
RSC Advances

REVIEW
Metal oxides and
aCollege of Environmental Science and En

410082, P.R. China. E-mail: gqchen@hnu.e

731 88822829
bKey Laboratory of Environmental Biology a

Ministry of Education, Changsha 410082, P

Z
d
s
U
h
U
a
c
a
r
c
p
e
s

Cite this: RSC Adv., 2015, 5, 54793

Received 2nd June 2015
Accepted 17th June 2015

DOI: 10.1039/c5ra10394k

www.rsc.org/advances

This journal is © The Royal Society of C
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hydrogen sulfide sensing: mechanism and sensing
performance

Zhi Guo,ab Guiqiu Chen,*ab Guangming Zeng,*ab Lingzhi Liuab and Chang Zhangab

This review presents a comprehensive summary of the development of strategies for H2S recognition,

which utilizes metal oxides (including CuO, SnO2, ZnO, Fe2O3, WO3, In2O3, BeO, NiO, and

heterojunction) and metal salt nanostructures (including Fe2(MoO4)3 nanorods and b-AgVO3 nanowires)

as the sensing materials. These sensors are based primarily on a conductivity response to H2S. The

sensing mechanism and performance of these systems are described in this review, and prospective

development of sensors employing optical signals based on these materials is presented. In addition, the

barriers and challenges in developing this system are also proposed. It is anticipated that excellent

stability, high sensitivity, and easy detection under extreme conditions can be achieved with these systems.
1. Introduction

Hydrogen sulde (H2S) is one of the most toxic and odorous
gases. It arises mainly from the decomposition of organic
compounds and is also an industrial by-product.1–3 The pres-
ence of H2S in a system can lead to catalyst deactivation, envi-
ronmental pollution, and especially pipeline corrosion.4–7 H2S-
induced corrosion may cause energy and efficiency losses and
structural failures resulting from the corrosion of pipes and
equipment. Hence, an effective strategy for sensing H2S is
required as a measure for hazard prevention and control.
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In the past few decades, H2S sensors based on uorescence
imaging or colorimetric sensing have been extensively exploited
in biological systems.8–13 However, insufficient attention has
been placed on H2S sensing in nonbiological systems, in
which H2S gas is oen present under high-temperature condi-
tions and may enter the environment from the combustion of
raw fuel, or from sewers and mines. Thus, sensors with
enhanced properties are required to detect H2S in nonbiological
systems.14–16

Metal oxide semiconductors and metal salt nanostructures
have recently been utilized as materials in gas sensing
(including H2S sensing) because of their availability, high-
temperature stability, and easy fabrication.17–22 H2S gas
sensors based on these species exhibit excellent sensitivity and
catalytic properties under air atmosphere. To further enhance
the response to H2S gas even at a high working temperature,
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scientists have proposed several techniques such as catalyst
functionalization, element doping, and heterostructure forma-
tion in the fabrication of H2S semiconductors.23–27 The surface-
depletion model has primarily been employed in the sensing
mechanism.

In this review, we summarize recently developed H2S sensors
based on nanostructures, including metal oxide (CuO, SnO2,
ZnO, Fe2O3, WO3, In2O3, BeO, NiO, and heterojunction) and
metal salt nanostructures (Fe2(MoO4)3 nanorods and b-AgVO3

nanowire) that employ conductivity. The sensing mechanism
and performance characteristics are presented and discussed.
Moreover, future developments and challenges employing
optical signaling based on these materials are proposed, and it
is anticipated that excellent stability, high sensitivity, and ease
of detection can be achieved with these systems under extreme
conditions.
Fig. 1 Schematic illustration for H2S sensing.
2. How the metal oxide
semiconductors and metal salt
nanostructures capable of H2S
recognition

In the past, many quantum dot, metal nanoparticles and
organic dyes have been utilized in the gas detection including
the reducing gas H2S.28–36 These sensors are mostly based on the
optical properties of the materials as a sensing signal. The
optical signal undoubted provides sensitive and naked eye
approach to the gas recognition. However, H2S is a gas oen
existed in extreme conditions37–39 so that special attention
should be given: are these sensors possess enough stability in
these conditions? Would the signal be not disturbed by the
environment? Was the signal easily enough to obtained under
any conditions?

