/Rg)
5 (Vg/Va)
31.95 (Ra/Rg)
14 (Ra/Rg)
440 (Ra/Rg)
0.25(ΔR/Ra)
43 (Ra/Rg)

[146]
[147]
[148]
[149]
[150]`
[151]
[152]

[69]
[118]
[119]
[120]
[121]
[122]
[123]
[124]
[125]
[126]
[127]
[128]
[129]
[76]
[130]
[131]
[132]
[133]
[134]
[135]
[61]
[136]
[137]

Note: Thin ﬁlm (TF), Nanocomposite (NC); Nanoparticles (NPs), Nanobelts
(NBs), Nanoﬁbers (NFs), Nanowires (NWs), Nanotubes (NTs), Nanorods (NRs),
Quantum dots (QDs).

respiratory tract. Prolonged exposure to moderate concentrations
(250 ppm) causes the alveolar membranes to exude ﬂuids that interfere
with the normal exchange of gases. The principal symptom is asphyxia,
which becomes apparent hours after exposure, and may lead to suﬀocation. Inhalation of high concentrations (1000 ppm) of H2S paralyzes
the respiratory nerve center, which can lead to suﬀocation. Physical
collapse may occur without warning [55,154].
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The threshold limit value (TLV) for H2S is set to 10 ppm for 8 h
exposure by the American Conference of Government Industrial
Hygienists (ACGIH). However, the acceptable concentration of H2S by
the Scientiﬁc Advisory Board on Toxic Air Pollutants, USA, is set in the
range of 20–100 ppb [155].
Apart from the dangerous eﬀects to human bodies, sulfur compounds can also corrode metallic equipment and poison catalysts, resulting in economic losses. Additionally, sulfur compounds in fuel gases
will be oxidized to SO2, causing air pollution and health problems
[156,157]. Furthermore, the type of oil or natural gas has a direct relationship with the level of H2S. Accordingly, detection of H2S is very
important.
3. Detection of H2S by MO gas sensors: working principles
3.1. Pristine MOs
Fig. 4. Energy band of a typical n-type metal oxide (a) in air (b) in H2S.

The mechanism of gas sensing in conductometric sensors is based on
the variation of resistance as a result of interaction with target gases. In
air, owing to its large electronegativity, oxygen is adsorbed to the
surface of MOs and abstract electrons from the conduction band of the
MO, resulting in the formation of adsorbed oxygen ions O2−, O−, and
O2− on the surface of MO [158].
Abstraction of electrons from the outer surfaces of MOs will result in
the formation of an electron-depleted layer in n-type MOs (Fig. 3(a))
and the formation of an accumulation layer in p-type MOs (Fig. 3(c))
[159,160]. In a depletion layer, the concentration of electrons is lower
than bulk regions; thus, the resistance in a depletion layer is lower than
in core regions in n-type MOs. In contrast, the resistance in an accumulation layer is lower than in the bulk region because the holes are the
majority carriers in p-type MOs.
Upon exposure of the MO gas sensor to H2S gas, it reacts with the
chemisorbed oxygen on the surface of the sensor, and the electrons are
released back onto the surfaces of MO. This can be expressed by the
following reactions [161]:

H2 S +

3O−

→ SO2 + 3e

H2 S + 3O2 − → SO2 + 6e

Fig. 4(b), after exposure to H2S gas, the height of the band bending
decreases, and a change in the resistance occurs, resulting in a response
of the sensor.
For some MOs, such as p-CuO, the surface can absorb and decompose H2S, followed by desulfurization. First, H2S is decomposed to HSH, and then S is replaced with O in CuO, converting it to copper sulﬁde
[55,163]:

H2 S (ads ) + CuO → H2 O + CuS

(4)

For this reaction, the enthalpy is negative; in other words, the reaction
between CuO and H2S is exothermic. Therefore, the direct reaction
between H2S and CuO increases the sensitivity of CuO to H2S.
3.2. p-n heterojunction MOs
As an example, consider a common p-n heterojunction in H2S studies, such as CuO-ZnO. The sensing mechanism of ZnO-CuO composites
in the form of NFs for H2S is schematically illustrated in Fig. 5(a). In air,
a large p-n interfacial area is created in the individual NFs due to the
presence of p-CuO and n-ZnO nanograins. At the p-n interfaces, band
bending forms owing to the formation of p-n heterojunctions, which
play a role as potential barriers for electrical conduction. After exposure
to H2S, p-type CuO transforms to a metallic CuS phase. As a result of
this phase transition, the barrier-like p-n junction will transform into a
less-barrier metallic n-semiconductor contact between CuS and ZnO
(right-hand side of Fig. 5(a)). In fact, the charge depletion region at the
p-n junction destroys and facilitates the ﬂow of electrons from CuS to
ZnO or from ZnO to CuO; therefore, the resistance of the composite NFs
will be greatly lowered. After the stoppage of H2S and injection of air,
CuS will convert back to CuO, and the p-n heterojunctions are

(2)
(3)

Releasing electrons back to MO decreases the widths of both the
depletion and accumulation layers (Fig. 3(b) and (d)); consequently, a
decrease and an increase in the resistance of n-type and p-type MOs can
be observed, respectively.
For an n-type MO, the presence of depleted layer leads to band
bending (Fig. 4(a)) that forms a surface potential barrier. The concentration and type of adsorbed oxygen determine the height of the
band bending [160]. Additionally, the concentration of oxygen adsorbed on the sensor surface strongly depends on the sensing temperature and speciﬁc surface area of the sensor [162]. As shown in

Fig. 3. (a) Formation of depletion layer in n-type MO (b) increase of width of depletion layer in n-type MO upon exposure to H2S. (c) formation of accumulation layer
in p-type MO (d) increase of width of accumulation layer in p-type MO upon exposure to H2S.
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Fig. 5. (a) Sensing mechanism in p-n heterojunctions (b) eﬀect of grain size on the sensing response of p-n heterojunction MO (After [161]).

3.4. Role of particle size

recovered:

CuS +

3
O2 → CuO + SO2
2

As a general rule, ﬁner particle size leads to higher speciﬁc surface
area for adsorption of gas molecules, leading to a higher response of the
sensor. Thus, when the grain size is reduced, a higher response is observed. Additionally, as grain size decreases, a larger portion of the
surface can experience electron depletion when the sensor is exposed to
air. Upon exposure to H2S, a large variation in the width of the depletion layer can result in a high response of the sensor [161]. Furthermore, the eﬀect of grain size in composite heterojunctions on H2S
sensing can be described by the schematic illustrations in Fig. 5(b). As
shown, composite NFs with smaller nanograins have more p-n junctions
than those with larger nanograins. As the resistance is the summation of
the resistance components at the p-n junction in series, a larger number
of p-n junctions will result in larger total resistance. Therefore, resistance modulation is increased and nanocomposites have better sensing capability relative to composites with a larger particle size.

(5)

The recovery of the p-n junction increases the resistance of the
sensor to the initial value [161].

3.3. Noble metal-decorated (functionalized) MOs
Decoration of MOs by noble metals combines the gas reactivity of
MOs and the catalytic properties of noble metals, thereby increasing the
H2S sensitivity of the resultant material. Often, the metal NPs are anchored as isolated islands on the surfaces of the MOs because, for catalytic action, they should be exposed to the target gases. Metallic NPs
can increase the surface area of MOs, improve selectivity, and reduce
sensing temperatures. Enhanced H2S gas sensing properties by noble
metal NPs can be described by two mechanisms, namely, the electronic
mechanism (ES) and the chemical mechanism (CS) [164]. In the ES, the
noble metal contributes to the increase of the depletion layer of MOs, as
it acts as an electron acceptor on MO surfaces. Therefore, in comparison
with pristine MOs, the variation in the resistance is larger, which leads
to an increase in the response of the sensor. In the CS, the noble metal
catalytically promotes the dissociation of molecular oxygen and target
molecules. Therefore, the reaction rate between the gas molecules is
increased, where they are initially adsorbed on the surface of noble
metal NPs and then, in a so-called spill-over process, move to the MO
surface. Pd and Ag typically show both CS and ES, whereas Pt shows
only CS [164].

