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Resistive-based gas sensors for detection of
benzene, toluene and xylene (BTX) gases: a review
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Benzene, toluene, and xylene gases, which are known collectively as BTX gases, are volatile organic
compounds (VOCs) that are used extensively in many industrial products. Nevertheless, BTX gases are
quite toxic and need to be detected by sensitive sensors as fast as possible. Among the various
gas sensors available, resistive-based gas sensors are among the most promising candidates for the
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detection of these gases. On the other hand, it is diﬃcult to realize resistive-based gas sensors with high
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detection of a single gas among the BTX gases is challenging because of their similar nature and

sensitivity to BTX gases owing to their relatively low chemical reactivity. In addition, the selective
structure. This review discusses the diﬀerent strategies employed in resistive-based gas sensors for the
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realization of high performance BTX gas sensors.

1. Introduction to resistive-based gas
sensors
Air pollution is the contamination of air by substances that can
potentially alter the natural properties of the air.1 The main
causes of air pollution are particulate matter and gaseous
components. The most important gas species in this aspect
are NO2 and NO, O3, SO2, CO, and volatile organic compounds
(VOCs).2 In today’s modernized world, although the life
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expectancy has increased significantly due to high living
standards, air pollution by toxic gases and VOCs is still an
unsolved problem in large cities. This issue is more serious in
countries with low- and middle-incomes. Toxic gases and VOCs
in the long term can lead to global warming and climate
change, and in the short term, can be very dangerous to human
health.3 Based on the World Health Organization (WHO), air
pollution in cities is one of the important causes of global
mortality, which is responsible for B800 000 premature deaths
each year.1 Although the human olfactory system can detect
odorous gases, such as H2S, NH3, and most VOCs, in some
cases, the concentration of the gas or VOC is too low to be
sensed by the human nose. Furthermore, when there is a
mixture of gases, the human nose may be unable to discriminate
between diﬀerent gases and VOCs. Therefore, the development of devices for the early detection of toxic gases and VOCs
is essential.
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The current method for the analysis of diﬀerent VOCs uses a
high performance adsorbent, where an air pump will transfer
air into an adsorbent.4 An eﬃcient adsorbent has not only a
high adsorption capacity at low concentrations and a strong
adsorption aﬃnity, but also rapid adsorption and desorption
rates.5 Subsequently, the absorbent is analyzed for VOCs using
gas chromatography with flame ionization detectors,6 gas
chromatography mass spectrometry (GC-MS),7 high performance liquid chromatography (HPLC), etc. On the other hand,
these standard analytical techniques require bulky instruments,
and are expensive, laborious, and time-consuming. Furthermore,
the bulky GC instrument cannot be used for on-site measurements, which hinders the widespread applications of these bulky
instruments. Therefore, to meet the fast and on-site detection
requirements, it is important to develop portable gas sensors to
detect and monitor VOCs in the atmosphere.8 Among the sensor
devices, the sensitive detection of benzene, toluene, and xylene
(BTX) gases, which are a subcategory of VOCs with aromatic rings,
has been reported using quartz crystal microbalance (QCM)-based
sensors,9 optical waveguide sensors,10 membrane-based optical
sensors,11 cataluminescence sensors,12 metal complex sensors,13
resonant-gravimetric gas sensors,14 fluorescent sensors,15
diamond based sensors,16 microelectromechanical gas sensors,17
and resistive-based gas sensors.
The history of resistive-based gas sensors goes back several
decades. Approximately sixty years ago, Brattain,18 and
Heiland,19 reported a change in the electronic properties of
semiconductor materials due to changes in the surrounding
atmosphere. In 1962, Seiyama et al. applied this feature to the
detection of hazardous gases using metal oxides.20 Soon after,
Taguchi patented the first resistive-based gas sensor.21 Today,
many companies around the world produce resistive-based
gas sensors with a strong response to a wide range of toxic
gases and VOCs, where they are used extensively in diﬀerent
areas, such as domestic safety, public security, environmental

monitoring, automotive applications, spacecraft, air conditioning,
chemical quality control, sensor networks, and breath analysis
for medical diagnoses.22 The success of this type of sensor is
due to the high sensitivity, high stability, ease of use, ease of
integration in portable devices, reasonably low power consumption,
and low cost.23 The configuration of resistive-based gas sensors
can be plate-like or tubular. In the plate-like configuration,
which is the most common configuration, a sensing layer,
which is generally a metal oxide in pristine or composite form,
is deposited over an insulating substrate (SiO2 or Al2O3) with
interdigital electrodes (generally Pt or Au) in its front side. In
the backside of the substrate, a Pt heater can be deposited to
increase the sensor temperature. In the tubular configuration, a
sensing layer is deposited over tubular insulator materials
(alumina) and a heater is placed inside the tube to increase
the sensing temperature.
The well-accepted sensing mechanism for the detection of
gases by resistive-based gas sensors is the change in the sensor
resistance when exposed to the target gases. Resistive-based gas
sensors are among the simplest types of gas sensors because
the resistance measurements of a sensor are simple using a
simple instrument. This section discusses the general sensing
mechanism; the readers can find more details about the gas
sensing mechanism of resistive-based gas sensors in ref. 24–26.
Fig. 1a and b show a schematic diagram of the sensing
mechanism in n-type and p-type metal oxides in the presence of
BTX gases, respectively. When an n-type semiconducting metal
oxide is exposed to air, the adsorption of oxygen on the sensor
surface will cause the ionization of oxygen molecules in the form
of molecular (O2(ads)) or atomic (O(ads) or O(ads)2) ions, depending on the sensing temperature.22 As a result of oxygen adsorption,
a so-called electron depletion layer with a low concentration of
electrons forms on the surfaces of n-type semiconducting metal
oxides, which has a higher resistance than the core regions of
the metal oxide. Alternatively, a so-called hole accumulation
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sensing mechanism is more complicated than that described above.
The remainder of the paper will describe in more detail the sensing
mechanism of sensors for the detection of BTX gases.

2. Benzene, toluene, and xylene (BTX)
gases

Fig. 1 General sensing mechanism of resistive-based gas sensors in the
presence of BTX gases: (a) n-type metal oxide, (b) p-type metal oxide.

layer will form on the surfaces of p-type semiconducting metal
oxides, which has a lower resistance than the core regions of
the metal oxides due to an increase in the number of holes as
major carriers. After exposing a gas sensor to BTX gases, which
all are reducing gases, the gases will be adsorbed on the surface
of the sensing layer and react with the oxygen ions on the
surface, releasing the electrons that were once bound to oxygen
back to the surface of the sensor.
The reactions of oxygen adsorption followed by subsequent
reactions with BTX gases can be shown in the following
reactions:27
O2(g) - O2(adsorbed)
O2(adsorbed) + e - O2


(1)


(2)

O2 + e - 2O

(3)

O +e -O

(4)





2

CmHn + xOy - mCO2 + n/2H2O + xye

(5)

where for benzene (C6H6), toluene (C7H8) and xylene (C8H10)
gases, ‘‘m’’ has values of 6, 7 and 8, and ‘‘n’’ has values of 6, 8
and 10, respectively and x = 2m + n/2.
Accordingly, the width of the electron depletion layer in
n-type metal oxides decreases, resulting in a decrease in the
resistance of the sensor, which contributes to the sensor signal.
For p-type metal oxides, the width of the hole accumulation layer
decreases due to the combination of the released electrons with
holes, resulting in an increase in sensor resistance, which contributes to the sensor signal. The general sensing mechanism
described above is the basic sensing mechanism, but generally,
the sensing layers are not composed of pristine metal oxides and the
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In general, ‘‘organic compounds’’ refer to chemical compounds
that have at least one C atom and one H atom in their molecular
structure. Organic compounds are classified into VOCs, semivolatile organic compounds (SVOCs), and non-volatile organic
compounds (NVOCs) based on their volatility.4 VOCs have
diﬀerent definitions; however, the US Environmental Protection
Agency defined VOCs as ‘‘any compound of carbon, excluding
CO, CO2, carbonic acid, metallic carbides or carbonates, and
ammonium carbonate, which participate in atmospheric photochemical reactions’’. In general, all VOCs have low boiling points
and high vapor pressures.28 Therefore, VOCs can be defined as
organic compounds with a boiling point r250 1C (at 101.3 kPa).29
The sources of VOCs are anthropogenic and natural. The majority
of anthropogenic VOC emissions are from the exploitation,
storage, refining, transport, and use of fossil fuels, land-filled
wastes, food manufacture, and agriculture.30 In addition, VOCs
produced from natural sources, such as biogenic emissions of
terrestrial and ocean sources comprise a much higher proportion of the total VOC emissions.28 From a human health point
of view, most VOCs, such as alcohols, aldehydes, aromatic
compounds, ketones, etc., are toxic and carcinogenic. BTX gases
belong to the aromatic group of VOCs. Although they are
commonly used as organic solvents in the industrial production
of paints, lacquers, adhesives, detergents, dyes, and preservatives, they are some of the most hazardous pollutants among
VOCs.31 The sources of BTX gases in public places are the
burning of coal, cigarette smoke, and traﬃc emissions.32 Exposure
to BTX gases can lead to neurological and psychological disorders.
A common serious disease related to the presence of BTX and
other VOCs in indoor environments is sick building syndrome
(SBS), where the occupants of a building experience adverse
health eﬀects, such as respiratory irritative symptoms, headaches,
rashes, and fatigue.33
Benzene is a colorless substance with a peculiar odor, a low
density of 0.878 gr cm3 at room temperature, and boiling
point of 80.1 1C;34 it is also known as a human carcinogen.
Repeated exposure to high concentrations of benzene can aﬀect
the blood and blood-forming organs. The most convincing
evidence is found for the development of leukemia as a result
of benzene exposure. The American Conference of Governmental
Industrial Hygienists (ACGIH) set the threshold limit value (TLV)
of 0.5 ppm for benzene for 8 h exposure. In addition, the
Occupational Safety and Health Administration (OSHA) recommends permissible exposure limits (PEL) for benzene of 1 ppm as
the 8 h time-weighted average (TWA) concentration.35
Toluene is a colorless substance with a unique aromatic
odor, a density of 0.866 gr cm3 at 20 1C, and boiling point of
110.7 1C.34 The OSHA recommends the PEL for toluene of
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100 ppm as the 8 h TWA concentration.36 Toluene strongly aﬀects
the nervous system and may induce brain function disturbances
and problems with balance, vision, hearing and speech. The
compound may also induce damage to the kidneys or liver.37 On
the other hand, with respect to medical applications, toluene can
also be considered a very important cancer biomarker. Indeed,
abnormally high concentrations of toluene have been observed in
the exhaled breath of patients with lung cancer compared to
healthy nonsmokers. In that case, the concentration of this volatile
biomarker ranged from 10 to 100 ppb in the human breath.5
Xylene is a toxic, colorless, sweet smelling aromatic VOC. The
TWA concentration of xylene exposure for the working environment set by the OSHA is 100 ppm.36 Low concentration exposure
to xylene leads to irritation in the eyes, nose, throat, and gastrointestinal systems. The inhalation of xylene at concentrations as
low as 50 ppm above that exposure limit results in headache,
dizziness, fatigue, tremors, incoordination, respiratory, cardiovascular, and kidney problems. Exposure to xylene at 200 ppm
or greater can irritate the lungs, causing chest pain and shortness
of breath. Extreme overexposure in a confined space can result
in pulmonary edema, a potentially life-threatening condition in
which the lungs fill with fluid.38 Xylene is suspected to be
carcinogenic, which could lead to leukemia through prolonged
exposure.39 Xylene exists in isomers; ortho-, meta-, and para- which
have the same chemical formula, C8H10. The diﬀerence between
the three isomers is the positions of the methyl groups (–CH3) on
the aromatic ring. Among the different isomers, p-xylene has the
largest industrial applications, which is used mainly in production of polyesters.40 Table 1 lists the chemical structure, formula,
formula weight, IDLH, and PEL properties of the BTX gases.

Table 1 Chemical structure, formula, formula weight, IDLH, and PEL
properties of BTX gases28,41

Chemical

Chemical formula Formula weight (g mol1) IDLH PEL

Benzene

C6H6

78.11

500

1

Toluene

C7H8

92.14

500

200

m-Xylene

C8H10

106.16

900

100

o-Xylene

C8H10

106.16

900

100

p-Xylene

C8H10

106.16

900

100

This journal is © The Royal Society of Chemistry 2018

3. Scope of the review
Although there are many review articles on the detection of
diﬀerent gases by resistive-based gas sensors,42 the number of
review papers dealing with VOCs is very low.29 In particular, to
the best of the authors’ knowledge, there is no review paper
discussing resistive-based gas sensors for the detection of BTX
gases. As discussed already, BTX gases are very important from
both industrial and environmental points of view. Accordingly,
this review paper outlines resistive-based gas sensors for the
sensitive detection of BTX gases. This review, with help of
numerous examples from diﬀerent research groups, will explain
how diﬀerent sensing materials, morphologies, temperatures,
and other parameters aﬀect the sensitivity of a sensor to BTX
gases. Tables 2, 3 and 4 list some of the resistive-based gas
sensors for the detection of benzene, toluene and xylene gases,
respectively. The following three sections discuss these gas
sensors in more detail.

4. Resistive-based gas sensors for the
detection of benzene
One good strategy to increase the sensitivity of resistive-based
gas sensors is the use of noble metal nanoparticles (NPs). These
NPs can promote and enhance the adsorption of target gases by
introducing further adsorption sites on the surfaces of the
sensor, thereby increasing the sensitivity. In addition, noble
metal NPs can act as a catalyst to lower the activation barrier of
the reactions, where they generate active radicals by dissociating the adsorbed species. Subsequently, the generated radicals
will spill over to the sensor surface where they can be adsorbed
eﬀectively on the sensor surface. Finally, the noble metal NPs
can modulate the current through the one-dimensional metal
oxides by the formation of Schottky barriers.77 In an interesting
study, Abideen et al.43 reported the gas sensing behavior of
Au (1 wt%) or Pd (1 wt%)-functionalized rGO-loaded (0.44 wt%)
ZnO nanofibers (NFs) at 400 1C, which were prepared by electrospinning, to clarify the diﬀerence between Pd and Au NPs
for benzene detection. The sensor with the Au-functionalized
rGO-loaded ZnO NFs showed the highest response to CO gas. In
contrast, the sensitivity of the sensor with the Pd-functionalized
rGO-loaded ZnO NFs to 5 ppm CO and C6H6 and C7H8 gases
was 13.80, 23.0, and 20.5 respectively. Therefore, this sensor
showed the strongest response to C6H6 gas. Because the
sensors had a similar morphology and sensing temperature,
the diﬀerence between the gas sensing was attributed to the
presence of Pd and Au NPs in the sensors. The reasons for the
favorable eﬀects of Au and Pd functionalization for the detection of CO and C6H6 gases were explained. The strong response
and good selectivity to CO gas in the presence of Au NPs were
attributed to the low oxidation barrier (1.20 eV) for the oxidation of CO in the presence of Au. The interaction between CO
and the Au NPs depends strongly on the overlap of the 5s and
2p* orbitals of CO with the d orbitals of Au. Electrons from the
s orbitals of CO will transfer to the ds orbitals of Au, and the
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Benzene gas sensors based on resistive gas sensors

Sensor

T (1C)

Conc. (ppm)

Response (Ra/Rg or Rg/Ra)

Selectivity

Ref.