Generally, the organic dyes are easily to react with other
matters that containing –SH, –COOH, and –NH2 groups.40,41 The
quantum dot and metal nanoparticles have also been demon-
strated to release metal ions and destroyed its special structures
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in the present of somematerials or conditions variation.42,43 The
optical signal would be affected by many factors including the
penetration and resonance properties of surroundings. These
drawbacks have limited the potential applications of the
quantum dot, metal nanoparticles, and organic dyes in H2S
detection.

As a sensor based on electron transfer between the gas
molecule and the sensing material, metal oxide semiconductors
and metal salt have been regarded as an excellent candidate for
H2S recognition due to their availability, high-temperature
stability, and easy fabrication. As shown in Fig. 1, H2S could
selectively react with the surface matters such as adsorbed
oxygen species to promote electron transfer, which induced
conductivity changes of the sensor. Comparing to other sensors,
metal oxide semiconductors and metal salt exhibited more
stability in high temperatures; this promoted its application
pipe, mine and so forth. In addition, the sensors were selective
reaction with H2S rapidly and the air exposure would absolutely
recover its sensing ability in a short time. These characteristics
indicate the prominent advantages in the application for H2S
detection.
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3. Metal oxide nanostructures for H2S
sensing based on conductivity
3.1. CuO nanostructures for H2S sensing

CuO nanowire arrays have been fabricated for the detection of
air-diluted H2S at the parts per billion level.44 When a low
concentration of H2S was introduced onto the CuO nanowires,
H2S reacted with the oxygen adatoms (O�, O2�, or O2

�), and
electrons released from the surface states recombine with the
holes in the valence band maximum:

2H2S(g) + 3O2
x�(ad) 4 2SO2(g) + 2H2O(g) + 3xe� (1)

This induced a change in the conductivity of the sensors.
However, a higher concentration of H2S resulted in the surface
reaction of CuO with H2S to form a layer of CuS, covering the
surface of the CuO nanowires:

CuO(s) + H2S(g) / CuS(s) + H2O(g) (2)

The formation of CuS caused a signicant increase in the
conductivity of the sensor. Based on this H2S sensing mecha-
nism, H2S can be detected at concentrations as low as 500 ppb.

The CuO nanowire is one of the few metal oxide nano-
structures that present p-type semiconducting properties. These
nanowires have been shown to be very promising materials for
chemical detection, especially for selective detection, if properly
integrated with n-type nanowires. In addition, CuO is widely
used in thin-lm-based H2S sensors such as the SnO2 nano-
sensor described below.
Fig. 2 SEM of porous Cu-doped SnO2 sensor and its selectivity.62
3.2. SnO2 nanostructures based sensors for H2S

SnO2 materials are the most widely utilized and studied semi-
conductor species for H2S sensing due to the high surface-to-
volume ratio, long life, and good sensitivity of these materials.
SnO2 is conventionally prepared by sol–gel,45–47 sputtering,48–50

evaporation,51,52 chemical vapor deposition,53–55 and plasma
enhanced chemical vapor deposition methods.56,57 The sol–gel
method is the most commonly used technique, and the SnO2

sol–gel nanocomposite product has been regarded as an excel-
lent sensor material. The conventional sol–gel method is based
on thermal agglomeration of SnO2 nanopowder.58

Usually, excess hydrogen peroxide is rst added to a solution
of tin(II) acetate in glacial acetic acid:

Sn(CH3COO)2 + H2O2 + 2CH3COOH /

Sn(CH3COO)4 + 2H2 (3)

Subsequently, a small amount of ammonia is added to the
solution, leading to the formation of a-tin acid sol:

Sn(CH3COO)4 + 4NH3 + 3H3O /

H2SnO3Y + 4CH3COONH4 (4)

Finally, the a-tin acid sol is precipitated by centrifugation.
SnO2 nanopowder is then obtained via calcination of the a-tin
acid sol:
This journal is © The Royal Society of Chemistry 2015
H2SnO3 / SnO2 + H2O (5)

The obtained SnO2 nanopowder is mixed with glycol to
achieve the SnO2 sol–gel. SnO2 sol–gel nanomaterials obtained
by this method exhibited uniform size distribution, high purity,
small particle size, and excellent activity.59