3.5. X-ray photoelectron spectroscopy (XPS): a useful tool for
understanding H2S sensing mechanism
It is well known that gas sensing by metal oxide-based gas sensors is
a surface phenomenon that greatly depends on the surface chemistry
and surface activity of the sensing material. In this regard, XPS can be
used as a powerful method for understanding the H2S sensing mechanism. XPS analysis can be used to determine the chemical states of
the elements present on the surface of the sensing materials before and
after exposure to H2S gas [165]. Accordingly, many researchers have
used XPS to demonstrate the interaction between the sensing layer and
H2S gas. For example, Balouria et al. [102] reported a large shift in the
position of O 1s peaks in Au-doped F2O3 thin ﬁlms upon exposure to
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excellent response toward H2S compared to the other sensors because it
had the largest sensing area based on its structure with a large surface
area. Complete coverage of the Cu2O submicron-trees on the surface of
the substrate was the main reason for this enhancement.
MO NWs, having numerous advantages, such as the possibility to
tailor the size, shape, and composition, low temperature fabrication,
and a Debye length equivalent to the diameter of NWs, are very promising for application in gas sensors. Many researchers have reported
the gas sensing characteristics of MO NWs in recent years [174,175]. αMoO3/CuO nanocomposite NWs consisting of n-type α-MoO3 NWs decorated with p-type CuO NPs were reported [115]. The sensor response
(Ra/Rg = 272) of the nanocomposite was 53.3 times higher than that of
pristine α-MoO3 NRs for 10 ppm H2S gas at 270 °C. The enhanced
sensing properties were attributed to the change of the p-n junction
barrier under air and H2S atmospheres. An interesting TEM study
(Fig. 7) was conducted to demonstrate the change of CuO to CuS in p-n
heterojunctions upon exposure to H2S gas. According to the TEM study,
the NPs on the surface of α-MoO3 were amorphous, conﬁrming conversion of crystalline CuO to amorphous CuS upon exposure to H2S.
Thus, disappearance of the p-n junctions was the main cause of the
enhanced H2S sensing properties.
Pd-decorated CuO NRs sensors were reported by Kim et al. [54]. The
response (ΔR/Ra (%)) of the Pd-decorated CuO NRs (19,212%) was
higher than that of the bare CuO NRs (400%) to 100 ppm H2S gas at
300 °C. Owing to the catalytic eﬀect of the Pd NPs, the surfaces of the
Cu NRs were enriched with chemisorbed oxygen. Additionally, H2S
molecules dissociated more easily on the Pd NPs, followed by diﬀusion
and interaction with the CuO NRs. In addition, the Pd-decorated CuO
NRs showed a larger surface area than the pristine CuO NRs because of
their particle-like shapes and very irregular surface morphology,
leading to better H2S adsorption.
CuO-SnO2 composites are among the best sensing materials for H2S
sensors and have shown excellent response toward H2S owing to the
formation of p-n heterojunctions, the formation of metallic CuS with
high conductivity, and the strong chemical aﬃnity of the basic CuO
toward H2S, which is an acidic gas. Maekawa et al. [176] ﬁrst reported
CuO-SnO2 composites with excellent sensitivity and selectivity toward
H2S. Subsequently, various types of CuO-SnO2 composites have been
investigated. One of the critical factors in CuO-SnO2 nanocomposites is
the number of p-n junctions, and in general, maximizing the number of
p-n junctions is a good strategy for enhancement of H2S gas sensors. The
eﬀect of number of heterojunctions was studied by synthesis of CuOSnO2 nanocomposite NFs with various compositions by Choi and his coworkers [177]. The response of the 0.5CuO-0.5SnO2 NF sensor was
higher than that of the 0.1CuO-0.9SnO2 or 0.3CuO-0.7SnO2 NF sensor.
In fact, more p-n junctions were likely to form in the 0.5CuO-0.5SnO2
NF relative to other compositions, which was supported by its higher
resistance. As CuO-SnO2 p-n junctions were destroyed upon exposure to
H2S, the amount of resistance change in the 0.5CuO-0.5SnO2 NF sensor
was higher than other compositions, leading to observation of a higher
response.
Literature on the outstanding H2S sensing properties of CuO-SnO2
nanocomposites stimulated researchers to study CuO-ZnO heterostructures as well. Park et al. [178], synthesized a CuO-ZnO nanocomposite by a solvothermal route (Fig. 8(a)). The response of the CuOZnO nanocomposite sensor was ∼6 times higher than that of the pristine ZnO NPs sensors, as shown in Fig. 8(b). The CuO-ZnO composite
NP sensor, in addition to CuO-CuO p-p homojunctions had CuO-ZnO pn heterojunctions, which was the main reason for the enhanced gas
sensing of the CuO-ZnO nanocomposites relative to the pristine ZnO
sensor.
Very little experimental data on the eﬀects of humidity have been
reported on CuO gas sensors. Steinhauer et al. studied the gas sensing
behavior of a single CuO NW and two diﬀerent multiple CuO NWs with
diﬀerent diameters in the presence of humidity [60]. The gas sensing
tests were performed with diﬀerent relative humidity levels from 35%

H2S gas, demonstrating that oxygen sites were the dominate sites for
interaction with H2S gas. Furthermore, the core level S 2p spectrum for
H2S exposed thin ﬁlms after deconvolution revealed the peaks corresponding to sulﬁde (160 eV) and sulﬁte (165.3 eV), demonstrating
conversion of Fe2O3 to Fe2S3 and then decomposition to FeS and FeS2 as
a result of exposure to H2S gas. Hien et al. used Cu2O sensing materials
for H2S gas sensing [166]. They reported the presence of S 2p peaks at
161.6 eV and 162.7 eV as good evidence for the existence of Cu2S and
CuS, respectively. Huang et al. [167] performed XPS analysis of αFe2O3 after exposure to H2S gas. Adsorption of H2S appeared as a signiﬁcant S signal. The XPS spectrum of S 2p was comprised of two peaks
at 165.7 eV and 170.4 eV, which were assigned to SO2 and the residual
H2S absorbed on the α-Fe2O3 surface, respectively, demonstrating that
S was introduced on the α-Fe2O3 surface after exposure to H2S. Sarfraz
et al. [168], studied the surface chemistry of copper acetate as a H2S gas
sensor. In an unexposed sample, the XPS peaks indicated the presence
of CuO at the surface of the ﬁlm. However, for the exposed sample, the
Cu 2p doublet peak positions corresponded with copper sulﬁde (Cu2S).
Sulfate formation was due to the oxidation of the surface layer. Wang
et al. [169], performed XPS for an In2O3 porous ﬁlm after exposure to
50 ppm H2S for 30 min. The wide XPS spectrum showed the existence of
In, S, and O in the sensing ﬁlm. The high-resolution XPS spectrum
showed three peaks at 169 eV, 165 eV, and 159 eV belonging to S 2p.
The peaks correspond to S6+ in In2(SO4)3 (169 eV), S4+ in In2(SO3)3
(165 eV), and S2− in In2S3 (159 eV), demonstrating the interaction
between In2O3 and H2S gas. Metal-sulfur interaction in the form of HS
or H2S adsorption on metals has been attributed to S 2p binding energy
in the range of 163.5–165 eV. Hosseini et al. [89], used XPS data to
report a peak at 162.5 eV, which was attributed to the metal sulﬁde
bond. Formation of a metal sulﬁde as the result of metal oxide sulfurization is a thermochemically spontaneous process. Considering the
strong chemical aﬃnity between Au and S, interaction of sulfur with
gold has a high probability. The lower energy of S 2p indicates that H2S
has been decomposed to H2 and sulfur. Furthermore, at temperatures
below 200 °C, the required energy for sulfurization of ZnO is not supplied. The lack of suﬃcient energy for ZnO sulfurization at low temperatures is the reason for the weak probability of the observed peak
due to the Zn-S bond. Lee et al. [170], used detailed XPS measurements
for sensing materials to identify possible chemical phase changes after
exposure to H2S. The S 2p spectra obtained from the ZnO and SnO2
sensors showed peaks at binding energies of 169.1 eV and 168.7 eV,
which correspond to ZnSO4 and SnSO3, respectively, demonstrating the
reaction between ZnO and SnO2 with H2S gas.
4. MOs as H2S gas sensors
4.1. CuO-based H2S sensors
As a narrow band gap (1.2 eV) semiconductor, cupric oxide (CuO)
shows p-type semiconducting behavior and low electrical resistance
[171]. In the ﬁeld of sensing, CuO has been intensively studied, especially because of its excellent response to H2S gas [172,27], and the
good sensing properties of CuO-based sensors toward H2S gas have been
reported over the past decades [54,173].
An example of good response to a low concentration of H2S along
with high selectivity at low temperature was published by Chenʼs group
[59]. Pristine CuO NBs (0.5–1.2 μm × 60 nm) were developed using a
wet-chemical process assisted by ultrasonic agitation. The sensor response (Rg/Ra) of the CuO NBs was ∼1.2 for 100 ppb H2S at 135 °C,
with excellent selectivity toward H2S. The CuO NBs did not exhibit any
noticeable response to 10 ppm of H2, NH3, CO, or CH4. As the morphology has a profound eﬀect on the gas sensing performances, the
eﬀect of the morphology of Cu2O on the H2S sensing properties was
studied by the deposition of thin ﬁlms, submicron-sized rods, and
submicron-trees of Cu2O on glass substrates [166]. Fig. 6 presents
models of these sensors. The submicron-tree sensor revealed an
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Fig. 6. Models and equivalent circuits of the (a) thin ﬁlm, (b) submicron-rod and (c) submicron tree Cu2O sensors (After [166]).