1 wt% Pd-rGO-loaded ZnO NFs
Pd-decorated Bi2O3–ZnO C–S NRs
Cr/ITO thin film
0.5SnO2–0.5Co3O4
Si–TeO2–Pd
Pd–SnO2
SnO2–Cu2O C–S NWs

400
300
210
350
200
400
300

5
200
1000
10
50
1
10

23
28
72
22.5
59
25.5
13

1.66 (Sbenzene/Stoluene)
3.5 (Sbenzene/Sethanol)
1.1 (Sbenzene/Stoluene)
1.8 (Sbenzene/Ssulfur dioxide)
5.9 (Sbenzene/Stoluene)
1.2 (Sbenzene/Shydrogen sulfide)
1.2 (Sbenzene/Stoluene)

43
44
45
46
47
48
49

Table 3

Toluene gas sensors based on resistive gas sensors

Sensor

T (1C)

Conc. (ppm)

Response (Ra/Rg or Rg/Ra)

Selectivity

Ref.

ZnFe2O4
1.2 mol% Pd-loaded SnO2
Clustered Pd/SnO2 NPs
SnO2–Fe2O3
In2O3 nanotubes
a-MoO3/Fe2(MoO4)3 composites
Pt-doped SnO2
5 wt% Au/TiO2
Pd-loaded SnO2 hollow spheres
MWCNTs-PEO bilayer film
Pd-loaded SnO2 cubic cages
Au–WO3H2O nanosheets
ZnO hierarchical nanosheet
Hierarchical a-Fe2O3/NiO composites
Pd–ZnO
Fe2O3–WO3 C–S
Pt–WO3
2 wt% Ag-doped WO

300
250
350
260
340
250
425
375
230
20
230
300
280
300
240
220
220
200

100
10
50
50
100
50
50
100
20
84
20
100
20
100
100
100
100
50

B10
17.5
25
25.3
10.9
5.3
6
7.5
52.9
0.0027 (DR/Ra)
41.4
50
13
18.68
11
8.5
8
39.2

4 (Stoluene/Sacetone)
1.68 (Stoluene/Sacetone)
—
6.35 (Stoluene/Sethanol)
2.42 (Stoluene/Sethanol)
1.82 (Stoluene/Sxylene)
2.1 (Stoluene/SCO)
1.25 (Stoluene/Sacetone)
3.77 (Stoluene/Sbenzene)
1.44 (Stoluene/Sp-xylene)
4.09 (Stoluene/Sbenzene)
4.09 (Stoluene/Sacetone)
2 (Stoluene/Sethanol)
1.86 (Stoluene/Sethanol)
1.9 (Stoluene/Sethanol)
1.95 (Stoluene/Shydrogen)
1.6 (Stoluene/Shydrogen)
—

50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
65
66

Table 4

Xylene gas sensors based on resistive gas sensors

Sensor

T (1C)

Conc. (ppm)

Response (Ra/Rg or Rg/Ra)

Selectivity

Ref.

Hierarchical porous Co3O4
Double-layered thin film/Ni-deposited porous alumina
0.3% Au doped WO3H2O
3 at% Sn-doped NiO
Hierarchical porous Co3O4
Co-Doped branched ZnO NWs
ZnO/Ni0.9Zn0.1O
W-Doped NiO
2.04 wt% Au-loaded a-MoO3
0.6 at% Pd WO3H2O
10 wt% V2O5/SnO2
V2O5 NFs

150
340
255
225
150
400
235
375
250
230
400
20

5
1
5
100
5
5
100
20
100
10
20
500

38.7
4.2
26.5
20.2
37.9
20
55
9
22.1
21.2
6.5
191

11.18 (Sxylene/Sethanol)
2.8 (Sxylene/Sformaldehyde)
6.84 (Sxylene/Sacetone)
4.5 (Sxylene/Sacetone)
11.18 (Sxylene/Sethanol)
2.3 (Sxylene/Stoluene)
2.5 (Sxylene/Stoluene)
2.8 (Sxylene/Stoluene)
1.26 (Sxylene/Stoluene)
2.65 (Sxylene/Stoluene)
1.08 (Sxylene/Sethylbenzene)
6.33 (Sxylene/Stoluene)

67
68
69
70
71
72
73
74
36
75
76
39

filled dp orbitals of Au will return the electrons to the empty p
orbitals of CO. The Au NPs did not show good performance
towards C6H6 due to the poor adsorption of C6H6 on Au at high
temperatures (400 1C). Indeed, the interaction between C6H6
and Au was extremely weak due to the weak bonding between
Au and C. The good adsorption of C6H6 onto Pd was described
by considering the interaction energies between the p electrons
of the C6H6 molecule and the d-band of Pd. The d-band of the
Pd surface is narrow, and the interaction energy between the
p-electrons of C6H6 and the d-band of Pd is B1.19 eV, which
resulted in strong chemisorption of C6H6 to Pd NPs.
In another study regarding the use of Pd NPs for the
detection of benzene, Bonyani et al.44 examined the eﬀects of
Pd-decoration on the benzene sensitivity of the Bi2O3–ZnO
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core–shell (C–S) nanorods (NRs). Pd-decoration on Bi2O3–ZnO
C–S NRs was prepared by a four-step process, including the
evaporation of Bi powders in an oxygen atmosphere, ALD
of ZnO, and Pd decoration, followed by high-temperature
annealing. As shown in Fig. 2a, at 300 1C, the pristine ZnO
NRs showed a stronger response to 200 ppm benzene (S = 6.8)
than the pristine Bi2O3 NRs (S = 1.7). Pd-Decoration increased
the responses of the pristine Bi2O3 and ZnO NRs to 200 ppmbenzene by 17 and 1.5, respectively. The response to 200 ppm
benzene for the Pd-decorated Bi2O3–ZnO C–S NRs was 28.0,
which was higher than those of the other sensors. Furthermore,
the Pd-decorated Bi2O3–ZnO C–S NR sensor showed good
selectivity toward benzene against other gases (Fig. 2b). The
enhanced response observed for the Pd-decorated Bi2O3–ZnO

This journal is © The Royal Society of Chemistry 2018
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Fig. 2 (a) Responses of diﬀerent sensors as a function of the benzene concentration at 300 1C. (b) Selectivity patterns of pristine Bi2O3 NR and Pddecorated Bi2O3–ZnO NR sensors to different gases at 300 1C.44

C–S NRs was related to several factors: (i) the large specific
surface area of the C–S NRs, which provided a large surface area
for benzene adsorption and subsequent reactions, (ii) the presence
of a heterojunction between Bi2O3 and ZnO; and (iii) promising
effects of Pd with its electronic and chemical sensitization effects.
Regarding the electronic sensitization effect, a Schottky barrier
will form owing to the different work functions of Pd and ZnO.
Upon exposure to benzene, the width of the depletion layer
decreases and the significant modulation of the resistance
contributes to the strong response of the sensor. Regarding
the chemical sensitization effects, the increase in oxygen
vacancies and other defects as a result of Pd decoration
provides more active sites for the reactions because benzene
molecules adsorb on the Pd sites; Pd acts as a catalyst and
increases the adsorption of benzene molecules. The catalytic
properties of Pd enhances the reaction of benzene molecules
with oxygen, i.e., oxidation of benzene. Indeed, benzene molecules, dissociated by the catalytic effects of Pd, diffuse to the
sensing layer, where the benzene molecules can interact with
the already adsorbed oxygen molecules on the surfaces of the
semiconducting C–S NRs to increase the conductance of the
sensor. Regarding the good selectivity of a sensor to benzene, the
response of a sensor to a target gas depends on the decomposition rate of the adsorbed molecule at the sensor surface, sensing
temperature, Debye length of the sensing material, degree of
catalytic activity of the sensing material, etc. Therefore, each gas
has its own oxidation rate at a particular temperature for
each sensor. Accordingly, the Pd decorated C–S sensor revealed
high selectivity towards benzene because benzene gas was
more activated, dissociated, and adsorbed on the surfaces of
the sensor compared to the other gases.
In a systematic study to examine the role of Pt, Pt, and Au
NPs in BTX sensing, Kim et al.48 decorated Pt-, Pd-, and Au on
the surfaces of SnO2 NWs. The sensing tests indicated that
SnO2 NWs decorated with Pt-, Pd-, and Au NPs exhibited
excellent sensing behavior towards C7H8, C6H6, and CO gases,
respectively, at 400 1C. Fig. 3a and b show the morphology of
Pt and Pd decorated SnO2 NWs, and Fig. 3c and d show the
selectivity histogram of these sensors, respectively. No signals
from C6H6 or C7H8 gas species were detected on the Au surfaces
because the adsorption of gas species onto metal surfaces is the

This journal is © The Royal Society of Chemistry 2018

first necessary step of any possible catalytic reaction. The Au
NPs oﬀer both high sensitivity and selectivity in the sensing of
CO in the presence of C6H6 and C7H8. Through DFT calculations of C6H6 on Pt(111), the dehydrogenation of C6H6 was
found to be neither thermodynamically nor kinetically feasible.
Furthermore, although the adsorption energy of C6H6/Pd was
slightly lower than that of the C6H6/Pt system, C6H6 desorbed
easily from the Pt surface at the sensing temperatures. Thus, a
stronger sensor response for C6H6 was obtained using Pd NPs
than Pt or Au-based systems.
C7H8 is bonded more strongly to Pt(111) than to Pd(111).
The catalytic activity may be higher for the C7H8/Pt couple
compared to the C7H8/Pd system because the regeneration of
C7H8 will not occur eﬃciently on Pt. In addition, the catalytic
activity was relatively low with the C7H8/Au system because
C7H8 will be desorbed at higher temperatures (4127 1C).
Therefore, a higher sensitivity for C7H8 was obtained on Pt.
C7H8 has a methyl group (–CH3), which is important for
increasing the sensitivity of a sensor. If only the steric effects
are considered, the steric repulsion between the –CH3 and the
Pt surface prevents C7H8 from adsorbing onto the Pt surface.
On the other hand, from an electronic effect point of view, the
electronic effects lower the barrier for the adsorption of C7H8 by
making the donation of electrons from the pCH3 level to the
Fermi level easier and by promoting backdonation from the
Fermi level to the pCH3* level. Because the presence of –CH3 in
toluene increases the amount of surface available for the
adsorption of toluene, the electronic effects dominate the steric
effects, enhancing the adsorption of C7H8 gas. Pt/SnO2 achieved
the highest selectivity among the three surfaces to C7H8 sensing
because of the relatively strong bonding of C7H8 to Pt and the
difficulties in the regeneration of C7H8 on Pt. They further
explained their results by a d-band model. The model is suitable
for explaining the trends in reactivity and bond formation among
various transition metals that exhibit interactions between the
adsorbate valence states and the s- and d-states of a transition
metal surface. Because the contributions from coupling to the
metal s-states are approximately the same for the various metals,
the interaction with the broad s-band of a metal will not affect the
bonding energy significantly. The interaction of the adsorbate
with the d electrons of the metal surface generates both bonding
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Fig. 3 TEM images of (a) Pd–SnO2 NWs (b) Pt–SnO2 NWs. Selective sensing properties of (c) Pd–SnO2 NWs (d) Pt–SnO2 NWs. Variations of the gas
sensor responses by varying the d-band center (Pt, and Pd). (e) C6H6, (f) C7H8. Reprinted from ref. 48 (J.-H. Kim, P. Wu, H. W. Kim and S. S. Kim, ACS Appl.
Mater. Interfaces, 2016, 8, 7173–7183) with permission. Copyright 2016, the American Chemical Society.