The surface-to-volume ratio and surface electrical conduc-
tivity are generally regarded as the main factors for improving
the sensitivity of the sensors.60,61 In this regard, one-
dimensional metal oxide SnO2 nanowires and thin lms with
high surface-to-volume ratio, especially those doped with
metals or metal oxides, have recently emerged as an alternative
to SnO2 sol–gel nanocomposites for H2S gas sensing. Sun et al.
demonstrated that well-ordered porous Cu-doped SnO2 thin
lms have greater sensitivity and a shorter response and
recovery time than the undoped porous SnO2 thin lm sensors
(Fig. 2).62 The thin lm was prepared by simple sputtering
deposition using a self-assembly lm of polystyrene spheres as a
so template. Due to the controllable pore size and the homo-
geneity of the lm thickness, the sensing performance was well
regulated. Sun et al. also proposed that the Cu-doped SnO2 thin
lms operate by a mechanism that is commonly observed for
Cu- and CuO-doped SnO2 semiconductors:

The Cu dopant in the lm exists in the form of CuO crys-
talline grains. When the sensor is exposed to H2S, CuO is con-
verted to CuS as conrmed by Tang et al. in 2010.63 Because of
the good electrical conductivity, the electronic interaction
between CuO and SnO2 that gives rise to a very large electrical
resistance of the sensor is disrupted upon exposure to H2S,
leading to a drastic decrease in the electrical resistance and
hence to the extremely high H2S sensitivity. When air is intro-
duced and H2S is removed from the sensor, CuS is immediately
reconverted to CuO (Fig. 3).

CuSðsÞ þ 3

2
OðgÞ / CuOðsÞ þ SO2 ðgÞ (6)

Because of this reaction, the electronic interaction between
CuO and SnO2 is restored with concomitant recovery of the
original electrical resistance.

Dai et al. evaluated the mechanism of adsorption of H2S and
O2 on the SnO2 (110) surface in the absence and presence of
doped Cu, as well as the effect of Cu doping on SnO2 selectivity,
RSC Adv., 2015, 5, 54793–54805 | 54795



Fig. 3 Proposed sensing mechanism of Cu and CuO doped SnO2

sensor for H2S gas.62
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by means of rst-principles calculations based on the density
functional theory.64 As shown in Fig. 4, H2S is dissociatively
adsorbed on the SnO2 (110) surface with one H atom converged
to a bridging oxygen atom, while the HS complex is bonded to a
pentacoordinate Sn atom. H2S adsorption does not change the
electronic structure of the (110) surface and H2S does not inject
electrons into the band-gap, indicating that H2S has little effect
on the electrical conductivity of the nondoped SnO2 (110)
surface. In the case of Cu-doped SnO2, electrons from the H2S
states are injected into the band-gap and into the conduction
band during the adsorption process. Thus, charge transfer from
the molecule to the semiconductor occurs. The electrical
conductivity of SnO2 is thereby improved, and Cu-doped SnO2

exhibits sensitivity toward H2S gas. Furthermore, Cu doping
promotes the formation of oxygen vacancies on the SnO2

surface, thus increasing the surface potential barrier and elec-
trical resistance. When H2S is present, there is a more
pronounced decrease in the electrical resistance, which may be
another reason for the high sensitivity of the Cu-doped SnO2.

In addition to Cu and CuO-doped SnO2 sensors, many other
metal or metal oxides such as Fe, Pd, Ag, and Pt have also been
used to improve the sensing properties of SnO2. For example, an
Fe-doped SnO2 lm exhibited highly selective sensing behavior
toward H2S even at room and high temperatures. The sensor
showed around 45% response at room temperature even for 10
Fig. 4 Charge density difference for H2S adsorption on the stoichio-
metric SnO2 (110) surface. The cyan region represents charge deple-
tion and the yellow region represents charge accumulation.64
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ppm H2S in a short response and recovery time, which further
increased as the gas concentration and operating temperature
increased.65 The porous, 16 nm-thick, Ag-doped SnO2 lm
exhibited improved sensitivity toward H2S relative to the SnO2

lm. Upon addition of H2S, the as-deposited Ag lm was
transformed to Ag2S, which enhanced the sensitivity of the
sensor at 200 �C.66

Metal or metal-oxide doping signicantly improved the
sensing sensitivity, response, and recovery time of the SnO2

sensors. This opens up the possibility for exploring the effect of
dopants on the SnO2 nanostructures to achieve excellent H2S
gas sensing.
3.3. ZnO nanostructures based sensors for H2S

ZnO, a wide band-gap material (3.37 eV) with a wurzite crystal
structure, has been studied as a H2S sensing material with good
sensing properties, including speedy response and recovery.
The surface-depletion model is generally used to describe the
sensing mechanism. During the sensing process, H2S can
interact with the surface or be directly adsorbed on the oxide
surface, or interact with preadsorbed oxygen present on the
surface. When the gas is adsorbed, the thickness of the deple-
tion layer may be altered, inducing a change in the measured
resistivity.67 Ghimbeu et al. demonstrated the surface reaction
of H2S with adsorbed oxygen species, similar to the surface
reaction of CuO nanowires.68 The reaction with H2S induced
changes in the thickness of the depletion layer, which may
stimulate a resistance-type sensing signal.