free-hole density. It was increased in humid air, leading to modulation
of the CuO NW gas sensor resistance by H2S, ultimately resulting in a
higher response.
4.2. ZnO-based H2S sensors
As an important n-type semiconductor, ZnO has a band gap of
3.65 eV with excellent properties, such as nontoxicity, abundance, low
cost, and stable thermal, electrical, chemical, and physical properties
[179]. Owing to such fascinating properties, many researchers have
investigated its sensing capabilities in response to diﬀerent toxic gases
[180].
Operating temperature is among the most important factors that
determine the gas sensing performance of a sensor. The diﬀusivity of
the target gas molecules is strongly dependent on temperature, and an
increase of temperature can accelerate the diﬀusivity of the target gas
molecules onto the MO surfaces, leading to a higher response. However,
lower sensing temperatures are preferred in terms of energy cost and
environmental safety. Therefore, many studies have been done to decrease the working temperature of gas sensors. A decrease in working
temperature can be achieved using morphology engineering. In this
regard, H2S gas sensing characteristics of nearly vertically aligned ZnO
NRs with ﬂower-like structures were investigated at room temperature
and at 250 °C [67]. A signiﬁcant increase in the response and selectivity
of the sensor was observed at room temperature compared to 250 °C,
which was attributed to the inﬂuence of temperature on the

Fig. 7. TEM image of the particles coated on the surface of CuO NRs after the
nanocomposite has been exposed to H2S gas (After [115]).

to 65% at 325 °C. The multiple CuO NW sensor, which had CuO NWs
with the smallest diameters, showed the best performance. The single
CuO NW had a large diameter of 170 nm. Therefore, a lower gas response was observed compared to the other CuO NWs sensors. The
Debye length has an inverse proportionality to the square root of the

Fig. 8. Low-magniﬁcation TEM of the CuO-ZnO composite NPs (b) Electrical responses of the pristine CuO NPs, pristine ZnO NPs and CuO-ZnO composite NP sensors
at 225 °C (After [178]).
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adsorption/desorption rates, the charge carrier concentration, and the
Debye length of the sensing layer. At 250 °C, the desorption of oxygen
and H2S gas molecules was enhanced. Additionally, it was reported that
a large concentration of oxygen vacancy defects was activated, and
consequently, the electrical conductance was increased. Therefore, the
inﬂuence of surface reactions on the density of electrons was reduced,
leading to a decrease of the response relative to room temperature.
Two key parameters that determine the sensing properties of gas
sensors are the ﬁlm thickness and grain size. It has been reported that
decreasing thickness and grain size are very eﬀective to improve gas
sensing properties [181]. ZnO thin ﬁlms with diﬀerent thicknesses and
grain sizes were prepared to study their eﬀects [75]. The response toward H2S decreased with an increase in ﬁlm thickness. In fact, with a
decrease in ﬁlm thickness, it becomes comparable to the thickness of
the depletion layer. However, an increase in the sensitivity for the 392nm-thick ﬁlm in comparison with that of the 298-nm-thick ﬁlm was
attributed to the grain-size eﬀects. The ﬁlm with a thickness of 392 nm
had smaller grain sizes and consequently a larger grain boundary
density. This enabled more chemisorption of oxygen ions and more
interactions with H2S gas, ultimately resulting in a higher response.
One of the eﬃcient strategies to improve the gas sensing characteristics of ZnO ﬁlms is the use of dopants. By introducing new energy
levels in the band structure of MOs, noble metal dopants can modify the
electrical characteristics of the sensor. Moreover, the size of the grains
can be reduced by doping [182]. In particular, Cu+2, with a similar
ionic radius (rCu+2 = 0.073 nm [183]) relative to that of Zn+2
(rZn2+ = 0.074 nm [184]), has many similar properties to Zn+2. ZnO
thin ﬁlms doped with 1–4 wt% Cu+2 were prepared using a spray
pyrolysis method [86]. H2S (20 ppm) sensing studies demonstrated that
the response was increased as the Cu doping concentration increased
from 1 wt% to 4 wt%. The sensing enhancement was attributed to the
transition of irregular morphology to a columnar structure-like morphology with an increase in Cu doping concentration. Additionally, the
small crystallite size increased the area exposed to the H2S gas in columnar 4 wt% Cu-doped ZnO. Furthermore, the presence of a large
number of p-n junctions in the 4 wt% Cu-doped ZnO ﬁlm was eﬀective
in increasing the response to H2S.
In another study, Sn-doped ZnO thin ﬁlms were prepared by a spray
pyrolysis method [26]. A maximum response of ∼31% to 30 ppm H2S
was reported at 200 °C with a short response time (∼8 s), and a slightly
longer recovery (∼28 s) was observed in the 4 wt% Sn-doped ZnO
sensor. In particular, it exhibits selective behavior toward H2S owing to
its surface morphological features and H2S nature. H2S has a relatively
high reactivity. Furthermore, the bond dissociation energy of the HeSH
bond in H2S is relatively small (381 kJ/mol). Therefore, compared to
other gases, the HeSH bond detached much more easily, contributing
to the surface reaction with the ﬁlm.
Ramgir et al. [103] synthesized pristine and Au-doped ZnO NWs for
H2S sensing at room temperature. Au-doped ZnO NWs showed a 16-fold
increase in the sensor response to 5 ppm H2S compared to pristine ZnO
NWs. The room temperature performance of the sensor was due to the
low bond energy of HeSH, which can be easily broken. Additionally,
Au NPs on the surface facilitate the oxidation of H2S by providing a
large concentration of adsorbed oxygen species. Au-modiﬁed ZnO exhibited a higher resistance than that of pristine ZnO NWs due to the
formation of nano-Schottky barriers. As shown in Fig. 9, Au-modiﬁed
ZnO NWs exhibit a higher work function (Φ = 5.39 eV) as compared to
that of pristine ZnO NWs (Φ = 5.09 eV), demonstrating modulation of
the nano-Schottky barrier height, which greatly increases the gas sensing properties of Au-doped ZnO NWs.
Wang and his co-workers [185], synthesized porous ZnO NRs decorated with CuO NPs for sensing studies. Compared with the pristine
sensor, the CuO-decorated ZnO sensor revealed a much higher response
to H2S at 100 °C. The enhancement was attributed not only to the formation of p-n heterojunctions, but also to the unique porous NR
structure. CuO particles were loaded evenly on the porous ZnO NRs,

Fig. 9. Comparison in the work function of Au-modiﬁed ZnO NWs upon exposure to air and H2S gas (After [103]).

creating more opportunity to form p-n heterojunctions between CuO
and ZnO. Moreover, the porosity of ZnO also improved the active surface area and the diﬀusion of gas molecules, which results in better
sensing performance of the sensor.
Gu et al. [186], synthesized ZnO/SnO2 heterogeneous nanospheres
by annealing of as-synthesized SnO2 NPs immersed in aqueous Zn
(NO3)2 solution. H2S gas sensing studies revealed that the ZnO/SnO2
gas sensor had much higher sensitivity relative to pristine SnO2 and
commercial ZnO gas sensors. The response of ZnO/SnO2 gas sensor to
10 ppm H2S gas at 300 °C was 99.6 along with very low response to
interfering gases. The increased gas response was due to the strong
interaction between the H2S gas and the surface-adsorbed oxygen
species and higher release of trapped electrons in n-ZnO/n-SnO2 heterojunctions. In fact, the ZnO/SnO2 heterogeneous structure not only
oﬀered more active sites for adsorption of H2S gas, but also widen
electron depletion layers, facilitating the electron transfer between the
H2S gas and the sensing materials.