and antibonding states because the d-bands are narrow. In
other words, hybridization of the metal d-band with the bonding
orbital of the adsorbate forms both bonding and antibonding
states. The characteristics of the d-bands can be defined by
the d-band center, ed. A higher d-band center (with respect
to the Fermi level) corresponds to an increase in energy (relative
to the Fermi level) and to less filling of the antibonding (d-s)*
state. Accordingly, the metal–adsorbate system is more stable,
leading to stronger binding between the metal and adsorbate.
The increased filling of the unstable antibonding state, however,
will destabilize the metal–adsorbate interaction and weaken the
bonding energy. The bonding energy, or chemisorption strength,
of Pt, is higher than that of Pd because the ed of Pt and Pd are
2.14 and 1.68 eV, respectively. They predicted the sensing
behavior using the volcano-plot approach, which is based on
the chemisorption/adsorption strength of each noble metal.
First, strong bonding between the surface and gas molecules
will decrease the catalytic efficiency because the binding will be
too strong to break. Second, weak bonding between the surface
and gas molecules will also decrease the catalytic efficiency
because the gas molecules may not stick to the surface for the
subsequent reaction. With a moderate bonding strength, the
molecules stick to the surface but are flexible enough to move
around and form transition states. Fig. 3e shows the C6H6
sensitivity vs. the d-band center curve, indicating that the C6H6
sensitivity increases with increasing d-band center, where the
Pd-decorated sensor shows the highest sensitivity to benzene.
Fig. 3f presents the C7H8 sensitivity vs. the d-band center,
indicating that the sensitivity of the Pt-functionalized sensor
is very high from a d-band theory point of view.
Traditionally SiOx is regarded as a passive and insulating
component in electronic devices, due to its excellent dielectric
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properties.78 However, SiOx can be converted into an electrically
active material for resistive-switching memories,79 where the
conduction and resistance change occur through voltage-driven
formation and modification of a pathway of Si nanocrystals
embedded in the SiOx matrix, with SiOx itself also serving as the
source for the formation of Si nanocrystals.80,81 SiOx has good
compatibility with the existing metal–oxide–semiconductor (MOS)
technologies82 and have many merits such as high device yield,
forming-free operation, reduced operating voltage, scalability,
good stability, low reverse current, low-energy consumption and
wide programed resistance dynamic range.83 Like SiOx, Si can be
used for electronic and sensing purposes. Si-Based gas sensors
are a popular type of resistive gas sensor that have excellent
compatibility with silicon IC technology. On the other hand,
their response in pristine form is generally weak.84 Accordingly,
different strategies have been applied to increase the sensitivity
of Si-resistive gas sensors. In particular, enlargement of the
sensing area can be achieved mainly by the preparation of
nanostructures with a high surface area. Among the different
nanostructures, branched nanostructures can offer a very high
surface area. In this context, Kwon et al.47 reported significant
improvement of the C6H6-sensing performance of Si NWs
through the combination of TeO2 branches and Pd sensitization.
Their morphological studies revealed dense TeO2 branches on
the stem of Si NWs. The Pd-functionalized branched NW sensor
exhibited a strong sensor response of 55.19 towards 50 ppm
C6H6 gas at 300 1C. The sensing behavior of the Pd-functionalized
branched NWs was related to several factors (Fig. 4).
First, there was a change in resistance along the length
direction of each TeO2 branch (R1). C6H6 gas molecules adsorb
onto the p-TeO2 branch surface, increasing the resistance.
Second, the networked structures of TeO2 branches generated
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Fig. 4 Schematic diagram showing the four mechanisms operating in the Pd-functionalized branched NWs.47

numerous TeO2–TeO2 homojunctions. In addition, numerous
Si NW–Si NW homojunctions were present. The built-in potentials at the homojunctions were altered by the adsorption and
desorption of benzene molecules (R2), bringing about a change
in resistance. Third, in addition to the TeO2 branches, there
were particle- or grain-like structures of TeO2 on the stem NWs.
Accordingly, the potential barriers at the TeO2 homojunctions
were changed by the adsorption and desorption of gas molecules (R3). Fourth, modulation of the potential barrier might
occur at the Si–TeO2 heterojunctions. The electrons in p-Si will
flow to p-TeO2, whereas the holes in p-TeO2 will flow to p-Si.
Therefore, hole depletion regions and hole accumulation
regions are generated in p-TeO2 and p-Si, respectively.
The TeO2 branched structures covered the Si NWs almost
completely, suggesting that the main hole currents flow
through p-TeO2 rather than p-Si. The initial resistance was
increased because the original conduction volume of the
hole-active p-TeO2 was relatively small due to the generation
of hole depletion regions in the heterojunctions. The generation of hole depletion in p-TeO2 and the diﬃculty to transfer
holes through the heterointerface increased the resistivity of
the sensor. The resistance of the sensor was increased by the
introduction of C6H6 gas. The initial hole depletion of TeO2
by the generation of p-Si/p-TeO2 account for the increase
in sensing properties. In addition, the enhancement of the
sensing behavior was attributed to the morphology of the
TeO2 branches, exhibiting a high specific area and 1D carrier
transport. Furthermore, the sensitivity was enhanced by Pd
functionalization (R4). The presence of Pd/TeO2 Schottky
barriers generated depletion regions, decreasing the conduction
volume and increasing the sensitivity of the sensor. The Pd NPs,
by the spillover eﬀect, promoted the adsorption, dissociation,
and reaction of benzene. The sensor response to C6H6 gas was
more enhanced relative to C7H8 gas due to the better Pd catalytic
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eﬀect of Pd towards benzene, in which C6H6 interacted strongly
with Pd because of its stability at the sensing temperature.
In addition to noble metals, other transition metals, such as
Cr, M, and Cu, can aﬀect the sensitivity of resistive-based gas
sensors. To investigate the role of transition metals on benzene
detection, thin layers of Cr, MnO, MgO, and Cu, were deposited
on the surface of indium tin oxide (ITO) sensors.45 The
responses of the Cr/ITO, MgO/ITO, Cu/ITO, and MnO/ITO gas
sensors to benzene were determined. The catalytic activity is a
function of temperature. Accordingly, the sensing temperature
for the sensors with diﬀerent layers was diﬀerent. Gas sensing
studies showed that the sensor with a Cr layer had the
maximum response to C6H6 gas at 210 1C. This was related to
the high surface energy of Cr compared to those of Mn and Cu.
The surface energy of Cr is 2.30 J m2, which is higher than
those of Mn (1.60 J m2) and Cu (1.83 J m2). A higher surface
energy enhanced the surface oxidation reactions for benzene.
In C–S nanocomposites, the interface between the core and
shell materials is maximized,80 which can be used to enhance
the sensing activity of gas sensors. In this aspect, Kim et al.85
used Pd NPs combined with a C–S morphology and reported
an excellent selective sensor for benzene detection by means of
SnO2–ZnO C–S NWs decorated with Pd NPs. Networked SnO2
NWs were grown on a Au pad layer using a vapor-growth
methodology. Subsequently, the networked SnO2 NWs were
coated with a ZnO shell (80 nm) by ALD. Pd NPs were obtained
and decorated on the SnO2–ZnO C–S NWs using gamma-ray
radiolysis. The Pd decorated C–S NWs showed superior sensing
properties for reducing gases compared to pristine NWs. They
obtained a very strong response of 71 for 100 ppb of C6H6. The
higher sensitivity of the sensor was related to the formation
of different heterojunctions, such as SnO2–ZnO, Pd/ZnO, and
Pd/SnO2 in the sensor, where the height of the heterojunction was
decreased significantly in the presence of benzene. The other
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contribution was chemical sensitization by the catalytic effect
of Pd NPs, which facilitated the interactions between C6H6 and
the adsorbed oxygen ions, increasing the resistance modulation
of the Pd decorated SnO2–ZnO C–S NWs.
In the C–S nanocomposites, control of the shell thickness
can increase the response of the sensor towards BTX gases,
such as benzene. In this regard, Kim et al.49 examined the
sensing behavior of SnO2–Cu2O n–p C–S NWs with different
shell thicknesses (5–80 nm). The Cu2O shell thickness was
adjusted by controlling the number of ALD cycles. The responses
of the pristine SnO2 NW sensor toward C7H8 and C6H6 were
enhanced gradually by the formation of a Cu2O shell layer. The
C–S NW sensor with a shell thickness of 30 nm exhibited the best
response to C7H8 and C6H6, whereas a deviation from this shell
thickness decreased the response. In contrast, the presence of
a Cu2O layer decreased the response of the C–S NW sensors

Review

toward NO2. In ambient air, the hole concentration can be
divided into three regions (compared to the vacuum case
(Fig. 5a)), due to both the adsorption of oxygen ions onto the
Cu2O shell and the formation of C–S heterojunctions, as shown
in Fig. 5b. A hole-accumulation layer (p+) is formed due to the
extraction of Cu2O valence band electrons by the adsorbed
oxygen species.
The intrinsic hole concentration layer (po) is the equilibrium
hole concentration in Cu2O at a particular temperature, and the
hole-deficient layer (p) is the result of an electrostatic response
to the hole layer by electrons in the n–p heterojunction. The red
line in Fig. 5b indicates the concentration profile of holes in
ambient air, and the black dotted line presents the case of the
vacuum state. There was an increase in hole concentration in air.
Upon exposure to the reducing gas, the resistance of the p-Cu2O
shell layer increased due to the release of captured electrons

Fig. 5 Sensing mechanism in the SnO2–Cu2O n–p C–S NWs for reducing gases: (a) in vacuum state, (b) in air, and (c) in reducing gases, and
(d) total resistance modulation of the C–S NWs. Reprinted from ref. 49 (J.-H. Kim, A. Katoch, S.-H. Kim and S. S. Kim, ACS Appl. Mater. Interfaces, 2015, 7,
15351–15358) with permission. Copyright 2015, the American Chemical Society.
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back to the valence band and the elimination of holes. As
shown in Fig. 5c, the concentration profile of holes in air (blue
line) moved toward the red line, which indicated a decrease in
the hole concentration in the ‘‘p’’ shell layer. Consequently, the
sensing properties of the pristine Cu2O NWs were inferior to
those of the C–S NWs due to a weaker hole-accumulation layer.
The degree of resistance modulation of the p+ layer varied
inversely with the shell thickness. Therefore, a thicker shell
experienced less resistance modulation because the shell was
in the state of partial hole-accumulation. Considering the
fraction of shell layers in the total volume of n–p C–S NW
(which was proportional to shell thickness), the response
showed a volcano-shaped curve with regard to the shell thickness (Fig. 5d). The expansion of the p+ layer was limited by the
presence of a p|n interface, which acted as a blocking layer
toward the expansion of the p+ layer, leading to less resistance
modulation for oxidizing NO2, and a weak response toward
NO2. Although there was no noticeable response to NO2, which
is a strong oxidizing gas, the sensor was unable to discriminate
between benzene and toluene gases.
Because the heterojunctions play a vital role in the sensing
behavior of nanocomposite resistive-based gas sensors, it is
interesting to study the role of the number of heterojunctions in
the sensitivity of sensors to benzene. In this context, Kim et al.46
reported the results of a systematic study of xSnO2–(1  x)Co3O4
composite NFs prepared by an electrospinning method for gas
sensing studies. Electrospinning is a facile and cost-effective
method that can easily produce metal oxide nanocomposites
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with a fibrous morphology.82 Depending on the nominal composition, the sensors showed different sensitivity to the target
gases at 350 1C. Fig. 6a compares the responses of all the sensors
with different compositions to 10 ppm of CO, SO2, acetone, and
C6H6 gases. Among the different compositions, the 0.5SnO2–
0.5Co3O4 sensor exhibited the strongest gas response. The good
gas sensing properties of the 0.5SnO2–0.5Co3O4 sensor were
related to the larger number of heterojunctions in the sensor.
Fig. 6b shows a SnO2-rich composition, where the number of
n–n homojunctions is much higher than that of the n–p heterojunctions; thus, the sensing behavior is governed mainly by n–n
homojunctions rather than by p–n heterojunctions.
Fig. 6d shows the Co3O4-rich composition, where the number of p–p homojunctions (governing the sensing behavior) is
much higher than that of n–p heterojunctions. Fig. 6c shows
the number of n–p heterojunctions in the 0.5SnO2–0.5Co3O4
composition, where the maximum number of n–p heterojunctions can occur. The n-type sensing properties reported for
0.5SnO2–0.5Co3O4 composite NFs revealed the main conduction
channel for sensing to be in the n-SnO2 nanograins. The enlarged
surface depletion region of the n-SnO2 nanograins by electron
flow enhanced the sensing behavior with an increased initial
resistance of NFs. In addition, the strong sensing performance of
the 0.5SnO2–0.5Co3O4 composite NF sensors was attributed partly
to the catalytic properties of Co3O4. p-Type metal oxide semiconductors, such as Co3O4, commonly have high catalytic
oxygen adsorption properties. Accordingly, a large number of
oxygen molecules are adsorbed on the Co3O4 surface and the

Fig. 6 (a) Comparison between the response of xSnO2–(1  x) Co3O4 (x = 0.1, 0.3, 0.5, 0.7, and 0.9) NF sensors to 10 ppm of different gases at 350 1C. The
response of a pristine SnO2 sensor to C6H6 is included. Schematic diagram of the number of junctions in (b) SnO2-rich composition, (c) 0.5SnO2–0.5Co3O4
composition and (d) Co3O4-rich composition.46
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high catalytic ability of Co3O4 promotes the reactions associated
with gas sensing. Moreover, crystallographic defects can be
formed at the SnO2–Co3O4 interfaces due to lattice mismatch
between SnO2 and Co3O4, which can provide preferential adsorption sites for the target gases and oxygen molecules, leading to
an enhanced response of the sensor. The increase in adsorbed
oxygen ions as a result of the substitution of Co2+/Co3+ ions in
the Sn4+ sites is also likely. During the annealing process, a small
number of Co2+/Co3+ ions can diffuse into the lattice of SnO2 and
replace the Sn4+ sites, resulting in lattice distortion and the
formation of defects.
Organic–inorganic hybrid composite materials with synergistic effects can overcome the shortcomings of metal oxide
sensors.83 Polyaniline (PANI) is a p-type organic semiconductor
with a linear conjugate p-electronic system, whereas SnO2 is an
n-type semiconductor.86 Accordingly, their composites can produce p–n heterojunctions, which can behave as a better sensor
than pure SnO2. In this context, Murugan et al.86 reported the
sensing properties of PANI–SnO2 to xylene and toluene. PANI
was synthesized by a chemical oxidative polymerization route.
PANI–SnO2 (10–80 wt%) nanocomposites were prepared by
mechanical grinding of a physical mixture with the appropriate
amount of PANI and SnO2 in an agate mortar. The sensing tests
towards benzene and toluene vapors in air showed a negligible
response, because the sensing layer was polar/hydrophilic,
whereas benzene and toluene were non-polar vapors and
moisture in the air adsorbed preferentially to the surface of
the pellet materials, leaving no adsorption site for the target
gases. Therefore, sensing tests were performed in a N2 atmosphere. The gas sensing tests showed that PANI with up to
60 wt% SnO2 exhibited a response towards toluene, whereas
PANI–80% SnO2, pristine SnO2, and pristine PANI did not show
a noticeable response to benzene and toluene. The responses to
toluene vapors increased steadily with increasing SnO2 content
(in wt%), reaching a maximum at 40 wt% SnO2 and then
decreasing. The remarkable improvement in the sensor functionality of PANI–SnO2 composites was attributed to the mutual
interaction between PANI and SnO2 components. This causes
separation and produces p–n heterojunctions in the PANI–SnO2
composites, which can increase the depletion barrier height,
and improve the sensor response. An assessment of such p–n
heterojunction formation was made by measuring the dielectric
constant of the composites in an AC impedance study. The value
increased with increasing SnO2 content, reaching a maximum
at 40 wt% and then decreasing with further increases in SnO2
content. The dielectric constant of PANI was increased 10 fold
while that of SnO2 was increased by 5 orders of magnitude.
Accordingly there was a good relationship between the dielectric
constant and sensor response. Therefore, the sensor response of
the PANI–SnO2 composites increased with increasing number of
p–n heterojunctions. Benzene and toluene are basically electron
acceptors. When these molecules associate, they draw electrons
from the composite material, particularly from p-doped PANI in
the heterojunction region, and provide resistance to electron
movement in the p conjugate system of PANI. The composite
sensor with a larger number of p–n heterojunctions was the
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larger supplier of electrons and showed the greatest change in
conductivity. The response of the sensor towards toluene
was slightly higher than that of benzene. This resulted from
the methyl substituent, which is a non-polar sp3 group that
provides a greater resistance to a p electron system in the PANI
chain. The FTIR spectra of the benzene-vapor adsorbed sensor
showed that there was little shift in the peak positions before
and after exposure to benzene. On the other hand, the intensity
of the benzenoid bands increased, and the C–H out-of-plane
bending band showed slight intensity modifications. These
intensity changes were highest with the PANI–40 wt% SnO2
composite. This showed that the target gases associated preferentially with the benzenoid unit, probably in a stacking
configuration and caused an electronic effect.