Chemical conversion of ZnO is regarded as another possible
reaction route for H2S sensing. Yong et al. demonstrated the
formation of Zn–S bonds in ZnO nanosensors, which becomes a
dominant sensing mechanism at temperatures above 300 �C.69

As shown in Fig. 5, the oxygen species were initially adsorbed
onto the ZnO surface, forming a rather thick depletion region
(Fig. 5A). Exposure to H2S promoted the surface reaction with
the adsorbed oxygen species, which thinned the depletion layer
and increased the conductivity (Fig. 5B). However, the decom-
position of H2S in ZnO to form Zn–S bonds was regarded as the
main sensing mechanism when the temperature was higher
than 300 �C (Fig. 5C). This reaction caused the formation of a
shallow donor level and induced a drastic increase in the
conductivity of the sensor.

To further investigate the specic surface reaction aer the
adsorption of H2S, Spencer et al. examined the gas-surface
reaction by employing three different one-dimensional (1-D)
ZnO nanostructures, a hexagonal nanowire, a faceted-nanotube,
and a zigzag (9,0) nanotube, using density functional theory
calculations.67 A clean ZnO surface was required for interaction
with H2S. The results showed that H2S molecules were phys-
isorbed on the nanotube. However, the molecules were disso-
ciated into H and SH aer adsorption on the nanowire and
faceted-nanotube. H2S behaves as a charge donor, where the
charge is transferred from H2S to the nanostructure. When H2S
interacts with the nanostructure surface, the band-gap of the
nanowire and faceted-nanotube decreases greatly, while that of
the nanotube changes only slightly.
This journal is © The Royal Society of Chemistry 2015



Fig. 5 Schematic of H2S sensing with ZnO nanosensor (A) oxygen ionosorption surface before sensing, (B) H2S gas adsorption and surface
reaction with surface oxygen and (C) donor level formation of ZnO with sulfur chemisorption at temperature above 300 �C.69
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Many ZnO-based sensors have been fabricated for H2S
detection with good performance. ZnO nanorods synthesized by
the hydrothermal method exhibited a strong response and good
selectivity to low concentrations of H2S (0.05 ppm) at room
temperature.70 ZnO nanorods synthesized by a solid-state
technique were demonstrated to be selective for H2S at the
relatively low working temperature of 190 �C.71 The response
and recovery times of as-prepared ZnO were less than 5 s and 16
s, respectively. Srivastava et al. demonstrated that modication
of ZnO with sensitizers could enhance the sensing performance
to some extent, especially for Au5.7at%-modied ZnO nanowires
with response and recovery times of 22 s and 52 min, respec-
tively.72 The maximum sensor response of 52 was obtained at
the optimal temperature of 300 �C for H2S. These sensors are
versatile platforms for potential fabrication of more suitable
H2S sensing devices.
Fig. 6 Schematic energy–level diagrams of: (a) an n-type semiconduc
depletion layer caused by mild surface absorption; (c) an n-type semico
reducing gas; (d) a p-type semiconductor through formation of an inversi
surface defect states; (e) a p-type semiconductor with reduced inversion
gas; (f) an n-type semiconductor with depletion layer caused by surface

This journal is © The Royal Society of Chemistry 2015
3.4. Fe2O3 nanostructures based sensors for H2S

a-Fe2O3, the most stable iron oxide usually with n-type semi-
conducting properties (Eg ¼ 2.1 eV) under ambient condition,
has been widely used as gas sensors.73–77 It shows the most
fascinating properties that it undergoes both “n to p” as well as
“p to n” transitions (Fig. 6).78 As shown in Fig. 6, O� or O2� are
dominated forms instead of O2

� at high temperatures (350 �C or
even higher), which capture more electrons from the conduc-
tion band. As a result, the conductivity nature of the sensor
performed a change from n-type p-type transition.