4.3. SnO2-based H2S sensors
Among the various semiconducting MOs, SnO2 (Eg = 3.6 eV) is the
most popular gas sensing material investigated [187]. In order to increase the gas sensing performances of SnO2-based sensors, extensive
research eﬀorts have been made [188,189].
A well-accepted approach to increase the gas sensing capabilities of
MOs is to increase the surface area. In this regard, 1D nanostructures
such as NWs, NRs, NTs, and NFs are very interesting because they
provide large surface-to-volume ratios for interaction with target gases,
resulting in sensing properties that are superior to those of their 2D or
3D counterparts [190].
To study the eﬀect of surface area on the H2S sensing, Choi et al.
[191] fabricated gas sensors using CuO-loaded SnO2 NFs. BET analysis
showed that the surface area of the CuO-loaded SnO2 NFs was 30.7 m2/
g, which was greater than that of the pristine SnO2 NFs (22.4 m2/g).
The CuO-loaded SnO2 NFs showed a response of 1.98 × 104 for 10 ppm
H2S, much higher than that of a pristine SnO2 sensor. In addition to the
formation of p-n junctions, the high sensitivity to H2S was related to the
high surface area of CuO-loaded NFs, which provided a high speciﬁc
surface area for adsorption of gas molecules.
As gas detection is a surface phenomenon, a porous microstructure
can oﬀer better response characteristics because the gas molecules can
diﬀuse deeper into the bulk of the sensing material. In this regard, the
H2S sensing response characteristics of pristine SnO2 thin ﬁlms and
SnO2-CuO (3–12 vol%) multilayered structures with a large amount of
porosity synthesized by pulsed laser deposition were investigated
[117]. For SnO2-3%vol CuO, porosity and high surface roughness were
advantageous because of the availability of a large-area sensing layer
for adsorption of target gas molecules. Additionally, apart from porosity
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interesting MO for realizing highly sensitive and selective gas sensors
[196,197].
Shen et al. [198] deposited porous Pt-loaded WO3 thin ﬁlms on
oxidized Si substrates using reactive magnetron sputtering. They reported that the highest response was obtained for the most porous ﬁlm.
The porous structure, Schottky barriers, and catalytic eﬀect of Pt were
dominant factors in enhancing the response to H2S.
Lee et al. [170] fabricated WO3 gas sensors decorated with Au and
investigated their sensing properties in the range of 0.2–5 ppm H2S at
80% relative humidity. A 0.03 wt% Au-doped WO3 sensor exhibited an
excellent H2S response (Ra/Rg) of 12.40 in the presence of 2 ppm H2S.
The authors did not report a clear explanation for the eﬀect of Au on
H2S sensitivity, but it seems that a spillover mechanism at the optimum
working temperature and formation of nano-Schottky barriers could be
responsible for the enhancement in sensor response.
There are a few studies on the use of ruthenium (Ru) for sensing
studies. Kruefu et al. [101] functionalized WO3 NRs with diﬀerent
amounts of Ru based on a hydrothermal/impregnation method for gas
sensing applications. The optimal sensing ﬁlm (0.50 wt% Ru-loaded
WO3) showed an excellent sensor response (Ra/Rg = 192) and short
response time of ∼0.8 s to 10 ppm H2S at 350 °C. In addition, H2S selectivity against SO2, NO2, C2H5OH, and NH3 was superior to that of
pristine WO3 NRs. In order to conﬁrm the eﬀectiveness of the Ru catalyst on sensing, the response of Ru-loaded WO3 NRs to 10 ppm H2S at
350 °C was compared with that of WO3 NRs loaded with Ni, Nb, and Au.
Again, the Ru-loaded WO3 sensor showed much higher H2S response
than Ni-, Nb-, or Au-loaded WO3 sensors.
Yin et al. [199], reported a new ternary nanocomposite based on
Au/SnO2 NPs and plate-like WO3 nanocrystals. The response of the Au/
SnO2@WO3 to 10 ppm H2S was ∼220 at 50 °C, which was much higher
than that of the pristine WO3 sensor. Thus, Au/SnO2 loading lowered
the optimal operating temperature and eﬀectively enhanced the response of the sensor. The Schottky barrier junctions and n-n junctions in
the Au/SnO2@WO3 sensor were critical factors for enhancement of gassensing properties.
Owing to a wide band gap and low carrier density, the resistance of
WO3 is very high at room temperature, and poor selectivity along with
long response/recovery times limit the applications of WO3-based gas
sensors. Recently, reduced graphene oxide (rGO) has been used in
chemiresistors because of its outstanding electrical and thermal properties, as well as large surface area [200,201]. However, it shows low
response and poor selectivity toward gases [202]. Combinations of rGOMOs to construct nanocomposites are an eﬀective way to improve
sensing performance [203,204]. The synergistic eﬀects between rGO
and MO are (i) control of the size and morphology of MOs by rGO
during synthesis, (ii) prevention of aggregation of rGO by MOs, (iii)
decrease of the resistance of MOs by rGO, which can rapidly transfer
electrons, and (iv) creation of p-n junctions between p-type rGO and ntype MOs, which can modulate the depletion layers at the interfaces of
rGO/MOs [205].
In this regard, Shi et al. [64], synthesized rGO/WO3 (rGO/WO3)
nanosheet composites by a hydrothermal method. The sensitivity to
40 ppm H2S was approximately 168.58 in 3.8 wt% rGO/h-WO3 composites, which was higher than that of the pristine WO3 sensor. The
high response was related to the following eﬀects: (i) the higher speciﬁc
surface area of rGO/h-WO3 composites, which provided more active
sites for the absorption of H2S gas, leading to improved sensor response,
(ii) facilitation of electron conduction through the rGO/h-WO3 composites, and (iii) the 3D nanostructure, which provided a signiﬁcant
amount of conducting networks for charge transfer as well as gas diffusion. The good selectivity of the 3.8 wt% rGO/h-WO3 composite
sensor was also explained. As shown in Table 2, H2S has a smaller bond
energy for HeSH (381 kJ/mol). Thus, the reaction between chemisorbed oxygen and H2S occurs easily. Moreover, WO3, as an oxidizing
oxide, has a higher aﬃnity to the strongly reducing gas H2S than to the
other tested gases. Thus, W6+ can be reduced to W4+, releasing

and formation of p-n junctions, it was reported that CuO catalytically
accelerated adsorption of oxygen onto the surface of SnO2 thin ﬁlms.
The synthesis procedure has a great impact on the ﬁnal gas sensing
of MOs. Two SnO2 nanocrystals thin ﬁlms sensors were prepared by a
gel combustion method and a hydrothermal method [192]. It was found
that the SnO2 nanocrystals fabricated by the gel combustion route had a
higher response and shorter response time at the optimal working
temperature (150 °C). The more porous microstructure of SnO2 prepared by gel combustion compared to the hydrothermally prepared
sample was the reason for the higher response.
Ma et al. [87] synthesized Sb-doped SnO2 nanoribbons with a single
crystal structure by a thermal evaporation method. The sensor showed
a response (Ra/Rg) of 10 in the presence of 100 ppb H2S at 150 °C. The
X
high response was mainly due to the creation of point defects. SbSn
point defects can be formed, and free electrons can be released simultaneously when Sb5+ ions replace the Sn4+ ions in the SnO2 lattice:
SnO2

X
Sb2 O5 ⎯⎯⎯⎯⎯→2SbSn
+ 2e− + 4OOx +

1
O2
2

(6)