5. Resistive-based gas sensors for the
detection of toluene
An important parameter for gas sensors is the surface area,
which strongly aﬀects the adsorption ability of gas sensors.
Accordingly, many researchers have attempted to increase the
surface area of the sensor to achieve better sensitivity. Dong et al.50
synthesized monodisperse ZnFe2O4 nanospheres (7–16 nm)
with a surface area of 87.40 m2 g1 using a non-aqueous
method in benzylalcohol to produce a highly selective toluene
gas sensor. The ZnFe2O4 gas sensor exhibited a good response
of 9.98 to 100 ppm gas. In addition, it showed a short response
and recovery time of 18.4 and 29.20 s, respectively. The
ZnFe2O4-based gas sensor showed a much higher sensitivity
to toluene compared to the other interfering gases. The high
sensitivity towards toluene was attributed mainly to the methyl
group (–CH3) because of its adsorbing ability. Furthermore, the
lower enthalpy change of the dehydrogenation for toluene resulted
in a stronger response. Finally, the small energy difference in
terms of LUMO energy and HUMO energy between toluene and
ZnFe2O4 favored the interaction of toluene and the sensor, which
contributed to the good selectivity of toluene. Nanostructured
hierarchical materials with huge surface area to volume ratios
and ordered microstructures have excellent sensing properties.
Wang et al.62 prepared Zn2SnO4 structures via a hydrothermal
route. Different nanostructures were obtained using different
surfactants (Fig. 7a–c). The Zn2SnO4 sheet hierarchical structure sensor showed higher sensitivity to toluene than the other
sensors (Fig. 7d–f). This was related mainly to its high surface
area. The Zn2SnO4 sheet and Zn2SnO4 sphere have good
hierarchical structures and the specific surface areas of the
Zn2SnO4 sheet and Zn2SnO4 sphere (23.7 and 20.6 m2 g1) were
larger than those of the cubic (9.1 m2 g1), which offer more
adsorption sites for toluene molecules. For the Zn2SnO4 spheres,
although they had a hierarchical structure, their interior structures were quite compact compared to the sheet-like Zn2SnO4
samples; accordingly, the sensing response was weaker than that
of the other sensors.
Noble metal NPs are also used extensively for the detection
of toluene owing to their catalytic activity. Tian et al.51 reported
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Fig. 7 FE-SEM images of (a) Zn2SnO4 sheets, (b) Zn2SnO4 spheres, and (c) Zn2SnO4 cubes. Dynamic resistance curves of (d) Zn2SnO4 sheets, (e) Zn2SnO4
spheres and (f) solid Zn2SnO4 cube-based gas sensors towards 5–100 ppm toluene gas at 280 1C.62

Pd-loaded (0.5, 1.2, 2, and 2.3 mol%) flower-like SnO2 microspheres, which were obtained using a solvothermal method.
The toluene sensing results showed that the response of
1.2 mol% Pd-loaded SnO2 to toluene gas was much higher
than the other gas sensors. When the Pd loading is low, PdO
abstracts electrons from the SnO2 particles and the width of the
electron depletion layer in tin oxide increases. The thickness of
the depletion layer increased with increasing PdO concentration, leading to an increase in the response of the Pd-loaded
SnO2 sensors. When the PdO loading was excessive, free PdO
appeared among the SnO2 particles. In this case, the free PdO
NPs interact electronically with the SnO2 NPs. On the other
hand, the free PdO among the SnO2 particles assisted the
conduction process, which led to a decrease in the resistance
of the sensor. The strong response of the 1.2 mol% Pd-loaded
SnO2 sensor to toluene was attributed mainly to the catalytic
activity of Pd (PdO). The adsorption of toluene on Pd can be
represented by the following reactions:51
PdO( ) + C6H5CH3 = PdO(C6H5CH3)

(6)

PdO(C6H5CH3) + 2SnO2 = H2O + PdO( ) + 2SnO + C6H5CH–O
(7)
2SnO + O2 = 2SnO2

(8)

where ( ) is an available site for the adsorption of a gas molecule
on the surface of PdO.
In addition to the surface area, the porosity of the sensing
layer strongly aﬀects the sensing properties, particularly the
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selectivity of the sensor. Suematsu et al.52 reported a very low
consumption toluene sensor by developing an ultra-small gas
sensor, where clustered Pd/SnO2 NPs were fabricated by microelectromechanical (MEMS) technology. To decrease the heater
power consumption, the sensor was worked in pulse-heating
mode, where the switch-on and -oﬀ cycles were repeated at 1 s
intervals, as shown in Fig. 8a. The sensor was heated easily to
more than 500 1C by applying a small voltage (1.5 V), as shown
in Fig. 8b. The linear relationship revealed the good working of
the micro heater. The sensor showed rapid and strong responses
to C7H8 vapor at 300 1C. The good performance of the sensor was
attributed to the availability of eﬃcient diﬀusion paths in the
clustered Pd/SnO2 NPs. Fig. 8c shows the responses of the bare
SnO2 NPs and Pd-loaded SnO2 sensors to toluene at diﬀerent
temperatures. The pore size distribution showed that the
sensing films contained mesopores, where the gases diﬀused based
on the Knudsen diﬀusion mechanism. Hence, increasing the pore
size can increase the Knudsen diﬀusion for toluene. This explains
why the Pd-loaded clustered NPs exhibited stronger responses to
toluene than the bare SnO2 NP sensor. In addition, for the Pd
clustered SnO2 NPs, the strongest sensor response was obtained
at 350 1C. This was much lower than that for the bare SnO2 NPs,
which revealed the maximum sensor response at 450 1C. This
was attributed to the increased rates of the combustion reactions
and gas diﬀusion in the presence of Pd with good catalytic
activity towards toluene.
As mentioned above, the eﬃcient diﬀusion of target gases
into the depth of the sensing layer is one of the most important
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Fig. 8 (a) Typical operation profile of the micro heater in pulse-heating mode. (b) Relationship between the heater temperature and applied voltage.
(c) Temperature dependence of the sensor responses to 50 ppm toluene for the sensors fitted with (red triangles) the clustered Pd/SnO2 NPs and
(black circles) the bare SnO2 NPs. Reprinted from ref. 52 (K. Suematsu, Y. Shin, N. Ma, T. Oyama, M. Sasaki, M. Yuasa, T. Kida and K. Shimanoe, Anal. Chem.,
2015, 87, 8407–8415) with permission. Copyright 2015, the American Chemical Society.

parameters that aﬀect the response of a gas sensor. Insuﬃcient
diﬀusion into the sensing films can lead to small changes in
the electrical resistance of the gas sensor. Therefore, the
porosity in the sensing layer, which strongly aﬀects the gas
diﬀusion depth, has profound eﬀects on the sensitivity of a
sensor. In sensing films, owing to the nanosize nature of
the constituent particles, the pores have a radius in the range
of 1–100 nm and Knudsen diffusion governs the diffusion of
the target gases:52
rﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
4r 2RT
Dk ¼
(9)
3 pM
where r, R, T, and M are the pore radius, gas constant,
temperature, and molecular weight of the gas molecules,
respectively. Accordingly, both the type of target gas with a
specific molecular weight and the radius of pores in the sensing
layer have a great effect on the gas sensing response of the
sensor. In this regard for a specific gas, it is very important to
control the pore radius in the sensing film. Larger pores can be
introduced into the sensing layers by controlling the size and
morphology of the particles, resulting in better sensing performance. Nevertheless, increasing the pore size using larger
particles results in a lower change in the resistance upon a
reaction with the target gas because larger particles usually
have very thin electron depletion layers on their surface. One
good approach to avoid this issue is the use of NP clusters to
fabricate gas sensing films with larger pores. On this basis,
Suematsu et al.87 fabricated a highly sensitive toluene sensor
using clustered SnO2 NPs that had been synthesized by controlling the particle aggregation in a hydrothermal method.
They also loaded Pd on clustered SnO2 NPs and examined their
sensor responses towards toluene. The clustered sensor showed
good selectivity towards toluene at 300 1C. Increasing the
operating temperature from room temperature accelerated
the surface reaction rate of the adsorbed oxygen with combustible gases, resulting in an increase in sensor response up to
300 1C. Further increases in temperature limited the diffusion
of gases inside the sensing films because at higher temperatures, the gases were consumed at the surface of the films
owing to the increased catalytic activity of SnO2. Moreover, the
limited gas diffusion and penetration within films decreased
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the sensor response. The Pd loading increased the response of
the sensor relative to the pristine sensor due to catalytic and
electrical sensitization effects. A Pd loading of 0.1 mol% onto
clustered NPs was insufficient to improve the sensor response
at 300 1C. On the other hand, a 0.2 mol% Pd loading led to the
strongest response to toluene gas.
Conducting polymers are among the best candidates for the
development of flexible, low cost, and low temperature gas
sensors. On the other hand, they often exhibit a weak response
to the target gases in pristine form and need to be sensitized
through diﬀerent strategies, such as the addition of noble
metals. In this context, functionalized conducting copolymer
films of 3,4-ethylenedioxythiophene (EDOT) and thiophene-3acetic acid (TAA), poly(EDOT-co-TAA), were prepared by oxidative chemical vapor deposition (CVD).88 Conducting conjugated
linker molecules of 4-aminothiophenol were attached to the top
of these conducting polymer films. Ni NPs were deposited on
top of poly(EDOT-co-TAA) films. Accordingly, the sensor had a
high active surface area, good flexibility, and low weight due to
the presence of conducting polymers. The response of a copolymer film was much weaker than that of the copolymer–Ni
hybrid films. This is because both PEDOT and PTAA were
insoluble in toluene. Therefore, the polymers did not swell or
exhibit a change in conductivity upon exposure to toluene.
Furthermore, toluene is nonpolar and has a very low electrophilic or nucleophilic effect on the copolymer. The sensors with
Ni were found to detect toluene selectively. This was due mainly
to the presence of Ni on top of the films. Ni is a good catalyst for
toluene and is generally used as a catalyst in the hydrogenation
of toluene.88 Aliphatic and aromatic –C–H bonds of toluene
were detected in the FTIR spectrum of the copolymer–Ni hybrid
film after exposure to toluene, demonstrating the good adsorption of C7H8 on the sensor surfaces, which account for its good
response to toluene.
A good strategy to reduce the relatively high power consumption of the resistive-based gas sensors is the use of a selfheating strategy. In particular, NWs have strong potential for the
realization of self-heating gas sensors.87 Kim et al.89 reported
self-heated toluene gas sensors based on Pt functionalized
SnO2–ZnO C–S NWs. Highly networked SnO2 NWs were grown
via a VLS method and were then coated with ZnO shells using
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Fig. 9 Schematic diagrams of the generation of resistances in the SnO2–ZnO C–S NWs: (a) resistance to the electrical current through the ZnO shell layer,
(b) resistance to the electrical current crossing the ZnO grain boundaries, and (c) resistance to the electrical current crossing the ZnO–ZnO homojunctions.88
Schematic diagrams showing the C6H6-sensing mechanisms of the Pt NP-functionalized SnO2–ZnO C–S NWs: (d) energy-band diagrams resulting from the
generation of heterojunctions. (e) Schematic diagrams explaining the effects of the Pt catalysts on the sensing behavior of C–S NWs with a thin or thick shell layer.88

an ALD technique. The thickness of the ZnO shell layer was set
to 10, 30, and 85 nm. Finally, Pt NPs were deposited on the
SnO2–ZnO C–S NWs using a gamma-ray radiolysis technique.
The self-heating effect of the sensor was demonstrated by
temperature measurements under a range of applied voltages.
Self-heating was negligible in the sensor with a 10 nm-thick
shell, but was quite high for a thickness of 85 nm. In the
sensors with an 85 nm thick ZnO layer, the main currents flew
through the ZnO shell layer. The three possible sources of Joule
heating in the C–S NWs with the shell thickness of 85 nm were
Joule heating inside ZnO grains (Fig. 9a), Joule heating in the
grain boundaries (Fig. 9b), and Joule heating due to the presence
of ZnO–ZnO homojunctions (Fig. 9c). The shell thickness was
the dominant factor among the Joule heating sources that give
rise to the self-heating phenomenon because the measured
temperature increased with increasing shell thickness. Under
the same conditions, the response of the sensors towards
toluene was increased significantly by increasing the shell
thickness. When the shell thickness was thinner than the Debye
length, the electrical current passed not only through the shell
layer, but also near the core at the C–S interface due to the
electric field smearing effect. In the case of SnO2–ZnO C–S NWs
with the thinnest ZnO layer (10 nm), a smearing effect can occur,
resulting in a weak response of the sensor. On the other hand, in
the case of C–S NWs with a thicker ZnO layer (85 nm), despite the
depletion region generated by chemisorbed oxygen, there is a
significant depth of non-depleted region in the ZnO shell.
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Accordingly, through the adsorption of C7H8 gas molecules,
free electrons introduced by C7H8 gas increase the electron
concentration and a strong response can be observed. As a
second possibility, increasing the shell thickness increases the
diameter of the C–S NWs, which increases the probability of
contact between the NWs. Accordingly, there will be an additional electrical current through the ZnO–ZnO homojunctions.
Moreover, the Pt NPs increased significantly the sensing of the
C–S NWs with a shell thickness of 85 nm. In the presence of Pt,
electrons transfer from ZnO to Pt, forming a non-rectifying
barrier (Fig. 9d) that affects the sensing behavior. In addition,
the Pt NPs played a catalytic role through the spillover effect,
facilitating the adsorption of C7H8 gas molecules and the transfer
of gas molecules to the neighboring ZnO surface (Fig. 9e). For
thicker-shell NWs, the main currents flew through the ZnO shell,
which was close to the surface and Pt NPs. Consequently, the Pt
catalysts, which mainly affected the neighboring ZnO surface,
enhanced the sensing performance. On the other hand, for
thinner-shell NWs, the main currents flowed through the SnO2
core, which was far from the surface and Pt NPs. Accordingly, the
Pt catalysts did not enhance the sensing behavior significantly.
Because highly conducting MWCNTs have hollow structures,
a large surface to volume ratio, and surface functional groups,
they have good adsorption aﬃnity toward diﬀerent gases.
Nevertheless, pristine CNTs often suﬀer from poor selectivity
and need to be functionalized with noble metal NPs to enhance
their selectivity. Kwon et al.90 reported a selective toluene gas
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Fig. 10 (a–c) TEM analyses of Pt-functionalized MWCNT films fabricated using the predeposited layers with thicknesses of 3, 6, and 9 nm.89
(d) Response of different sensors to 10 ppm C7H8 gas.

sensor fabricated from Pt–MWCNT nanocomposites. The size
of the Pt NPs was adjusted by controlling the pre-deposited Pt
thickness (3, 6 and 9 nm). The diameters of the Pt NPs obtained
from Pt thicknesses of 3, 6, and 9 nm were in the range of
1.5–35, 2–70, and 2–140 nm, respectively (Fig. 10a–c). According
to the gas sensing tests, they reported that at 150 1C, the sensor
responses of the MWCNTs were increased remarkably after
Pt-functionalization. In particular, the 3 nm-thick Pt layer
produced the strongest gas response, as shown in Fig. 10d.