Usually, it has a complex defect structure with three types of
defect species i.e. oxygen vacancies, Fe3+ interstitials and Fe2+

interstitials.79,80 Singh et al. have investigated the sensing
properties of pure nano-crystalline Fe2O3 lms towards H2S.79

The assays indicated that Fe2O3 lms prepared by electron-
beam evaporation of Fe exhibits n-type conductivity. The
tor caused by oxygen vacancies; (b) an n-type semiconductor with
nductor with reduced depletion layer caused by surface reaction with
on layer caused by strong surface absorption due to the large density of
layer caused by surface reaction with low concentrations of reducing
reaction with high concentrations of reducing gas.78

RSC Adv., 2015, 5, 54793–54805 | 54797
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resistance change of a-Fe2O3 was regarded as dependence on the
species and chemisorbed oxygen (O2

�, O2� and O�) on the
surface according to the classical electron depletion theory.81,82

Oxygen absorption would cause the electron depletion, and
consequently the resistance of the sensor changes. Upon H2S is
exposed, it is oxidized by these chemisorbed oxygen species on
the surface of the sensor. Then, the electrons move back into the
semiconductor, resulting in a reverse change in resistance of the
sensor. At the operating temperature of 250 �C, atmospheric
oxygen is adsorbed in O� form, results in capture of electrons
from conduction band and trapping them at the surface. This
reaction further leads to a decrease in conductance of the lms.
Aer exposure of 50 ppmH2S, the captured electrons are released
back to the conduction band. The conductance of the sensor will
increase within 64 s simultaneously.

a-Fe2O3 nanochains have been successfully fabricated via an
ammonium acetate-based ionothermal synthetic route for H2S
with the lowest concentration of 3 ppm.83 With the temperature
increasing from 270 to 345 �C, the sensitivity of the sensor
decreases gradually. However, the recovery time varied from 160
s at 270 �C to 15 s at 345 �C with increasing working tempera-
ture. It exhibited an optimized performance temperature at 285
�C. Microwave-assisted hydrothermal method coupled with an
annealing technique was used to fabricate porous a-Fe2O3

nanospheres and nanorods that were demonstrated superior to
the a-Fe2O3 nanochains described above.84 As shown in Fig. 7,
the nanospheres and nanorods showed excellent sensitivity to
H2S comparing to commercial a-Fe2O3 sensor. The sensitivity
towards H2S has also demonstrated much higher than to other
gases.

Pd-doped a-Fe2O3 has been synthesized by Wu et al.85 This
sensor exhibited higher response, better selectivity, and faster
response and recovery to H2S compared to the pure a-Fe2O3.
Interestingly, the Pb doping decrease the performance
temperature, which is a progress to energy saving. The assays
indicated that 1.5 wt% doping produce the largest response of
128.3 to 100 ppm H2S at 160 �C. The same groups also
Fig. 7 The response curve of the a-Fe2O3 based sensor to H2S gas
with increasing concentration at a working temperature of 350 �C.84
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fabricated Pt-doped a-Fe2O3 thick lm for H2S.86 The as-
synthesized sensor also exhibited excellent advantages in
comparison of undoped a-Fe2O3 sensor. 2 wt% Pt doped a-
Fe2O3 showed the best response towards 10 ppm H2S.

By doping the a-Fe2O3 nanoparticles with 5 nm spherical Ag
grains, Wu et al. developed a low temperature H2S sensor.87 Ag
doping enhanced surface area of the sensor, with the benets to
better sensing performance including response, selectivity, and
optimum operating temperature. Similarly to the Pt doped a-
Fe2O3 reported above, addition of 2 wt% Ag and calcined at 400
�C exhibited the maximum response to H2S at 160 �C. The
doping technology has been regarded as an effective method in
promoting the sensing performance of the pure a-Fe2O3

nanomaterials.

3.5. WO3 nanostructures based sensors for H2S

WO3 nanosensors with hexagonal and monoclinic morphology
were produced for selective recognition of H2S.88 Monoclinic
WO3 responded to all ve evaluated gases (CH4, CO, H2, NO,
and H2S) at 200 �C. However, the gas sensing signal for 10 ppm
H2S was two orders of magnitude greater than that for the other
gases, and the sensing process could be performed even at 25
�C. In contrast, hexagonal WO3 was selective to H2S only, and
the response time for 10 ppm H2S was signicantly faster than
that of monoclinic WO3 despite the lower selectivity compared
to monoclinic WO3.