Thus, more oxygen can be captured due to the increase of concentration of free electrons. These adsorbed electrons can react with
H2S and lead to a high response in the sensor.
One interesting and eﬃcient strategy to enhance sensitivity to H2S is
cuprication, which is due to the high intrinsic sensitivity of CuO toward
H2S and formation of p-n junctions. Wagh et al. [125] prepared SnO25 wt% ZnO thick ﬁlms by screen printing, and in order to obtain high
sensitivity to H2S, the ﬁlms were surface cupricated. The response and
response/recovery times of the SnO2-ZnO-CuO sensor were remarkably
enhanced compared to SnO2-ZnO or CuO-doped SnO2 sensors. This was
principally due to the uniformly dispersed CuO NPs on the surface of
the SnO2. Additionally, p-n junctions were formed at each interface
between CuO-SnO2 and CuO-ZnO particles, which further enhanced the
gas sensing properties.
Generally, the formation of n-n heterojunctions produce a potential
barrier between grains, which increase the sensitivity to the H2S gas. Fu
et al. [193], prepared porous 2D net-like SnO2/ZnO heteronanostructures for H2S gas sensing studies. The fabricated SnO2/ZnO
heteronanostructures sensor could detect 10 ppb H2S at 100 °C which
was much greater than that of pristine SnO2 and ZnO gas sensors. The
enhanced gas sensing performance of the heterojunction sensor was
related to the smaller size of ZnO and SnO2 NPs relative to the pristine
counterparts and the formation of n-n heterojunctions. Initially in air,
the height of the heterojunction barriers was increased due to oxygen
adsorption and a high resistance was resulted. When the heterostructure sensor was exposed to H2S gas, the reaction between the adsorbed oxygen species and the H2S molecules led to the release of the
trapped electrons back into sensor, decreasing the height of the barrier
potential at the interfaces, and consequently decreases the resistance of
the sensor.
Liu et al. [194], prepared nanocrystalline In2O3-SnO2 thick ﬁlms
using the screen-printing technique for H2S gas sensing studies. The
amount of In2O3-loading was varied from 0 to 9 wt.% and the sensor
with 7 wt.% showed the maximum response to H2S gas. In addition to
the porous microstructure and small the grain size eﬀects, the formed nn heterojunctions between SnO2 and In2O3 led to high response to H2S
gas. The generated In2O3-SnO2 heterojunction interfacial barriers could
strongly modify the charge transport behaviors of electrons since the
carrier concentration varies exponentially with the barrier height. Accordingly a high modulation of the resistance in the heterojunctions
signiﬁcantly increased the response of the sensor to H2S gas.
4.4. WO3-based H2S sensors
Tungsten forms diﬀerent oxides, namely WxOy (x = 1, y = 1–3) and
W4O3. Among them, tungsten trioxide (WO3) is the most stable [195]. It
is an n-type semiconductor with a wide band gap of 2.8 eV and is an
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Table 2
Bond energy of diﬀerent gases [64].
Gas

H2S

CH3OH

C6H6

NH3

C2H5OH

H2

CH4

CO

Bond
Bond energy (kJ/mol)

HeSH
381.0

HeOCH3
463.8

HeC6H5
431.0

HeNH2
391.0

HeOC2H5
436.0

HeH
436.0

HeCH3
413.4

CeO
1076.5

electrons back to the sensing layer, leading to enhanced response of the
sensor.
Additionally, diﬀusion of large gas molecules is limited in the 3D
nanostructure with speciﬁc pores and channels. Therefore, large gas
molecules cannot enter or diﬀuse in the 3D composite. Although the H2
molecule is smaller than H2S, its bond energy (EHeH = 436 kJ/mol) is
higher than that of H2S.
Hu et al. [206], reported H2S gas sensing properties of ﬂower-like
MoO3@WO3 composites which were synthesized by hydrothermal and
impregnation methods. The optimal gas sensor showed a response of
28.5 towards 10 ppm H2S, very fast response/recovery times (2 s/5 s)
and good selectivity at 250 °C. The excellent gas sensing performance of
MoO3@WO3 composites sensor was mainly related to the formation of
n-n heterojunctions between WO3 and MoO3. Due to diﬀerence between
the work function of WO3 and MoO3, at the interface of MoO3 and WO3,
the electrons move from WO3 to MoO3 until the Fermi levels align.
Consequently, a thicker electron depletion layer forms at the interface
between MoO3 and WO3, relative to pristine oxides, which ultimately
lead to more resistance modulation in the composite sensor and a
higher gas response will be resulted.
Yin et al. [207], reported H2S gas sensing properties of hierarchical
In2O3@WO3 nanocomposites, consisting of discrete In2O3 NPs on single
crystal WO3 nanoplates. At 150 °C, the fabricated gas sensor showed a
response (Ra/Rg) of 150–10 ppm H2S gas, which was almost four times
of that for pristine WO3 gas sensor. The enhanced H2S-sensing performance of the In2O3@WO3 sensor was relate to the synergistic eﬀects
between two-dimensional WO3 nanoplates and zero-dimensional In2O3
NPs. The hierarchical structure of In2O3 NPs on WO3 nanoplates prevented the aggregation of the In2O3 NPs and increased the eﬃcient
paths for diﬀusion and adsorption of H2S gas molecules. In addition, the
n-n heterojunctions formed at the interface of In2O3 and WO3 generated
an electron donor-acceptor system, leading to more resistance modulation.

Fig. 10. Raman shift spectroscopy of ZnO NFs: (a) pure ZnO NFs, (b) 6 at.% Cudoped ZnO NFs (After [209]).

stronger interaction of the whiskers with H2S due to the larger oxygen
defect density.
Metal doping was also reported in In2O3-based gas sensors. Pt-doped
mesoporous In2O3 was obtained by an in situ nanocasting method
[210]. The enhancement of the sensing properties of Pt-doped In2O3
relative to pristine In2O3 is due to the Pt doping, speciﬁc microstructure, and morphology. The Pt dopant acted as a catalyst for better
chemisorption of the analytes. Additionally, the speciﬁc microstructure
and morphology provided a higher surface-to-volume ratio and higher
pore volume; thus, better sensitivities were obtained.
Additionally, Kapse et al. [182] prepared pristine and La3+-doped
In2O3 nanocrystalline powders by a hydrothermal decomposition
method. The pristine In2O3 exhibited a high response to H2S gas at
150 °C. Doping of In2O3 with La3+ increased its response to H2S, and
La3+ (5.0 wt% La2O3)-doped In2O3 showed the maximum response at
125 °C, with a very fast response time (5 s) and relatively good recovery
time (5 min). The enhanced sensing was attributed to the presence of
La+3 in In2O3 due to following reasons: (i) the ionic radius of La3+ was
larger than that of In3+; therefore, introducing it into the structure of
In2O3 resulted in lattice distortion, (ii) La3+ reduced the grain size,
leading to higher sensitivity, and (iii) basic sites favor the adsorption of
acidic molecules; therefore, La2O3 as a basic oxide increased the response of the sensor to acidic H2S gas [182].

4.5. In2O3-based H2S sensors
In2O3 is an n-type semiconductor owing to the presence of oxygen
vacancies. It belongs to the class of transparent wide band gap
(Eg ∼ 3.6 eV [208]) MOs and is considered an important sensing material [141,169].
The eﬀect of the morphology and synthesis method of In2O3 on H2S
gas sensitivity was studied by Kaur et al. [209]. In2O3 whiskers and
bipyramidal nanocrystals were prepared by a carbothermal method. It
was shown that the response of the whiskers to H2S was much higher
than that for bipyramidal nanocrystals at room temperature. To understand the reason for the higher response of the whiskers, photoluminescence (PL) was conducted to study the relationship between the
structure and the response to H2S. Fig. 10(a) and (b) shows the Raman
spectra of In2O3 bipyramids and whiskers in air and after exposure to
H2S gas. Due to the presence of singly ionized oxygen vacancies, the PL
spectrum of whiskers showed three broad emissions at ∼420 nm,
448 nm, and 467 nm. In contrast, bipyramids did not have such defects,
and the spectrum did not show any emission in this range. Therefore,
the higher concentration of oxygen vacancies (due to higher growth
temperature) along with the higher mobility of carriers in the whiskers
led to better sensitivity toward H2S. After exposure to H2S, the Raman
bands at ∼305 cm−1 and 630 cm−1 were remarkably reduced for the
whiskers but did not change for the bipyramids, which demonstrates a