Because the work function of Pt is larger than that of
MWCNTs, an ohmic contact is generated on the interfaces
between Pt and MWCNTs (Fig. 11a), which aﬀects the sensing
properties of a sensor. In a toluene atmosphere, after a reaction
of toluene with the already adsorbed oxygen ions, the electrons
generated return to the surfaces of the MWCNTs, decreasing
the surface hole density, and increasing the resistivity of the
sensor. Furthermore, by the spillover eﬀect of Pt, the toluene
gas molecules will be adsorbed eﬃciently on the surfaces of the

Fig. 11 Schematic diagram of several mechanisms for the enhancement of the sensing behavior by adding Pt NPs. (a) Generation of a potential barrier at
the Pt/MWCNTs interfaces. (b) Generation of a hole depletion region in the presence of toluene.89
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MWCNTs. These mechanisms work for all reducing gases, but
why the sensor showed an enhanced response to C7H8 gas is
unclear. The enhanced response of the sensor towards toluene
might be due to the methyl group (–CH3) of toluene gas. The
methyl group plays a critical role in enhancing the sensing
behavior because C7H8 can be adsorbed via this group. Both
electronic and steric effects affect the adsorption of a methyl
group onto the Pt surface. In terms of steric effects, it is difficult
for C7H8 to be adsorbed onto the Pt due to steric repulsion
between the –CH3 and Pt surface. In terms of electronic effects,
the adsorption of C7H8 will be greatly favored on the Pt surface.
In electronic effects, the barrier to the adsorption of C7H8 is
lower due to the easier donation of electrons from the pCH3 level
to the Fermi level, as well as by the easier back-donation from
the Fermi level to the pCH3* level. Accordingly, the electronic
effects dominate the steric effects, resulting in the enhanced
adsorption of C7H8.
Each C atom in MWCNTs has a p electron orbit perpendicular to the MWCNT surface. Therefore, toluene, which has p
electrons, can form p–p bonds with MWCNTs. The adsorption
between toluene and MWCNTs is due primarily to the weak p–p
interaction. Charge transfer between the toluene and MWCNTs
is difficult because of the weak electronegativity of the methyl
group (–CH3), which leads to a weak response of the pristine
MWCNTs to toluene. To enhance the toluene-sensing properties of the MWCNT sensors, they can be used in a composite
with conductive polymers. Two toluene sensors were prepared,
namely MWCNTs–polyethylene oxide (PEO) composite film and
MWCNTs–PEO bilayer film. The gas sensing results at room
temperature showed that the sensors with bilayer films had
better sensitivity than those with the composite films.59 For the
MWCNTs–PEO sensitive films, there are two sources for the
resistance change. One is the weak p–p interaction between
toluene molecules and MWCNTs; the other is the swelling of
PEO in the presence of toluene, where the distance between the
polymer chains increases as a result of the diffusion of toluene
into the PEO structure. The sensing results showed the following
relationship among the sensors: Sbilayer 4 Scomposite 4 Spristine CNT.
More adsorption sites are available in the composite and
bilayer films compared to the pristine MWCNT film, which
improved the gas adsorption. The higher sensitivity of the
bilayer sensor relative to the composite sensor was explained
by the bilayer film offering more adsorption sites for toluene
adsorption due to the existence of pores in the interface of the
MWCNTs and PEO layer. Accordingly, the toluene molecules
penetrated into the PEO and lower MWCNT layer through the
interface pores. In the composite film, however, PEO covered the
surfaces of the MWCNTs almost completely, which hindered
the efficient adsorption of toluene molecules on the surface of
the MWCNTs.59
The MWCNT and SWNTs were used as sensing materials.90
Nevertheless, SWNTs have insuﬃcient sensitivity to VOCs. The
noncovalent functionalization of SWNTs with metalloporphyrins
(MPs) can be highly eﬀective for increasing the sensing capability
of SWCNTs.91 Through the noncovalent functionalization with
MPs, the surface electronic properties of the SWNTs can be
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retained and the specific aﬃnity of the MPs toward the BTX
gases can be capitalized by the extensive p–p delocalization at
the MP/SWNT interfacial sites. In this context, Rushi et al.31
reported the room temperature BTX gas sensing properties
of SWCNTs, which were functionalized noncovalently with
iron tetraphenyl porphyrin ((FeTPP)) and cobalt tetraphenyl
porphyrin ((CoTPP)). The sensors showed a good response to
BTX gases, but the response of SWCNT-FeTTp was higher than
the other one. Furthermore, the response of both sensors to
toluene was higher than that to benzene and xylene. They
explained the sensing responses considering the d orbital
electronic configurations of Fe ((Ar) 3d6 4s2) and Co ((Ar) 3d7
4s2). The better sensing capacity of the FeTPP-based sensor was
related to the higher vacancy in the d-orbitals of Fe, which
render better acceptability of electrons (than Co) from electron
donating species. Indeed, the partially vacant d orbitals of the
central metal of MPs play an important role in determining the
sensor performance. From a structural point of view, because
the prime constituent of BTX gases is the benzene ring, the
role of the side substituents present in the ring for each of the
BTX gases was studied. In the case of toluene, the presence of
a –CH3 group at the ortho position results in an increase in
electron density at the para and meta positions of the ring,
offering a higher electron-donating capacity in toluene than
benzene, which contains no side substitution. Accordingly the
sensors showed a stronger response to toluene than benzene.
The intermediate performance of the sensors for p-xylene was
explained by the two –CH3 group substituents at the ortho and
para positions of the ring, which decrease the effective electron
density present on the ring compared to toluene.
Transition metals and metal oxides are much less expensive
than noble metals and can be used to detect toluene in
cooperation with other sensitive materials, such as indium
tin oxide (ITO), due to their catalytic activity and appropriate
work function. In this context, the sensitivity of ITO thin film
sensors with three diﬀerent thicknesses (130, 150, and 210 nm)
in the presence of toluene at 230 1C was investigated.91 At the
sensing temperature, the toluene is oxidized according to the
following reactions:91
C7H8 + 2O - C7H6O + H2O + 2e

(10)

C7H8O + 2O - C7H6O2 + 2e

(11)

C7H6O2 + 15O - 7CO2 + 3H2O + 15e

(12)

C6H5CH3 + 3O - C6H6 + CO2 + H2O + 3e

(13)

C6H6 + 15O - 6CO2 + 3H2O + 15e

(14)

C6H5CH3 + 18O - 7CO2 + 4H2O + 18e

(15)





Or





Or

The sensor with the thinner film showed a stronger response
because in this sensor, the depletion layer extended into the
depth of the sensor. Furthermore, thinner films with more
pores caused an increase in the sensitivity of the sensor towards
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toluene. In the next step, thin films of Cu, MnO, and Cr with a
thickness of 30 nm were deposited on the top of the ITO
thin film (thickness 210 nm). The sensors with the diﬀerent
promoting layers showed the maximum response at diﬀerent
operating temperatures due to the diﬀerence in the catalytic
and redox activity of the diﬀerent sensors. The sensing
temperature for the sensing film with the MnO layer was
180 1C whereas the sensing temperature for that with Cu was
200 1C. The promoters worked as electronic sensitizers. They
are oxidized upon contact with the oxide surface, increasing the
depth of the depletion layer on the oxide surface. In the
presence of toluene gas, the promoting layer is reduced first,
releasing the free electrons back to the sensor surface. Among
the diﬀerent sensors, MnO/ITO showed the strongest response
because of the lower work function of Mn (4.1 eV) compared to
Cu (4.53–5.10 eV) and Cr (4.5 eV), which induced higher
Schottky barriers with the ITO film in air, resulting in better
sensitivity to toluene.
In another study related to the use of transition metal oxides
as promoters, Aluri et al.77 reported the preparation of GaN
NWs (diameter 300 nm) functionalized with TiO2 NPs by RF
magnetron sputtering for the selective sensing of BTX gases.
The pristine GaN NW sensors did not show a significant
response when exposed to diﬀerent VOCs. On the other hand,
the TiO2-coated GaN hybrid sensor exhibited a strong response
to VOCs. In the dark, the hybrid sensor showed a response to
the VOCs. Under UV excitation, however, the photocurrent
for the sensor increased with respect to air when exposed to
toluene vapor. In contrast to benzene, xylene, ethylbenzene,
and chlorobenzene, the photocurrent decreased relative to air.
On the other hand, the hybrid sensor did not show any
response when exposed to methanol, ethanol, isopropanol,
chloroform, acetone, and 1,3-hexadiene, even at high concentrations. Fig. 12 shows the sensitivity of the hybrid sensor
to diﬀerent VOCs, demonstrating the ability of the sensor to

Fig. 12 Sensitivity plots of a GaN–TiO2 NW–nanocluster hybrid sensor
towards BTEX and chlorobenzene.77

4358 | J. Mater. Chem. C, 2018, 6, 4342--4370

Review

detect BTEX (benzene, toluene, ethylbenzene, and xylene) with
a detection range of 50 ppb to 1%.
In air, molecular oxygen is adsorbed on the sensor surface,
resulting in a negative charge. In the presence of UV light,
electron–hole pairs are formed in both the GaN NW and TiO2
NPs. The holes generated in the NW tend to diffuse toward the
surface owing to surface band bending. The separation of
photogenerated charge carriers results in a longer lifetime of
photogenerated electrons, which leads to a stronger response
of the NW sensor. The existence of aromatic compounds in
air reduces the photocurrent. Organic molecules act as hole
trapping adsorbates. Accordingly, the presence of VOCs reduces
the sensor photocurrent. The efficient hole transfer to the
adsorbed organic molecules is related to the ability of the
compound to donate an electron. The donation of an electron
or capture of a hole becomes easier with decreasing ionization
energy. The sensitivity trend for benzene (lowest sensitivity)
and xylene (highest sensitivity) correlates with their ionization
energies, where benzene is the highest and xylene the lowest.
Toluene, however, shows a different trend, which is related to
other second-order effects. On the other hand, this different
trend in the case of toluene can be used for the selective
detection of this vapor among all other VOCs.
NiO is a good catalyst for toluene.93,94 Accordingly, it can be
used to detect toluene in composite form with other sensitive
semiconducting materials. In this context, hierarchical, a-Fe2O3/
NiO composites with a hollow nanostructure were obtained
using a facile hydrothermal method.63 They were fabricated
by growing a-Fe2O3 NRs on the surfaces of the porous NiO
nanosheets with a thickness of B12 nm. The response of the
a-Fe2O3/NiO composites to 100 ppm toluene was B18.68,
which was 13.18 times higher than that of pristine NiO at
300 1C. This was related mainly to the surface area of the sensor
along with the promising role of NiO. The BET surface area of
the hierarchical a-Fe2O3/NiO composites (129.97 m2 g1) was
higher than that of the pristine flowerlike NiO sensor with a
surface area of 109.64 m2 g1. Accordingly, more toluene
molecules were absorbed on the surface of the composite
sensor. Furthermore, rapid and eﬃcient gas diﬀusion on the
surfaces of the hollow spheres was performed easily because of
the hollow structure of the sensor. The p–n heterojunctions
between NiO/Fe2O3 were also generated, resulting in a barrier
for the transfer of electrons. Upon the reaction with toluene
gas, electrons are released back to the sensor, decreasing
the barrier, resulting in enhanced sensing. In addition, a
number of dangling bonds were generated due to lattice
mismatch between NiO and Fe2O3, which were beneficial
for further increasing the amount of adsorbed oxygen ions,
resulting in a faster reaction with toluene gas and a stronger
response to toluene.
In another study related to the use of NiO for toluene
sensing, Gao et al.92 reported an ultrasensitive toluene gas
sensor using SnO2-decorated NiO nanostructures, which were
synthesized using a facile hydrothermal method. The sensor
exhibited outstanding performance toward toluene, where a
strong response of 66.2 to 100 ppm toluene was observed,
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which was 50 times higher than that of the pristine NiO sensor.
SnO2 has good intrinsic sensitivity to toluene and can act
as a catalytic support for NiO. In addition, NiO has good
catalytic activity toward VOCs; in particular, it has a strong
catalytic eﬀect on toluene. On the sensor surface, toluene is
decomposed into more active benzylalcohol or benzylaldehyde
through a catalytic oxidation reaction. Accordingly, the SnO2decorated NiO sensor has good catalytic oxidation activity
towards toluene, enhancing the adsorption of methyl radicals
and oxidizing toluene, which enhances the gas response and
selectivity toward toluene remarkably. The BET surface area
of the SnO2-decorated NiO (131.1 m2 g1) was approximately
three times higher than that of pure NiO (45.9 m2 g1),
demonstrating more gas adsorption ability on the surface of
the SnO2-decorated NiO sensor. The pore volume of the SnO2decorated NiO was also superior to that of pure NiO, which was
an advantage for gas diﬀusion. Finally, the sensor also exhibited
anti-humidity characteristics, giving an acceptable response of
11.1 to 10 ppm toluene at 90% relative humidity. When toluene
was under humid conditions, competition between toluene gas
and water vapor for adsorption on the surfaces of the sensor led
to a weaker sensor response.