Ramgir et al. compared the effect of various Au loadings on
H2S sensing by WO3.89 The results showed that Au-incorporated
WO3 lms exhibited better sensing performance than the pure
WO3 sensor lms. Taking 0.7 ppm H2S as an illustration, the
pure WO3 lms exhibited a sensitivity of 2.9 with respective
response and recovery times of 106 s and 32 min, while the Au-
incorporated sample (2.32 at.%) exhibited an increase in the
sensitivity to 12 with response and recovery times of 88 s and 18
min, respectively. The WO3 sensor doped with 2.32 at.% of Au
could detect H2S with an enhanced sensitivity of about 16 at an
operating temperature of 250 �C. This enhancement was mainly
caused by the doping element Au that imparted sensitivity to
WO3 via the electronic sensitization mechanism.90 The inter-
action with H2S occurred primarily on the Au surface, and the
corresponding changes were transferred immediately to the
host matrix, reected as a rapid decline in the resistance of the
sensor. Doping was regarded as an effective method for
improving the sensing performance of the sensor. In addition to
Au, many other materials such as Pd nanoparticles have been
successfully doped into WO3 lms, resulting into enhanced
sensitivity to H2S.91

3.6. In2O3, BeO, and NiO nanostructures based sensors for
H2S

In2O3-based materials have been fabricated for various gas
sensing applications, including H2S sensing, due to their
advantageous features such as wide band-gap (around 3 eV) and
low resistance.92–94 In2O3-based materials possess ultra-high
surface-to-volume ratios, and are expected to be superior gas
sensor candidates and alternatives to thin-lm sensors.
This journal is © The Royal Society of Chemistry 2015
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The H2S-sensing performance of vanadium-doped In2O3

nanobers fabricated by electrospinning was characterized at
different temperatures ranging from 50 to 170 �C.95 The sensor
based on 6 mol% V-doped In2O3 nanobers exhibited the
highest response, i.e., 13.9–50 ppm H2S, at the relatively low
temperature of 90 �C (Fig. 8). In addition, this sensor had a
rapid response time of 15 s and recovery time of 18 s, and good
selectivity.

BeO nanotubes (BeONT) have been successfully applied to
H2S sensing. In 2004, Ahmadaghaei et al. performed a detailed
study of the specic sensing properties of BeONT using density
functional calculations.96 The results showed that gasmolecules
are physically adsorbed on pristine BeONT with adsorption
energies ranging from 3.0 to 4.2 kcal mol�1. Si doping induced
the substitution of Be or O atom in BeONT by Si, thus increasing
the adsorption energy to 6.9–17.2 kcal mol�1. Notably, upon
substitution of an O atom by Si, the electronic properties of BeO
were altered with a dramatic increase in the energy gap from
2.78 to 3.93 eV aer H2S adsorption, making BeONT strongly
sensitive to the H2S molecule.

As a p-type material with band gap ranging from 3.6 to 4.0
eV, NiO is a very attractive sensing material applied in resistive
type gas sensors.97–100 NiO with Fe2O3 loading exhibited excel-
lent sensitivity comparing to the pure NiO sensor (Fig. 9).101 The
sensor displayed p-type semiconductors characteristics due to
extra-high molar ratio of NiO to Fe2O3. It is proposed that H2S
molecules were rst adsorbed on the surface, providing elec-
trons to the surface of NiO nanoplates. The adsorption
increased the potential barrier and hence, enhanced the resis-
tance of sensor.

3.7. Sensors for H2S based on p–n, p–p, or n–n
heterojunction

P–n heterojunction has attracted much attention in the fabri-
cation of gas sensors recently.102–104 Generally, the formation of
heterojunction produces an electrical barrier between crystal
grains,105 which promoted the sensitivity to reducing gases.106

Yong et al. have fabricated p–n heterojunction CuO/ZnO
nanorods for H2S recognition and exploited the special
Fig. 8 The response and recovery characteristics of pure and 6 mol%
V-doped In2O3 to 50 ppm H2S at 85 �C and 90 �C respectively.95

Fig. 9 Response curve of (a) NiO loaded with Fe2O3 nanoplate;
(b) pure NiO nanoplate sensors to H2S at a working temperature of
200 �C; (c) the relationship between the response and H2S
concentration.101