4.6. Fe2O3-based H2S sensors
α-Fe2O3, an n-type semiconducting MO with a narrow band gap of
2.1 eV, has been used as a gas sensor [211]. Like other MOs, creating
porosity in Fe2O3 is among the most popular strategies to enhance the
gas sensing performance. In this regard, a H2S gas sensor based on
porous α-Fe2O3 NPs operating at room temperature was reported [167].
The highest sensitivity (Rg/Ra) was 38.4 for 100 ppm H2S, and the
detection limit was as low as 50 ppb. The presence of sulfur compounds
on the surfaces was detected by Fourier transform infrared spectroscopy
(FTIR). FTIR spectra of α-Fe2O3 were collected before and after adsorption of H2S gas. It was found that, after H2S adsorption, new peaks
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were observed in the region of 700-1300 cm−1 that were related to
sulfate groups on the surfaces. The eﬀect of Pt doping of α-Fe2O3 for
H2S sensing was studied by Wang et al. [97]. The authors synthesized
highly dispersed Pt-doped α-Fe2O3 NPs by chemical co-precipitation.
Pd-doping resulted in a 40 °C decrease in the optimal working temperature. In particular, the sensor doped with 2 wt% Pt showed the
highest response to H2S gas at 160 °C. Pt as a catalyst provided abundant sites to adsorb oxygen and target gas molecules. Subsequently,
chemisorbed oxygen ions and gas molecules spilled over onto the surface of the α-Fe2O3. XPS data were recorded after long-term exposure to
H2S, and the survey spectra revealed that sulfur was present on the
surface after long-term exposure to H2S. Even though Pt is known as an
excellent dopant, the high cost of Pt limits its extensive application.
Silver, with excellent thermal and electrical conductivity and good
chemical inertness, can be a good alternative. The same group [99]
synthesized Ag-doped α-Fe2O3 NPs by a chemical co-precipitation
method. The 2 wt% Ag-doped sensor showed the largest response to
H2S. The enhanced response of Ag-doped α-Fe2O3 sensors was related
to the surface area and catalytic eﬀect of the Ag NPs. The decrease of
response of 2 wt% Ag-doped sensors was attributed to the agglomeration of Ag NPs and decrease of adsorption sites.

gas, high selectivity, and low baseline drift. Enhanced gas sensing
characteristics were related to the better crystallinity and grain-to-grain
connectivity and also higher chemisorbed oxygen.
Molybdenum oxides are becoming popular for sensing applications.
However, α-MoO3 has been most studied for gas sensing applications. It
has a band gap of 3.2 eV with n-type semiconducting behavior and a
high resistivity on the order of 1010 Ω cm [195]. Pristine and Cd-doped
α-MoO3 NBs were synthesized through a hydrothermal method [218].
The sensing measurements revealed that the Cd-doped α-MoO3 exhibited high response and selectivity toward H2S. PL spectra, along with
Raman and XPS spectra, conﬁrmed that the change of intrinsic defects
in the Cd-doped α-MoO3 was responsible for the enhancement of the
sensing properties.
Heterojunction hybrids of 1D MoO3 NRs/rGO as gas sensors were
also reported [63]. The sensing response of a α-MoO3/5 wt% rGO hybrid to H2S was remarkably higher than that of pristine α-MoO3 NRs.
The enhanced response was attributed to following eﬀects. First, the
rGO substrates oﬀered higher surface area and fast carrier transport
that facilitate the adsorption, diﬀusion, and mass transport of gases.
Second, the formation of p-n junctions at interfaces between rGO/αMoO3 greatly modulated the resistance at interfaces.

4.7. Other oxide-based H2S sensors

4.7.2. Ternary and quaternary MOs
Zinc stannate (ZnSnO3), which is a wide band gap semiconductor
(Eg = 3.7 eV) [219], has also been used for H2S sensing studies
[220,221]. Multiple networked CuO NPs-coated ZnSnO3 NRs were
synthesized by Jin et al. [222]. CuO-coated ZnSnO3 gas sensors showed
higher responses to H2S gas in comparison with the pristine ZnSnO3 NR
sensors at 100 °C. The enhancement was mainly due to the formation of
p-n heterojunctions.
One of the most important types of non-stoichiometric tungsten
bronzes are potassium tungsten oxides (KxWO3, 0 < x < 1) [223].
Supothina et al. [224] synthesized single-crystal hexagonal K2W4O13
NWs by a hydrothermal route. The gas sensing results showed that the
sensor was sensitive to 0.3–10 ppm H2S at 300 °C and insensitive to SO2
and CO, demonstrating its high selectivity toward H2S. The underlying
mechanism, however, was not reported.
Perovskite-type compounds, such as RMnO3 (R = Bi, Gd, Y, Lu), are
also studied as gas sensors. They display stable behavior over oxidation
and reduction processes [225]. For sensing studies, hexagonal YMnO3
nanopowders were prepared using a novel citrate method [80]. The H2S
sensing results showed that the fabricated sensor has a sensing performance of 0.49 (ΔR/Ra) for 20 ppm H2S with a rapid response time at
100 °C. The high surface area of the fabricated powders facilitated the
reaction with H2S gas. Pores acted as channels for diﬀusion and provided many active sites. Simultaneously, the YMnO3 powders produced
oxygen vacancies. Accordingly, more oxygen species were absorbed on
the surface of YMnO3, which eventually improved the oxidation of H2S
and yielded a shorter response time. Moreover, manganese oxide is a
basic oxide, facilitating adsorption of acidic H2S gas.
CaCu3Ti4O12 (CCTO) is a MO semiconductor with pseudo-perovskite structure, which depending on the processing characteristics,
shows either p-type or n-type conductivity [226,227]. The eﬀects of Fedoping (0 wt%, 3 wt%, 5 wt%, 7 wt%, and 9 wt%) on the gas sensing
properties of CCTO thin ﬁlms were reported [106]. In particular, a 9 wt
% Fe-doped CCTO sensor revealed the highest response (Ra/Rg) of
∼126 to 10 ppm H2S, which was more than 10 times higher than that
of the pristine CCTO sensor at 250 °C. In the Fe-doped sensor, Fe atoms
formed reactive sites for H2S binding because Fe atoms had strong
chemical interaction with the sulfur atoms of H2S. In addition, iron
oxide acted as a catalyst for H2S oxidation according to the following
reaction:

4.7.1. Binary MOs
TiO2 is a potential candidate for gas sensing applications. However,
high operating temperature, low sensitivity, and poor selectivity are
currently limiting its applications [212]. Thus, many researchers are
attempting to improve the sensing performances of TiO2 [213,214]. To
enhance the H2S sensing of TiO2, metal modiﬁcation is a promising
strategy. In this regard, pristine TiO2 NFs (300 nm) and Ag-modiﬁed
TiO2 NFs (200 nm) were fabricated [215]. The surfaces of Ag/TiO2 NFs
were relatively smooth, while surfaces of pristine TiO2 NFs were rough.
The sensor based on Ag/TiO2 NFs exhibited approximately 100 times
higher sensitivity than the pristine TiO2 NFs at 1 ppm H2S. Accordingly,
Ag addition is a promising way to improve the sensing capabilities of
TiO2 NFs. Since the presence of Ag can increase the concentration of
oxygen vacancies on the surface of TiO2 NFs, the number of adsorbed
sites on the Ag/TiO2 surfaces were increased; consequently, the reactions between H2S and oxygen were accelerated remarkably by Ag.
Recently, NiO with p-type semiconducting behavior has become a
popular sensing material because of its unique electrical and chemical
properties [216]. However, pristine NiO-based gas sensors have poor
sensing characteristics, and surface decoration to enhance their sensing
performance is often reported. For example, CdO-decorated hierarchically mesoporous NiO nanoﬁlms with a wrinkle structure were
prepared by Yu et al. [143]. Compared with porous NiO nanowall arrays, the CdO-decorated NiO ﬁlm exhibited a higher response to
0.5–100 ppb H2S at 92 °C and also higher selectivity. The authors reported that CdO had a large concentration of oxygen vacancies, which
were beneﬁcial for the adsorption of oxygen molecules; consequently,
an increase in the concentration of surface chemisorbed oxygen led to
enhanced sensing performance.
Cobalt oxide (Co3O4) is a p-type metal oxide that is comprised of
CoO and Co2O3. There are a few studies reporting H2S sensing by cobalt
oxide-based gas sensors. As an example, Moon et al. [22] used an arc
discharge method to fabricate Co3O4 NPs, as well as nanocomposite
structures consisting of Co3O4 and single-walled carbon nanotubes
(SWCNTs). The Co3O4-SWCNT composite structure exhibited better H2S
sensing performance than the pristine Co3O4 NP structure. This was not
only due to the presence of a trace quantity of SWCNTs in the structure,
but also to the high defect density in the Co3O4 particles. The gas
sensing characteristics of Co3O4 thin ﬁlms were also studied [217]. The
ﬁlms were fabricated by electron beam deposition of Co ﬁlms followed
by oxygen annealing at diﬀerent temperatures (500 °C, 650 °C, and
800 °C). The ﬁlms annealed at 650 °C showed high sensitivity to H2S