6. Resistive-based gas sensors for the
detection of xylene
Metal oxide films are often annealed at high temperatures to
achieve better crystallization and recovery of defects. At high
temperatures, due to thermal expansion, the metal oxide film
shrank, whereas its substrate expanded. Accordingly, cracks
were sometimes generated. Furthermore, metal oxide sensing
films for sensing applications generally work at high temperatures; accordingly, the generation of cracks is also likely in this
case.68 To overcome the crack generation problem, Akiyama et al.68
reported a xylene sensor using a double-layered thin film. The first
layer (200 nm) was composed of Fe2O3 + TiO2 (5 mol%) + MgO
(4 mol%), and the second layer (70 nm) was composed of
WO3 + TiO2 (10 mol%). A catalyst (Ni, Pt, Pd) was deposited on
porous alumina with cylindrical pores (inner diameter = 200 nm
and the height = 60 mm), which acted as a gas filter and was
placed on top of the sensor (Fig. 13).
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The xylene sensing results showed that the sensor with a
Ni-deposited porous alumina layer had a stronger response
to xylene compared to the sensor with either a Pt- or a
Pd-deposited porous alumina layer. Both Pd and Pt are powerful
catalysts. Accordingly, the chemisorbed oxygen on Pd and Pt is
very active and upon xylene gas reaching the Pt or Pd surface,
xylene gas reacts with oxygen and is decomposed to CO2 and
H2O gases. Accordingly, xylene gas cannot reach the sensing film
and a weak response is observed. In the case of the Ni catalyst,
xylene gas diﬀuses through the Ni-deposited pores to reach the
surfaces of the sensing film. Ni has intermediate catalytic activity
in enhancing the chemical activity of xylene gas and thus
increases the amount of adsorption on the surface of the sensing
film. During adsorption and desorption on the Ni surfaces,
some of the xylene molecules are decomposed to radicals with
unpaired electrons and are chemically more active. Accordingly,
activated xylene molecules have many opportunities to adsorb
on the sensor surfaces. Therefore, the deposition of Ni on the
inner surface of the pores is essential for increasing the amount
of radicals. A Ni film with a thickness of 50 nm showed the
strongest response to xylene. A thicker film (100 nm) decreased
the diameter of the pores of the porous alumina filter, reducing
the amount of xylene that diﬀuses through the pores to reach
the surface of the sensing film.
As mentioned before, the surface area along with the
porosities of the sensing layer enhances the sensitivity of gas
sensors. Therefore, diﬀerent strategies have been used to
synthesize sensing materials with high surface area and mesoporosity. Both MOFs and zeolites have nanoporous structures
and oﬀer very high internal surface areas, making them quite
attractive sensing materials, but MOFs are particularly promising
because of their easily tunable pore structures, making them ideal
for targeting the adsorption behavior to specific gas mixtures.93
Among the MOF family, zeolite imidazolate frameworks (ZIFs)
are popular for the synthesis of nanostructured metal oxides
with a large surface area and high pore volume.94 In this regard,
Qu et al.73 used ZIF-8 ((Zn(MeIM)2)n, MeIM = methylimidazolate)
rhombodo-decahedron as a template for the synthesis of 3D
hollow structures. The ZIF-8 rhombododecahedron was first
synthesized and transformed into a ZIF-8/Ni-Zn layered double
hydroxide (LDH) precursor. Finally, ZnO inner/Ni0.9Zn0.10-outer
double-shelled nanocages were obtained through thermal

Fig. 13 (a) Schematic diagram of the top and cross-sectional views of a prepared xylene sensor using a double-layered metal oxide thin-film and
catalyst-deposited porous alumina. (b) Schematic diagram of top and (c) cross-sectional views of the catalyst-deposited porous alumina filter.68
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annealing of the as-prepared precursor in air. The xylene
sensing properties showed that the ZnO/Ni0.9Zn0.1O sensor had
a stronger gas response relative to pristine ZnO nanocrystals. This
was related mainly to the higher surface area of ZnO/Ni0.9Zn0.1O.
The BET surface area of ZnO/Ni0.9Zn0.1O and ZnO nanocrystals
was 94 and 32 m2 g1, respectively. Accordingly, ZnO/Ni0.9Zn0.1O
provided more adsorption sites for xylene molecules and a
stronger response was observed. Furthermore, the formation
of a p–n heterojunction between the ZnO-inner shell and
Ni0.9Zn0.1O-outer shell also increased the resistance modulation
and the final gas sensing properties. Selectivity tests demonstrated
a stronger response of the ZnO/Ni0.9Zn0.1O sensor to xylene
relative to the other interfering gases, which was attributed
to the catalytic properties of Ni by the dissociation of the less
reactive xylene to more reactive gases.
In another study related to the surface area of the sensing
material, Xu et al.67 prepared novel flower-like Co3O4 structures
using a solvothermal method and compared the xylene gas
sensing properties with those of commercial cobalt oxide. The
BET surface area of the flower-like Co3O4 was 21.2 m2 g1,
whereas that of the commercial Co3O4 was only 4.9 m2 g1. The
flower-like Co3O4 and polycrystalline commercial Co3O4 exhibited an optimal operating temperature at 150 1C and 200 1C,
respectively, where the response for the flower-like Co3O4 was
79.8, which is 4 times larger than that of C-Co3O4 (19.1). In
addition, the flower-like Co3O4 displayed the strongest
response to xylene among the interfering gases. Because both
sensors had good catalytic activity towards xylene, resulting in
the presence of Co3O4, the enhanced gas sensing towards
xylene was attributed to the unique structure of the synthesized
cobalt oxide, where the single-crystalline and porous features of
each nanosheet in the synthesized flowerlike cobalt oxide led to
high sensitivity towards xylene.
p-Type Co3O4, which has a narrow band gap (B1.6–2.2 eV),
is a good candidate for gas sensing studies.98 Generally, the
gas-sensing performance of Co3O4-based gas sensors is strongly
dependent on their morphology and structures.71 Among the
different types of structures, hierarchical porous (HP) structures are desired in gas-sensing applications because of their
numerous pores for gas transport and abundant active sites for
surface reactions with target gases. In this regard, Xu et al.71
synthesized uniform Co3O4 microspheres assembled from singlecrystalline porous nanosheets using a solvothermal method.

Fig. 14

Review

Co3O4 exhibited a strong response of 74.5 to 100 ppm xylene
at 150 1C, which was almost 4 times larger than that of
the commercial Co3O4 sensor (19.1). The sensitivity towards
benzene is related to the unique structure of Co3O4. The HP
structure of Co3O4 was maintained during the sensor processes
due to the structural stability of the single-crystalline feature of
the nanosheets. Furthermore, the HP structure with a large
surface area and abundant pores facilitated the penetration
and adsorption of xylene molecules on the sensor surfaces,
leading to a strong sensor response, even at low operating
temperatures. On the other hand, gas transport in commercial
Co3O4 was difficult because of its agglomerated structure,
which led to a weak response.
The particle size of sensing materials is another important
factor for sensing studies, where smaller particles result in
stronger gas sensing properties. To examine the role of the
particle size, Kim et al.95 prepared pure ZnCr2O4 and Cr2O3/
ZnCr2O4 nanocomposite powders by the galvanic replacement
of Zn in ZnO hollow spheres by Cr. The xylene gas sensing
properties of the synthesized powders were compared with
other nanocomposites prepared using diﬀerent routes. Fig. 14
shows a schematic diagram of diﬀerent powders along with
the growth mechanism. For simplicity, the Cr2O3/ZnCr2O4
composite powders prepared by ball-milling commercial Cr2O3
powders and commercial ZnO powders and those prepared by
ball-milling commercial Cr2O3 powders and GR-ZnCr2O4 powders
are referred to as CC-Cr2O3/ZnCr2O4 and CG-Cr2O3/ZnCr2O4
composite powders, respectively.
The response of the GR-Cr2O3/ZnCr2O4 nanocomposite
sensor to 5 ppm xylene (69.2) reached a maximum at 275 1C.
Its response to 250 ppb xylene was 1.7. Furthermore, the sensor
had good gas selectivity to xylene in the presence of interference
gases. Other gas sensors also showed good sensitivity towards
xylene, but their selectivity was not as good as the GR-Cr2O3/
ZnCr2O4 nanocomposite sensor. Indeed, the GR-, CC-, and
CG-Cr2O3/ZnCr2O4 composite powders all exhibited sensitivity
to xylene. On the other hand, their response and selectivity values
were diﬀerent and strongly dependent on the particle size and
interface configurations. In p-type oxide semiconductors, particles
with diameters comparable to or smaller than twice the hole
accumulation layer thickness induce a strong sensor response.
For the GR-Cr2O3/ZnCr2O4 composite powders, the sizes of
the Cr2O3 (42.7 nm) and ZnCr2O4 (15.5 nm) particles were

Schematic diagram of the growth mechanism of (a) GR-Cr2O3/ZnCr2O4, (b) CC-Cr2O3/ZnCr2O4, and (c) CG-Cr2O3/ZnCr2O4 nanocomposites.99
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substantially smaller than those in the CC-Cr2O3/ZnCr2O4
(Cr2O3: 59.5 nm, ZnCr2O4: 38.1 nm) and CG-Cr2O3/ZnCr2O4
composite powders (Cr2O3: 80.5 nm, ZnCr2O4: 17.7 nm). Therefore, the strong gas responses of the GR-Cr2O3/ZnCr2O4 composite powders were related partially to the smaller particle
sizes. The energy band bending across the heterojunction
between p-Cr2O3 and p-ZnCr2O4 was reported to be another
parameter aﬀecting the gas-sensing properties of sensors. More
contact between the Cr2O3 and ZnCr2O4 particles was observed
in the GR-Cr2O3/ZnCr2O4 composite powders with small particles with intimate and uniform mixing. Therefore, the high
sensitivity of the sensor was also related to the larger number of
p–p junctions between the small Cr2O3 and ZnCr2O4 particles
in this sample.
Au is a noble metal with good catalytic activity towards
xylene.100 Li et al.69 reported the xylene sensing properties of
Au-doped (0.15, 0.30, and 0.45 at%) WO3H2O nanocubes. The
xylene sensing properties showed that the sensor loaded
by 0.3 at% Au showed the strongest response towards xylene
(26.4 for 5 ppm), which was 3 times higher than that of the
pristine sensor (6.3). When the methyl groups of xylene are
oxidized, they are dehydrogenated by the oxygen ions already
attached to the surface of the sensor. Au can lower the enthalpy
change of dehydrogenation of xylene, leading to a stronger
sensor response. Therefore, the activity energy decreased while
the sensing reaction was accelerated, leading to enhanced
performance. Furthermore, the enhanced xylene sensing properties were attributed to the formation of nano-Schottky junctions between Au and WO3H2O due to the diﬀerence in work
function between Au and WO3H2O. In addition, the sensor
showed very good selectivity to xylene. Benzene has C–H bonds
and Au NPs have a catalytic effect for the dehydrogenation
reaction. The planar structure and p-conjugate of the benzene ring
in xylene leads to a facile reaction with oxygen ions. Therefore,
Au-loaded WO3H2O has good selectivity towards xylene.
As a type of n-type oxide semiconductor, the gas sensing
properties of WO3 are reported frequently.101 In addition, Pd is
also a good catalyst that can contribute to the high sensitivity,
low work temperature, and rapid response of sensors. In an
interesting study, Li et al.75 synthesized Pd-doped (0.3–1.2 at%)
WO3H2O nanocubes by a hydrothermal method. The responses
of the different sensors were tested and the sensor with an
atomic ratio of 0.6% exhibited a strong gas response of 21.0 to
10 ppm xylene at 230 1C, along with a rapid response/recovery
speed, low detection limit, and high selectivity to xylene. They
presented the possible models of xylene adsorption on the
sensor surface. In the model of xylene adsorption on the (002)
surface of WO3H2O nanocubes, C atoms connected to the
benzene ring were chosen to attach to the surface. Four possible
models were considered. Fig. 15a shows the model of xylene
adsorption on the W5c site, which is denoted as M1; Fig. 15b
shows xylene adsorption on the O2c site, marked by M2; Fig. 15c
shows the model of xylene adsorption on the O1c site, named
M3; and Fig. 15d shows the model of xylene adsorption on the
W6c site, called M4. The interaction between the surface of the
sensing material and the adsorbed xylene molecules resulted in
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Fig. 15 Xylene adsorption models on the WO3H2O(002) surface: (a) M1
model; (b) M2 model; (c) M3 model; (d) M4 model.75

a decrease in the number of dangling bonds on the surface and
electric charge transition. Hence, it altered the surface structure of the material and the total energy of the system. Based on
the adsorption energy calculations, xylene absorption on lattice
oxygen to form CO2 was a thermodynamically disfavored process. The low adsorption energy of xylene showed the weak
adsorption effect of xylene on the undoped WO3H2O(002)
surface. The model showed that xylene attached to the doped
Pd atom had a large energy of the entire system with a greater
reduction after adsorption, which can increase the likelihood
of xylene self-adsorption on the sensor surface. Therefore,
Pd-doping can decrease the surface energy and increase the
active center sites of the surface, which make xylene adsorption
easier. In addition, the enthalpy change of the dehydrogenation
of xylene plays an important role in the gas sensing performance. When xylene molecules are oxidized, they are first
dehydrogenated. Pd can lower the enthalpy change of the
dehydrogenation as a catalyst by decreasing the activity energy,
which was the reason for the decrease in the optimal operating
temperature in the Pd-doped sensor (230 1C) compared to the
pristine sensor (250 1C) and faster response/recovery time
compared to the pristine sensor.
In another study related to WO3, Deng et al.96 reported
the ppb-level xylene sensitivity of C-doped WO3 sensors. The
response of a C-doped WO3 sensor towards xylene was much
higher than that towards other gases. When the VOCs are
oxidized, all of them should first be dehydrogenated. Therefore,
it is more possible to obtain a stronger response when the
enthalpy change in dehydrogenation is smaller. In addition, the
adsorption of target gases on C-doped WO3 also had strong
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Review