This journal is © The Royal Society of Chemistry 2015
sensing mechanism.107 As shown in Fig. 10a, metal oxide
sensing materials showed high resistance due to the adsorption
of oxygen species, resulting in a depleted region on the surface.
When exposed to H2S, the adsorbed oxygen species was
removed by H2S, with the subsequently generation of metallic
Cu2S due to reaction of CuO with H2S as shown in Fig. 10b. This
chemical conversion of CuO into metallic Cu2S induced the
change of energy band structure and increased the conductivity
of the sensor. The response of CuO-doped ZnO to H2S gas was
identically enhanced compared to that of the bare ZnO nano-
rods due to chemical conversion of CuO into CuS upon expo-
sure to H2S, which destroyed the p/n junction of the sensor.108
RSC Adv., 2015, 5, 54793–54805 | 54799



Fig. 10 Changes in energy band structures of the CuO/ZnO nanorods
(a) before and (b) after exposed to H2S.107
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By combining the advantages of high accessibility of gas to
the nanobrous structures and the distinctive chemical inter-
action between CuO and H2S, the gas response of pure In2O3 to
H2S was signicantly enhanced via CuO loading.109 The CuO-
doped In2O3 nanobers possessed high specic surface area
and abundant p–n junctions due to uniform mixing between p-
CuO and n-In2O3 nanograins within the nanobers. Exposure to
H2S resulted in a change of the resistive heterojunction between
p-type CuO and the n-type oxide semiconductor into a
conductive junction between metallic CuS and the n-type oxide
semiconductor, which provided an ultrasensitive and ultra-
selective signal to H2S based on conductivity changes. As shown
in Fig. 11, the response of the CuO-loaded In2O3 nanober to
H2S at 25–450 �C was remarkably high. At 150 �C, the gas
response (ratio of the resistance in air to that in gas) toward 5
ppm H2S increased from 515 to 1.16 � 105.
Fig. 11 (A) Sensor resistance in air (Ra) and (B) gas response (Ra/Rg) of
pure and CuO-loaded In2O3 composite nanofibers at 25–450 �C.109
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NiO doped with ZnO produced a p–n heterojunction that
enhanced H2S sensing properties.110 Generally, the variation of
nanostructure and surface activity of ZnO and NiO nanocrystals
accounts for the enhancement of the sensing properties. The
particular continuous nanostructure of both NiO and ZnO has
suitable contacted area, which resulted in appropriate p–n
junction formation and created strong interaction. In the
presence of 50 ppm H2S, the best structure of the sensor
exhibited the fastest switching dynamics to H2S at optimal
temperature with average response time �50 s and recovery
time �124 s. This response and recovery time is much lower
than pure NiO sensor in the same sensing temperature.

The n-typed SnO2 nanowires decorated by p-typed NiO
nanoparticles exhibited up to �351-fold response to 10 ppm
H2S at 300 �C with the value reaching to 1372.111 However, the
cross-gas responses to 5 ppm NH3, 200 ppm C2H5OH, and 1
ppm NO2 were 1.6, 2.1, 1.8 respectively, which indicating the
excellent selectivity. In the past, many metal nanoparticles have
been dispersed inside the sensors to enhance its performance.
As one of the most attracted nanomaterial, Au nanoparticles
have been demonstrated the best candidate additive to promote
gas sensor characteristics.112

The p-typed CuO was covered with p-typed NiO to achieve
CuO–NiO core–shell structure by Zhou et al.113 Although it is a
p–p heterojunction, the assembly obviously enhanced H2S
sensing properties, because of the catalytic effect of NiO and
formation of heterojunction at the interface between CuO and
NiO inducing electrons transfer from CuO to NiO to equalize
the Fermi levels.

ZnO modied with additive TiO2 could greatly improve the gas
sensing properties of sensors. The ZnO : TiO2 complex with 10
mol% CdO showed excellent electrical resistance response toward
H2S an operating temperature of 225 �C.114 The sensitivity
increased with an operating temperature up to 225 �C; and a
further increase in temperature resulted in decreases of sensitivity.
4. Metal salt for H2S sensing based on
conductivity