FeOx + x . H2 S → FeSx + x . H2 O

(7)

Through the formation of FeSx, the conductivity of the sensing layer
is increased. Thus, Fe as a dopant in CCTO can be a good catalyst,
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temperature of 150 °C, Fe2O3-Ba0.99Ce0.01TiO3 was able to detect 1 ppm
H2S with a response of 4.36, while the response of Ba0.99Ce0.01TiO3 to
the same concentration of H2S gas at 200 °C was 2.99. For the Ce-doped
sensor, according to the XPS results, Ce4+ and adsorbed oxygen species
participate in the gas sensing reaction, where Ce4+ was reduced to
Ce3+, and the absorbed oxygen was transformed to OH−, SO32−, and
lattice oxygen O2−. Thus, the electrons were consumed, the sensor
resistance increased, and a response resulted. In the Fe2O3Ba0.99Ce0.01TiO3 sensor, Fe2O3 can act as a catalyst for the reaction
between H2S and adsorbed oxygen species. In addition, compared with
Ba0.99Ce0.01TiO3, the presence of Fe2O3 electron transfer from Fe2O3 to
Ba0.99Ce0.01TiO3 results in the increased concentration of electrons in
Ba0.99Ce0.01TiO3. As a result, more oxygen species were adsorbed on the
surface on the sensor, and more reactions with H2S molecules resulted
in a higher sensitivity to H2S gas.
In another study, Stanoiu et al. [232], synthesized 5 mol% Cu-doped
Ba0.75Sr0.25TiO3 by the hydrothermal method for H2S sensing studies.
Incorporation of Cu2+ in the BaSrTiO3 lattice was performed to enhance the gas sensing properties via the available oxygen vacancies.
Interestingly, the resistance studies under the eﬀect of humidity showed
that there is no humidity inﬂuence over the electrical resistance behavior in the 100 °C–400 °C range, due to the formation of surface
copper hydroxyl (Cu(OH)2) with no additional competition between
oxygen species and hydroxyl groups for the same adsorption sites. H2S
sensing studies at 250 °C in dry air and 50% humidity air showed that
that the diﬀerences in sensor signal between dry and humid air did not
exceed 15%. In addition to good performance of the sensor in humid
air, the sensor exhibited a good selectivity toward H2S gas.
To study the eﬀects of annealing temperature and synthesis method
on the H2S gas sensing properties of CuFe2O4 NPs, Ayesh`s group synthesized CuFe2O4 NPs by the co-precipitation method [233] and the solgel auto-combustion method [234]. The samples were annealed at two
temperatures, 500 °C and 750 °C, and gas sensors were fabricated. In
both cases, the samples annealed at 500 °C showed better H2S sensing
performance due to minimized agglomeration and uniform NPs size.
Additionally, the optimized sensor prepared using the co-precipitation
method was faster compared to that synthesized by the sol-gel autocombustion method, but its sensitivity was slightly weaker. Furthermore, the low response of the as-prepared sample (without annealing)
was due to the small amount of CuFe2O4 and the presence of
Cu2(OH)2(NO3)3.
Hu et al. [235], fabricated H2S gas sensors based on CuFe2O4 NP
modiﬁed-CuO microspheres with a hierarchical structure. H2S gas
sensing results showed that the response of the optimized CuFe2O4modiﬁed CuO heterostructures to 10 ppm H2S gas was approximately
20 times higher than that of the initial CuO microspheres at 240 °C. The
enhanced gas sensing performance of the CuO/CuFe2O4 heterostructure
was due to the structural characteristics of the CuO/CuFe2O4 composites and the existence of p-n junctions between p-CuO and n-CuFe2O4.
High surface area and the presence of pores can enhance the gas
sensing properties, where the target gases can diﬀuse into or escape
from the inner parts of the sensing materials faster than their bulk
counterparts without porous features; consequently, higher response
and shorter response/recovery time can result. In this regard, Gao et al.
[236], synthesized 2D porous ZnFe2O4 nanosheets (NSs) with pore sizes
in the range of 5–50 nm using graphene sheets as hard templates.
Compared with ZnFe2O4 NPs, the gas sensors based on ZnFe2O4 NSs
exhibited higher H2S sensing performance, including high sensor response at a low working temperature (85 °C), relatively fast response
and recovery times, and good selectivity. For example, the sensor response value for ZnFe2O4 NPs to 1 ppm H2S at 85 °C was 10.5, which
was signiﬁcantly lower than that for ZnFe2O4 NSs (Rg/Ra = 40 for
1 ppm H2S). The higher sensing performance of NSs was related to the
porous structure of ZnFe2O4 NSs, which facilitated the diﬀusion of the
target gas molecule into or from the sensing ﬁlms and provided more
sensing sites that can react with the target gas molecule.

enhancing the response to hydrogen sulﬁde.
Boontum et al. [228], reported high-performance Ni-doped CCTO
H2S gas sensors, which were synthesized by a sol-gel method. H2S gassensing investigations revealed that the response of Ni-doped CCTO
sensing ﬁlms increased with increasing Ni content from 1.5 wt% to
7.3 wt%, revealing a catalytic eﬀect of Ni on the surface reactions with
adsorbed H2S molecules. The 7.3 wt% Ni-doped CCTO sensor presented
an excellent response of 120 for 10 ppm H2S at 250 °C, which was an
order of magnitude higher than that of the undoped sensor. Additionally, the response time decreased signiﬁcantly from ∼80 s to
∼4 s. The high response of the Ni-doped sensor was due to the catalytic
eﬀect of Ni. The authors proposed that the speciﬁc sites at which the
H2S molecules were adsorbed and reacted were in fact the surface sites
where Ni2+ ions were present. H2S adsorption occurred through substitution of one of the oxygen ligands and the formation of a sulﬁde ion
plus a H2O molecule. Subsequently, the oxidation of a single H2S molecule occurred by converting from S2− by passing through S° to S4+
before desorption of the ﬁnal product of SO2 gas. The small response of
undoped CCTO toward H2S was explained based on the free energies for
formation of CuO, NiO, CuS, and NiS. Copper has more of a tendency to
become oxidized because the formation of CuO is more exergonic than
that of NiO. In contrast, NiS is more stable than CuS. Therefore, Nidoping improved the H2S response of the CCTO ﬁlms by facilitating
sulfur binding and subsequent oxidation of sulﬁde species.
Natkaeo et al. [229], fabricated Ag-doped CCTO thin ﬁlms using a
sol-gel method. The presence of silver in the composition of the CCTO
ﬁlms played an important role on the surface reactions, with beneﬁcial
eﬀects on their sensing abilities. The H2S gas sensing at 250 °C showed
that the 1.7 mol% Ag-doped sensor had the best sensing performance
(Ra/Rg = 100 for 10 ppm H2S). The promotional eﬀects of silver were
explained in two ways. First, silver can provide highly speciﬁc binding
sites on the CCTO surface to facilitate the adsorption of H2S. Adsorption
of H2S can be performed by sharing electrons between the sulfur atom
and the binding silver ion site forming a chemical bond, as well as via
hydrogen bonding to oxygen species at the surface. Second, silver can
provide catalytic centers to the oxidation of adsorbed H2S molecules.
Chu et al. [230] prepared Cd2Sb2O7 powders by a precipitation
method. The results showed that the Cd2Sb2O7 sensor revealed a sensitivity as high as 4, even to 10 ppb H2S at 200 °C. However, the response time to 1 ppm H2S was approximately 5 min, and the recovery
time was very long. Therefore, it was not able to be used for real applications.
Barium titanate (BaTiO3) is an important potential material, mainly
because of its ferromagnetic response, high dielectric constant, and
wide band gap, which are very useful in electronic applications. Patil
et al. [83] prepared diﬀerent BaTiO3 nanostructures by the hydrothermal method for H2S sensing. The response (ΔG/Ga = 313 for
1000 ppm H2S gas at 300 °C) of BaTiO3 thin ﬁlms prepared at 90 °C for
48 h was higher than other samples prepared at 120 °C and 150 °C, with
responses at the same conditions of 40 and 20, respectively. The lower
response of the samples synthesized at higher reaction temperatures
was attributed to the large particle sizes and consequently lower active
surface area of these samples compared with the sample synthesized at
the lowest temperature. The good selectivity toward H2S was related to
S doping at the surface of BaTiO3 due to exchange between the O2− and
S2− ions from BaTiO3 and H2S, respectively. As a result of such substitution, the band gap and conductivity of BaTiO3 change, resulting is a
response to H2S gas. The sample prepared at the lowest temperature
had the largest surface area and more defects; consequently, the sulfurization reaction rate was higher in this sample, and a high response
resulted.
The resistance of undoped BaTiO3 is too high at low temperatures,
which is disadvantageous for gas sensing. Doping with Ce can enhance
the conductivity of BaTiO3. In this context, Huang et al. [231], synthesized Ba0.99Ce0.01TiO3 and Fe2O3-Ba0.99Ce0.01TiO3 NPs by the coprecipitation method for H2S sensing studies. At a low working
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5. Conclusions and outlook