Standard enthalpy at 25 1C102

Organic gas
molecule (HO)
C6H6
CH4
C2H5OH
HCHO
(C6H5)CH3
(C6H4)(CH3)2

82.60
74.90
234.95
108.58
50.50
18.10

Dehydro-radical (HR)

DH = HR  HO
(kJ mol1)

(C6H5)–
CH3–
CH3CHOH–
CHO–
(C6H5)CH2–
(C6H4)CH3CH2–

255.40
221.30
183.36
151.68
157.44
157.80

338.00
146.40
51.59
43.10
207.94
175.90

eﬀects on the sensor response. Accordingly, the response values
were strongly aﬀected by the enthalpy change of the dehydrogenation of the VOCs and the adsorption characteristics of
C-doped WO3 to diﬀerent gases.
Table 5 shows the enthalpies of the original gas molecules,
dehydroradical, and the enthalpy change in dehydrogenation
(DH = HR  HO). For methane and benzene, the enthalpy
changes in the dehydrogenation are quite high, resulting in
weak responses. For ethanol gas, the enthalpy change of
dehydrogenation was higher than that of toluene and xylene;
hence, the response was not high. The enthalpy change of the
dehydrogenation for formaldehyde was slightly lower than that
of toluene and xylene, but the response to formaldehyde was
much lower than them. This is due to the adsorption characteristics of C-doped WO3. Although the enthalpy changes for
the dehydrogenation of toluene and xylene are similar, the
sensitivity towards xylene was almost double that to toluene.
This is because of the presence of two methyl groups in xylene
molecules. Accordingly, C-doped WO3 detected xylene selectively.96
Gao et al.70 reported the xylene sensing properties of
Sn-doped (1, 3, 5 at%) NiO hierarchical nanostructures prepared by a hydrothermal method. Compared to the pristine NiO
sensor, all the Sn-doped NiO sensors exhibited a strong
response towards xylene. Moreover, the responses of all the
sensors to xylene were stronger than those to the other gases.
The sensor with 3.0 at% Sn showed the strongest response
towards xylene, where a response of 20.2 to 100 ppm xylene at
225 1C was observed, which was 12 times higher than that of
the pristine NiO nanospheres. The specific surface area, pore
volume, and mean pore size of the 3.0 at% Sn-doped NiO
nanospheres were superior to the other sensors. This resulted
in better gas adsorption in this sensor and can explain the
higher sensitivity of this sensor relative to other sensors.
Furthermore, the substitution of Sn4+ at the Ni2+ site can aﬀect
the sensing behavior. The oxygen molecules, as a result of Sn4+
substitution, can be converted to negatively charged interstitial
(or surface) oxygen through the partial oxidation of Ni2+ to Ni3+:
1
NiO


SnO2 ! Sn
Ni þ 2e þ OO þ O2 ðgÞ
2

(16)

1
2NiO
O2 ðgÞ þ 2NiO ! O00i€ þ 2NiNi þ 2O
O
2

(17)

XPS showed that the Ni3+/Ni2+ ratio of NiO was increased after
doping 3.0 at% Sn into the NiO crystal lattice. Furthermore,
electrons can be generated due to the substitution of Sn4+ at the
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Ni2+ sites, which increases the resistance of NiO. When the hole
concentration becomes low, the same amount of released
electrons generated in the sensing reaction between the xylene
molecules and chemisorbed oxygen ions will result in larger
variations in the sensor resistance, which eventually lead to an
enhanced gas response.
Woo et al.72 reported the preparation of Co-doped branched
ZnO NWs by multistep vapor-phase reactions for the sensitive
detection of xylene. Highly crystalline ZnO NWs were transformed to CoO NWs by the thermal evaporation of CoCl2
powder. Subsequently, the Co-doped ZnO branches were grown
by the thermal evaporation of Zn metal powder using CoO NWs
as a catalyst (Fig. 16). The sensing characteristics toward 5 ppm
of diﬀerent gases from 350 to 450 1C were obtained. The gas
response of pristine ZnO NWs toward 5 ppm C2H5OH was the
highest among all the gases (Fig. 17a). On the other hand,
the gas responses toward C2H5OH were comparable to that of
other gases. The formation of branches and the doping of Co
enhanced the response to all the gases significantly, but
especially to 5 ppm p-xylene with the highest value of 19.55 at
400 1C (Fig. 17b). The strong response to xylene was attributed
mainly to the promising role of Co3O4. The concentration of
adsorbed oxygen on the surfaces of p-type oxide semiconductors,
such as Co3O4, was much larger than that of the n-type metal
oxides. Therefore, most p-type oxide semiconductors are promising
catalysts for the oxidation of less reactive VOCs. Therefore, the
sensor showed a relatively strong response to diﬀerent VOCs,
despite the response to xylene being higher than the others
(Fig. 17c). In particular, the response to p-xylene was significantly
higher than that to toluene. Although xylene and toluene are both
methyl benzenes, they diﬀer by the number of methyl groups.
Xylene has one more methyl group than toluene, making it more
reactive with a higher oxidation rate. If the sensing layer shows
excessive catalytic activity, both xylene and toluene are dissociated
into smaller and more active species to the same degree, which
leads to comparable gas responses. On the other hand, if the
catalytic activity of the sensing material is moderate, the gas
sensing reaction toward the relatively more reactive xylene will be
promoted preferentially. From this perspective, the moderate
and tuned catalytic activity of the cobalt component within the
Co-doped branched ZnO NWs is considered the reason for the
highly selective detection of p-xylene.
The sensitivity of p-type oxide semiconductors is generally
lower than that of n-type oxides.103 Doping with metals is used
extensively to enhance the sensing capacity of p-type NiO.104 On
this basis, Feng et al.74 reported the gas sensing properties of
pristine and 1–4 mol% W-doped NiO nanotubes prepared by an
electrospinning method. The responses of the W-doped sensors
to xylene were stronger than those of pristine NiO nanotubes
owing to the variation of the hole concentration as a result of
W-doping; the sensor with 2 mol% W showed the strongest
gas response among all gas sensors tested. The resistance of
p-type sensors is determined by thinning or thickening of
the hole accumulation layers in the target gas atmosphere.
Accordingly, it can be considered that a change in hole concentration is the key parameter for the enhanced gas sensing
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Fig. 16 (a) Growth of ZnO NWs on an alumina substrate with Au electrodes, (b) transformation of ZnO NWs into CoO NWs, (c and d) growth of
Co-doped branched ZnO NWs from CoO NWs. Reprinted from ref. 72 (H.-S. Woo, C.-H. Kwak, J.-H. Chung and J.-H. Lee, ACS Appl. Mater. Interfaces,
2014, 6, 22553–22560) with permission. Copyright 2014, the American Chemical Society.

Fig. 17 Gas response of (a) pristine ZnO and (b) Co-doped branched ZnO NWs to 5 ppm of diﬀerent gases at 350–450 1C; (c) gas selectivity of
Co-doped branched ZnO NWs at 400 1C.72 Reprinted from ref. 72 (H.-S. Woo, C.-H. Kwak, J.-H. Chung and J.-H. Lee, ACS Appl. Mater. Interfaces, 2014,
6, 22553–22560) with permission. Copyright 2014, the American Chemical Society.

properties by W-doped NiO nanotubes. The gas response of p-type
gas sensors towards reducing gases can be shown as follows:
S¼

Rg pa
pa
Dp
¼
þ1
¼ ¼
Ra pg pa  Dp ðpa  DpÞ

(18)

where Ra and Rg are the initial resistance of the sensor and the
resistance of the sensor in the presence of the target gas respectively;
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pa and pg are the hole concentrations in air and target gas,
respectively; and Dp = pa  pg is the variation of hole concentration
upon exposure to the target gas. When the crystal structure of NiO is
doped with W6+, the substitution of W6+ at the Ni2+ site is compensated for by the electronic compensation mechanism as follows:
NiO



WO3 ! W
Ni þ 4e þ OO þ O2 ðgÞ

(19)
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As a result of electron generation, the initial resistance of
the sensor was increased because the electrons generated
decreased the hole concentration by a recombination reaction
between the electrons and holes. Accordingly, an enhanced
response can be obtained when the pa value is smaller.
Furthermore, the nanotube structures exhibited a well aligned
morphology and a high surface area. The surface areas of the
pristine sensor, 1, 2, and 4 mol% W-doped sensors were 49.7,
67.6, 96.8, and 142.1 m2 g1, respectively. Accordingly, the
response of the 2 and 4 mol% W-doped sensors should be
stronger than the other sensors. On the other hand, the sensor
with 2 mol% W showed the strongest gas response. Indeed, for
the sensor with 4 mol% W, the degradation of gas sensing
characteristics was attributed to the fewer active sites accessible
to the xylene gas, where excessive W doping led the surface of
the sensing body being covered with more W6+ ions, which were
inert to xylene gas. Therefore, the surface concentration of the
active sites was lower than that of the sensor with 4 mol% W.
Accordingly, the response of the 4 mol% W-doped sensor was
weaker than that of the 2 mol% W-doped sensor.
MoO3 is an n-type semiconductor metal oxide with a band gap
of 3.1 eV and stable physical–chemical properties. In particular,
a-MoO3 possesses a particular layered crystal texture, making it
advantageous for gas diffusion. Although various 3D hierarchical
MoO3 structures have been prepared successfully,97 there are few
reports on the fabrication of hierarchical MoO3 hollow spheres
for xylene sensing. Furthermore, among the noble metals, Au NPs
have been used frequently in sensing studies because of their
excellent catalytic properties, lower cost than Pt as well as better
thermal stability than Ag. In this context, Sui et al.36 prepared
monodisperse, hierarchical a-MoO3 hollow spheres using a facile
template-free solvothermal method and different amounts of
Au NPs (0.85, 2.04, and 4.16 wt%) were loaded on the surfaces
of a-MoO3 hollow spheres. The optimal working temperature of
the Au-loaded sensors was lower (250 1C) than that of the pure
a-MoO3 sensor (290 1C). The gas-sensing performance of the
a-MoO3 hollow spheres to all BTX gases was improved significantly by Au NP functionalization. This was explained by the
‘‘spillover effect’’ of Au NPs, where it is more favorable for
oxygen molecules to adsorb on the Au NPs and dissociate into
adsorbed oxygen species. The activated oxygen species will then
transport and spill onto the a-MoO3 surface, resulting in more
reactive oxygen species, which accelerate the reaction of gas
molecules and chemisorbed oxygen species. As a result of the
catalytic activity of Au NPs, the adsorbed oxygen diffuses faster
to both the outer and inner surfaces of the a-MoO3 hollow
spheres at the optimal temperature of 250 1C, and more electrons
are then captured from the conduction band, generating a
broader electron depletion layer. The sensor with 2.04 wt%
Au showed the strongest gas response, because an excessive Au
loading obscures the active center for sensing rather than
improving its catalytic capability in the response to toluene.
The responses of the 2.04Au/a-MoO3 sensor to BTX gases,
including xylene (22.1), toluene (17.5), and benzene (5.3),
were enhanced remarkably compared to those of the pristine
a-MoO3 sensor. In contrast, the responses to the other interfering
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gases were quite weak. The high sensitivity of the 2.04Au/
a-MoO3 sensor to BTX gases was attributed to the coordination
of Au with aromatic rings of BTX gases to make them dissociate,
particularly with the methyl group replaced ones, e.g., toluene
and xylene. Benzene is the most inert of the BTX gases, and in
the case of toluene and xylene, the –CH3 groups act as electrondonating groups and increase the electron density on the
benzene ring. The redox reaction, which is the oxidation of the
–CH3 group on the aromatic ring, is more likely to occur in
toluene and xylene than the direct dissociation of the benzene
ring. Accordingly, the responses of the 2.04Au/a-MoO3 sensor to
benzene, toluene, and xylene increase with increasing number of
methyl groups on the molecule. On the other hand, the sensor
exhibited a stronger response to toluene than that to xylene at
lower concentrations (0.1–30 ppm), which resulted from the
steric hindrance of the two methyl groups in xylene. This
decreased the coordination between the aromatic rings and
Au NPs to a certain extent. After the xylene concentration was
increased to more than 30 ppm, the coordination effect played
a more important role than steric hindrance, allowing more
aromatic rings to coordinate with the Au NPs, resulting in a
stronger response to xylene at higher concentrations.
In general, the response of n-type oxide semiconductor gas
sensors to less reactive BTX gases is lower than those to highly
reactive C2H5OH and HCHO gases. In contrast, p-type oxide
semiconductors, such as NiO with high catalytic activity
to oxidize BTX gases as additive materials can promote the
sensing properties of the sensing layer towards BTX gases. In
this context, Kim et al.98 prepared NiO/NiMoO4 nanocomposite
hierarchical spheres. They were synthesized by a hydrothermal
self-assembly reaction of stock solutions of ((Mo)/(Ni) = 0, 0.05,
0.1, 0.3, 0.6, and 1.0), which were then converted to NiO and
NiO/NiMoO4 nanocomposites by annealing at 550 1C for 4 h
and called NM0.049, NM0.086, NM0.21, NM0.26, and NM0.28
respectively. Interestingly, all the NiO/NiMoO4 nanocomposite
sensors exhibited the strongest response to p-xylene and the
weakest response to ethanol. Considering both the response
and selectivity to p-xylene, the performance of the NM0.21
sensor was stronger than that of the other sensors and the
response to 5 ppm p-xylene at 375 1C was B100 times stronger than
that of the pristine NiO sensor and more than 4 times stronger
than those to the interference gases. The BET surface areas of the
NiO, NM0.049, NM0.086, and NM0.21 nanocomposites were 16.8,
92.7, 110.2, and 234.8 m2 g1, respectively. The surface area and
volume of the pores increased significantly with increasing Mo
content, which was attributed to the decrease in crystallite size due
to the formation of the nanocomposite between NiO and NiMoO4.
For the NM0.26 and NM0.28 samples, the surfaces of the
hierarchical spheres tended to become smoother with a high
Mo content, leading to lower surface area and degradation of
the sensing performance. The variation of the gas response
with increasing Mo concentration was consistent with that of
the surface area and pore volume. In this respect, the increase
in the gas response with increasing Mo concentration from the
NiO to the NM0.21 specimen was explained partially by the
enhanced transfer of gases toward the wider area of sensing
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surfaces via abundant mesopores. Furthermore, in the NM0.21
sensor, the formation of a heterointerface between p-NiO and
p-NiMoO4 caused a remarkable increase in the sensor resistance and with a high surface area, the strongest gas response
in this sample was explained. The selectivity of the sensor to
xylene was attributed to the catalytic activity of Mo and NiO.
NiMoO4 is a good catalyst for promoting the partial oxidation
of hydrocarbons, oxidative dehydrogenation of alkanes, and
oxidation of xylene. In addition, NiO is a good catalyst for
oxidizing methanol, accelerating the adsorption of methyl
radicals, and the oxidation of xylene. Hence, the coexistence of
NiO and NiMoO4 was advantageous for the selectivity towards
xylene. Therefore, the presence of two diﬀerent catalytic materials
can further promote the xylene-sensing reaction because a reaction intermediate produced by one catalyst can be dissociated
further by or reaction with the adjacent catalyst.
In another study using NiO, Kim et al.99 prepared diﬀerent
NiO/NiWO4 composite yolk–shell spheres for xylene sensing
studies, where the outer shell was composed of a NiO layer. The
(W)/(Ni) ratios of the 0.01W–Ni, 0.05W–Ni, 0.1W–Ni, 0.2W–Ni,
and 0.5W–Ni samples were 0.014, 0.069, 0.095, 0.208, and 0.551
in the final samples, respectively. The responses to p-xylene
were strongest at 350 1C for all sensors. For all sensors, the
strongest gas response was to p-xylene with toluene showing
the second strongest response, while the response to other
gases was very weak. The pristine NiO sensor revealed very weak
responses to all gases tested. As the concentration of W was
increased, the response to p-xylene increased significantly with
the 0.2W–Ni sensor showing the strongest response (343.5) to
5 ppm p-xylene. On the other hand, the response decreased
with further increases in W concentration. The BET surface
areas of pristine NiO, 0.01W–Ni, 0.05W–Ni, 0.1W–Ni, and
0.2W–Ni sensors were 36, 63.9, 64.2, 60.5, and 61.2 m2 g1,
respectively, which were substantially larger than that of the
pristine NiO. The 0.01W–Ni specimen contained abundant
pores with a modal pore size of 3.7 nm. The large increase in
the gas response for the NiO/NiWO4 specimens, compared
to pristine NiO, was attributed partially to an increase in the
specific surface area and number of mesopores upon the
addition of W. In particular, the 0.2W–Ni specimen showed
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the best gas-sensing characteristics among those sensors with
similar surface areas and abundant mesopores. Gas diffusion
defined by Knudsen diffusion was found to depend on the pore
radius, and the 0.2W–Ni sensor, which had a mode pore size
of 6.7 nm that was larger than the other samples, showed a
stronger gas response. The generation of mesopores was attributed
to the formation of fine NiWO4 particles by the reaction between
NiO and W. On the other hand, the amount of mesopores and
the specific surface area were lower in the 0.5W–Ni sensor,
which was attributed to the formation of WOx particles that
block the mesopores.
In the W-added NiO sensors, a thin NiO layer was formed at
the outermost part of the shell and a NiO/NiWO4 composite
layer was found in the inner part. The formation of the thin
outermost NiO layer and/or NiO/NiWO4 heterointerfaces in
the inner part was responsible for the high resistance of the
sensors. In particular, in the heterojunctions, the electrons
move from NiWO4 to NiO. Accordingly, the holes in the HAL
of the outermost NiO particles are depleted near the interface
between the NiO and NiWO4 particles, and the thin outermost
NiO layer with a low background hole concentration can
improve the gas response in the W-modified NiO sensors.
In addition, if conduction along the near-surface NiO and
that through the inner NiO/NiWO4 are comparable, then the
chemiresistive variation of the inner NiO/NiWO4 composite, as
well as that of the outer NiO layer, has a significant eﬀect on the
high initial resistance of the sensor and consequently the
strong sensor response (Fig. 18).
Ni as a dopant has also been used for xylene sensing. Woo
et al.100 fabricated branched Ni-doped ZnO NWs for the selective detection of p-xylene gas. The gas sensing results showed
that the responses to ethanol at 350 1C and p-xylene at 400 1C
were remarkably stronger than the responses to other gases,
indicating the possibility of the selective detection of two
diﬀerent gases by tuning the sensing temperature. The good
xylene sensitivity of the Ni-doped branched ZnO NWs was
explained by the larger number of Schottky barriers at the
branch junctions. Generally, metal oxide gas sensors show a
stronger response to reactive ethanol gas than to the less
reactive BTX gases. Accordingly, the good selectivity towards