Metal salts possess useful properties that help in gas sensing
applications and hence they act as important functional mate-
rials.115,116 Porous iron molybdate (Fe2(MoO4)3) nanorods with
an average diameter and length of 200 nm and 1.2–4 mm,
respectively, have been used to detect H2S gas at concentrations
as low as 1 ppm at a relatively low working temperature of 80 �C
(Fig. 12).117 Moreover, the porous nanorods had fast response
and recovery times, good selectivity, and long-term stability due
to the small size effect, porous characteristics, and catalytic
activity at low temperature. The good sensing performances of
Fe2(MoO4)3 nanorods was attributed two aspects: (1) many
pores of the matter benets the diffusion of more of H2S gas
molecules into the nanorods; (2) H2S reacts with the adsorbed
oxygen to release electrons and catalytic ability of the matter at
low temperatures promoted the process. The released electrons
will decrease the resistance of the nanorods, which accounts for
the response to H2S.
This journal is © The Royal Society of Chemistry 2015



Fig. 12 Sensor responses of the porous Fe2(MoO4)3 nanorods to
H2S gases with different concentrations at different working
temperatures.117
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Single b-AgVO3 nanowire exhibited a “threshold switching”
phenomenon that high bias (>6 V) will switch the individual
nanowire device from nonconductive to conductive (Fig. 13).118

Aer applying high bias of 6 V, nanoscale metallic Ag appeared
that may be related to the electrical switching of b-AgVO3

nanowire. The resistance of the sensor decreased quickly aer
exposure to H2S and then gets saturated. However, the resis-
tance increases and returns nearly to its baseline value when
Fig. 13 I/V curves of b-AgVO3 nanowire (A) at high bias of 6 V (inset
showing SEM image of b-AgVO3 nanowire before and after switch); (B)
at the bias of 1 V after applying high bias of 6 V at 25 and 250 �C.118

This journal is © The Royal Society of Chemistry 2015
cutting off the H2S supply. The reproducibility of the sensor will
not be destroyed.

Table 1 summarizes a range of sensors and shows a
comparison of their best sensing performance parameters, i.e.,
the concentration, temperature, response time, recovery time,
and sensitivity. The sensitivity was estimated based on the
percentage response, which is dened as:

Response ð%Þ ¼ Ra � Rg

Ra

� 100 (7)

where Ra is the resistance of the sensor in air and Rg is the
resistance in the presence of a test gas.
5. Summary and perspective

H2S is of particular interest because of its impact in metal
corrosion and physiological equilibriums. Many semiconductor
materials have therefore been developed to assess the levels of
H2S under different conditions. Metal oxide semiconductors
and metal salt nanostructures are extremely attractive for H2S
sensing due to their rapid response, high selectivity, and
stability. These materials are mainly based on (1) metal oxides,
including CuO, SnO2, ZnO, Fe2O3, WO3, In2O3, BeO, NiO, and
heterojunction; and (2) metal salt nanostructures, including
Fe2(MoO4)3 nanorods and b-AgVO3 nanowire. Most of these
sensors exhibit a conductivity response to H2S. However, this
sensing mechanism has some limitations as well, such as
difficulty in detecting the signal and the sensitivity of the signal
to the conditions, especially temperature changes.

As shown in Table 1, Fe2O3 nanosensors exhibit relatively
higher sensitivity and a faster response comparing to other
sensors. In general, the doped sensors have a fast response in a
mild temperature not only high temperature that needed by the
pure one. We cannot discover obvious advantages of metal salts
compared to the metal oxides nanosensors. However, b-AgVO3

nanowire showed a short response and recovery time for 50
ppm H2S that should be noticed by the researchers.

Although the conductivity based sensors have many advan-
tages, the sensitivity is much lower than optical sensors.8 To
apply the sensor in low H2S surroundings, the sensitivity should
be improved further. For example, the doped sensor could
recognise H2S at room temperature. The sensors with high
sensitivity are competent for high temperature and biological
system simultaneously. In addition, the conductivity signal is
somewhat inconvenient to obtain.

Recently, optical sensors have been successfully employed to
overcome these drawbacks, and H2S optical sensing provides a
signal that can be easily detected by the naked eye. However, the
optical sensors primarily employ organic dyes, whichmay result
in reduced stability under extreme conditions.8 Metal oxides
and metal salts exhibit excellent stability under harsh condi-
tions, although few studies of optical sensors based on these
materials have been reported. The development of optical
sensors based on metal oxides and metal salts is therefore
required for recognition of H2S under extreme conditions.
Notably, how to avoid the optical signal not to be interfered and
be acquired completely are also important.
RSC Adv., 2015, 5, 54793–54805 | 54801
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