In an attempt to enhance the response and impart selectivity of
NiFe2O4 NPs, Kapse et al. [237], synthesized bare and 1 wt% Pd-modiﬁed Ni-Zn ferrite (Ni1-xZnxFe2O (x = 0, 0.2, 0.3, 0.4, and 0.5)) NPs by a
citrate sol-gel method for H2S gas sensing studies. The composition
Ni0.6Zn0.4Fe2O4 exhibited the maximum response (ΔR/Ra) of
0.6–50 ppm H2S at 225 °C. Additionally, the Pd-modiﬁed sensor showed
an enhanced response (ΔR/Ra) of 0.84 toward 50 ppm H2S gas, while its
response to interfering gases was negligible. The increase in the sensing
response of the Pd-modiﬁed sensor was attributed to the electronic
sensitization and catalytic eﬀect of Pd NPs. In the electronic mechanism, Pd NPs modify the electrostatic potential, which will result in
variation of the surface barrier height. This leads to a resistance change
of Ni0.6Zn0.4Fe2O4, resulting in a high response of the gas sensor. Furthermore, Pd NPs, as a catalyst, enhance the adsorption of gas molecules and accelerate the electron exchange between the sensor and the
analyzed gas.
Ultraﬁne NiFe2O4 powders with and without noble metal dopants
(Au, Pt, Pd) were prepared by a solid-state reaction [238]. The sensor
with 1.5 wt% Au-doped NiFe2O4 showed excellent electrical resistance
response toward 5 ppm H2S gas, and the sensor response was up to 35.8
at 300 °C. The 1.5 wt% Pt-doped sensor was less sensitive to H2S but
worked at lower temperature (240 °C), and the 1.0 wt% Pd-doped
sensor showed the weakest sensing performance among all doped
sensors, but much higher than that of the pristine sensor. The increase
in sensor response of Au- and Pd-doped sensors was attributed to the
electronic sensitization eﬀects of Au and Pd, while in the case of Pt,
chemical sensitization played an important role in enhancing the resistance of the sensor. Pt activated H2S and facilitated its catalytic
oxidation on the NiFe2O4 surface, leading to a high response of the Ptdoped sensor toward H2S gas.
Stanoiu et al. [239], synthesized mesoporous SnO2-CuWO4 using
tripropylamine (TPA) as a template and polyvinylpyrrolidone (PVP) as
a dispersant/stabilizer and studied the eﬀect of annealing temperature
(600 °C and 800 °C) on the H2S sensing performance of the fabricated
sensors. The gas response toward H2S at a low operating temperature
(100 °C) was higher for the sensor annealed at a higher temperature.
BET results showed that annealing at a higher temperature did not lead
to signiﬁcant modiﬁcations to the mesoporous structure; however, due
to the improved crystallinity, the surface area was slightly decreased.
The authors did not mention any reason for the improvement of the gas
sensitivity for the sensor annealed at a higher temperature, but it seems
to be due to the better crystallinity as a result of annealing at higher
temperature.
Bismuth molybdate (Bi2MoO6) is a representative Aurivillius-phase
perovskite semiconductor. Few works have investigated the gas sensing
properties of Bi2MoO6. In this context, ﬂower-like Bi2MoO6 particles,
consisting of closely packed NPs, were grown via a simple solvothermal
route [240]. The fabricated sensor was able to detect 0.1 ppb H2S gas
(Ra/Rg = 2.63 at 170 °C), along with having good selectivity and high
stability. High sensing performance was related to the good crystallization and the unique structure of Bi2MoO6 particles consisting of
microspheres constructed of nanosheets.
Iron molybdate (Fe2(MoO4)3), as an important functional material,
has good potential to be used as a sensing material. Chen et al. [241],
fabricated porous Fe2(MoO4)3 NRs using an in situ diﬀusion growth
method. Compared to pristine α-MoO3 NRs, porous Fe2(MoO4)3 NRs
exhibited remarkable H2S sensing properties. The response of the
porous Fe2(MoO4)3 NRs was 5.5 ppm to 5 ppm H2S at 80 °C, while the
pristine α-MoO3 NRs had almost no response to 1–50 ppm H2S at
80 °C–180 °C. The good H2S sensing performance of the porous
Fe2(MoO4)3 NRs was attributed to the unique porous microstructure of
Fe2(MoO4)3 along with the small diameter of Fe2(MoO4)3 NRs, which
oﬀered high surface area to Fe2(MoO4)3 NRs in comparison to pristine
α-MoO3 NRs. In addition, Fe2(MoO4)3 had good oxidation catalyst
ability, which was beneﬁcial to the conversion of H2S to SO2, resulting
in high sensing performance of Fe2(MoO4)3 NRs.

In this comprehensive review paper, resistance-based MO H2S gas
sensors were discussed. MO-based gas sensors for detection of H2S are
relatively very cheap and, in most of cases, have a suﬃciently high
sensitivity toward H2S gas. Nevertheless, they suﬀer from poor selectivity and decreased response in the presence of humidity.
Furthermore, the operating temperature for detection of H2S gas
sometimes is relatively high and needs to be decreased down to near
room temperature from the energy-consumption point of view.
However, many studies have reported high performance H2S gas sensors based on MO gas sensors. One of most important strategies to enhance sensing properties toward H2S gas is the use of special
morphologies. In this context, hierarchical structures, along with a
porous microstructure, are highly popular. They oﬀer very high surface
area for adsorption of H2S gas, while porosities can provide new
pathways for enhanced diﬀusion of H2S gas into the deeper parts of the
sensing materials. Additionally, 1D morphologies, such as NWs, NRs,
NTs, and NFs, are very promising for fabrication of high performance
H2S gas sensors. With further availability of novel synthesis methods, it
will be possible to design and synthesize more complex structures and
compositions, which can further improve the sensing ﬁeld. Another
good strategy is the use of heterojunction nanomaterials. Either p-n or
n-n heterojunction materials have better sensitivity toward H2S relative
to their single counterparts due to modulation of the resistance on the
heterojunctions. Functionalization of noble metals, such as Au, Pt, and
Pd, on the surfaces of MO nanomaterials is believed to not only increase
the response of the sensor toward H2S gas, but also decrease the optimal
sensing temperature and improve the selectivity toward H2S gas. Unlike
most of the reducing gases, H2S often changes the surface composition
of the host material; in this regard, CuO is an exception. The outstanding H2S sensing characteristics observed in CuO-based sensors are
attributed to the conversion of semiconducting CuO into metal-like CuS
with a much higher conductivity. Such conversion also has been reported for AgO and ZnO with a weaker eﬀect on the gas response. In
addition to classical MOs, such as SnO2, ZnO, CuO, many studies have
reported the H2S sensitivity of ternary and quaternary oxides, such as
ferrite and perovskite materials. Unfortunately, such compounds have
much lower gas responses relative to classical materials, and more research is needed to enhance their sensing performance. Concerning the
power consumption of H2S gas sensors, which is directly related to the
sensing temperature, the sensing temperature for detection of H2S is
still high and needs to be decreased to room temperature for signiﬁcant
power consumption savings. Through further advances in the ﬁeld of
nanotechnology, more sensitive, selective, stable, and fast MO-based
H2S gas sensors are expected in the near future.
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