Fig. 18 Gas-sensing mechanism of a W-doped NiO sensor. Reprinted from ref. 107 (T.-H. Kim, C.-H. Kwak and J.-H. Lee, ACS Appl. Mater. Interfaces,
2017, 9, 32034–32043) with permission. Copyright 2017, the American Chemical Society.
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p-xylene was related mainly to the presence of NiO. NiO has
high catalytic activity that facilitates and accelerates the oxidation of BTX gases because of its abundant oxygen adsorption
and multi-valent characteristics. Indeed, –CH3 adsorbs easily on
the NiO surface and undergoes dehydrogenation. Accordingly,
NiO has high catalytic activity towards xylene, which contains
methyl groups.
MWCNTs can not only be used for the detection of toluene,
but also for xylene sensing. Choi et al.101 fabricated SnO2
NPs mixed with 1 wt% MWCNTs as a sensing layer. A microplatform consisting of a micro-sensing electrode and a microheater on a 2 mm thick SiNx membrane was prepared. The
sensor showed the best performance towards xylene gas at
220 1C with a low energy of 30 mW. The low energy of the
sensor can be explained. First, MWCNTs with a huge specific
surface area and a nanoscale dimensions provide many adsorption sites for xylene gas. Second, the SnO2 NPs have intrinsically
high sensing properties. Third, the formation of p–n heterojunctions between p-CNT and n-SnO2 also enhances the sensitivity of the micro-gas sensor towards xylene gas.

7. Resistive-based gas sensors for
detection of benzene derivatives
Unfortunately resistive-based gas sensors for selective detection
of benzene derivatives such as ethylbenzene, triethylbenzene,
chlorobenzene, and so on are really rare. In fact, among the
benzene derivatives only ethylbenzene has gained relatively good
attention and other derivatives are often used as interfering
gases for evaluation of the selectivity of the gas sensor. In this
part we briefly discuss the resistive-based gas sensors for detection of benzene derivatives.
Recently Barisci et al.102 investigated detection of benzene,
toluene, ethylbenzene and xylene (BTEX) gases by an array of
sensors based on doped polypyrrole polymers using an electronic nose concept. They were able to detect BTEX gases using a
pattern recognition scheme successfully.
Li et al.103 reported a resistive gas sensor based on PANI NFs.
They investigated the behavior of the sensor in the presence of
toluene, benzene, m-xylene, o-xylene, p-xylene, chlorobenzene,
o-xylene, and ethylbenzene. Interestingly, the sensor showed
enhanced sensitivity to chlorobenzene. The sensor response to
diﬀerent gases was as follows; cholorobenzene 4 p-xylene 4
ethylbenzene 4 toluene 4 m-xylene 4 p-xylene 4 benzene.
The trend of the increase in the response was related to the
polarity of the gas molecules and it was suggested that the
dipole moment (D) of the tested gases is dependent on
the response level. The dipole moments of benzene, p-xylene,
m-xylene, toluene, ethylbenzene o-xylene, and chlorobenzene
are 0, 0.07, 0.31, 0.37, 0.59, 0.65 and 1.69 D, respectively.
Accordingly, the gas with a higher dipole moment, namely
chlorobenzene, showed the higher response.
With regard to the separation capability of gas chromatography (GC) and the sensing potential of a resistive-based gas
sensor, Pirsa et al.104 reported a new gas sensor based on a
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dodecylsulfate-doped polypyrrole gas sensor (PPy-DS) coupled
to a GC for detection of aromatic hydrocarbons. The sensitivity
of the PPy-DS sensor for diﬀerent compounds was in the
following order: 1,3,5-trimethylbenzene (TMB) 4 ethylbenzene
4 toluene 4 benzene. Also the response times of sensors were
less than 1 s for all the gases. Doping and undoping play key
roles in the sensing mechanism of conducting polymer-based
sensors. Their doping level can be altered by transferring
electrons from or to the target gases. When PPy films were
exposed to VOCs, electron transfer could cause changes in the
resistance and work function of the PPy-DS. As a result, the
doping level and electrical resistance of the PPy-DS were
increased. The PPy-DS behaved like a p-type semiconductor
and its resistance was changed through the interaction with
target gases. Aromatic hydrocarbons are known to interact with
conducting polymers through a p–p electron-donor–acceptor
mechanism. However the reason for the higher response of the
sensor to TMB was not discussed in their paper.
Lin et al.105 synthesized PPy thin films via an electrochemical
method and studied the gas-sensing behaviors to various BTEX
gases. The sensor showed a good response to all BTEX gases
including ethylbenzene. PPy is a p-type semiconductor, therefore, exposure of electron-donating BTEX gases causes an
increase in the resistance. The recovery of the PPy to its initial
oxidized state is ascribed to desorption of the nucleophiles. The
interaction between PPy and an electron-donating compound is
generally considered to be a compensation eﬀect. Thus, electrondonor gases decrease the doping level of the polymer chain by
compensating for the eﬀect of the original dopant. The nucleophilic interaction may be ascribed as:
PPy+A + Nucleophile 2 PPy0 + Nucleophile+A
(electron transfer mechanism)

(20)

PPy+A + Nucleophile 2 PPy(–H)0 + Nucleophile+A
(proton transfer mechanism)

(21)

Both interaction mechanisms make the PPy more neutral
and less conducting. They pointed out that the sensing ability
of the PPy film was dependent not only on the secondary
doping (or undoping) level by the BTEX gases but also on the
aﬃnity of the compound to the sensing film. However, the
aﬃnity of the target gas to the PPy dominated the sensitivity of
the sensor in their investigation. According to the sensing
results, toluene vapor had the most prominent eﬀect in undoped
PPy films but it had the poorest coverage of the active sites on PPy.
On the other hand, ethylbenzene showed the highest aﬃnity to
PPy films compared to the other gases and consequently led to the
highest sensitivity (two orders of magnitude greater than that of
toluene) of the sensor. The results of response and recovery times
also demonstrated that ethylbenzene had a higher aﬃnity to
PPy and exhibited a quick response but had slower desorption
from the active sites of the PPy film.
Finding a suitable catalyst to catalytically-oxidized benzene
ring can eﬀectively improve the sensitivity of a sensor towards
BTEX gases. Due to the catalytic eﬀect of CuO on BTEX gases
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and excellent sensing performance of SnO2, the SnO2/CuO
composite can improve the sensitivity of the sensor to BTEX
gases. In this regard, Ren et al.106 prepared CuO/SnO2 nanocomposites by a facile microwave-assisted approach. Adsorbed
oxygen captured electrons faster from the conduction band of
SnO2 due to the presence of CuO. Moreover, when BTEX gases
were in contact with the sensor, CuO easily catalyzed decomposition of BTEX by reacting with adsorbed oxygen species and
consequently released more electrons to the surface of the
sensor, resulting in the decrease of the sensor’s resistance
and a response. Benzene has the highest chemical inertness
among BTEX gases and the response to benzene derivatives was
higher than that to benzene at the same concentration due to
the presence of the –CH3 group. As a result, oxidizing the
aromatic ring becomes easier compared to dissociating the
benzene ring directly. The composition with 3 mol% showed
the highest response to BTEX gases. Further increase of CuO
content decreased the active sites for gas adsorption and the
catalytic oxidation ability did not increase. The response of the
sensor to benzene was the lowest and along with the increase of
methyl group, the sensitivity of the sensor increased.
In addition to CuO, V2O5 can also act as an activator for a
benzene ring. In fact, V2O5 is able to activate a benzene ring,
then the benzene ring reacts with the absorbed O22 easily on
the surface of the main sensing layer. Therefore, decorating
V2O5 on the surface of SnO2 particles is a good strategy to
increase the response of the sensor towards BTEX gases. In this
context, Zhang et al.107 investigated the gas sensing properties
of V2O5/SnO2 nanocomposites. The results showed that the
response of sensors to BTEX gases will increase with the increase
in the content of V2O5 in the composites up to 10 wt%. In
particular, the response of the sensor at 270 1C towards 50 ppm
ethylbenzene was B6.3 and the response of the sensor towards
other VOCs was much lower than the response to ethylbenzene.
When the content of V2O5 was further increased to 20 wt%, the
responses to all kinds of gases became lower, because V2O5 not
only blocks the transition of electrons, but also covers up the
sensitivity centers on the surfaces of SnO2 for benzene detection.
Otherwise, the decrease of the responses to acetone, methanol,
ethanol, methanol, and acetic acid indicated that V2O5 could be
specialized in the catalytic oxidation of benzene series.

8. Conclusions and outlooks
As is pointed out before, chromatography techniques such as
GC/MS and HPLC can provide a very low detection limit, high
accuracy and selectivity. Nevertheless, all of such methods are
expensive and have limitations in terms of field sensing due to the
size and weight of the equipment. Furthermore, they are time
consuming due to sample transportation, analyte desorption, preconcentration and data transmission.108 Several kinds of sensors
such as quartz crystal microbalances, surface acoustic wave (SAW)
sensors, and so on allow rapid evaluation of the BTX concentrations. However, responses of such sensors are relatively low.109
Also electrochemical sensors hold great promise in oﬀering
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portable, low cost, selective, sensitive, rapid and compact solution
to detect BTEX gases.110
Resistive-based gas sensors provide a very fast response
because of the high interaction between BTX gases and the
sensitive layer of the sensor. Additionally, they are very cheap,
highly portable and can perform a continuous monitoring of BTX
gases. In spite of their advantages, resistive-based gas sensors
show relatively low selectivity towards BTX gases and generally
their detection limit is in the range of sub ppm to several ppb,
which needs to be improved regarding the guideline values for
indoor air concentrations. Furthermore, in the case of metal oxide
sensors, the operating temperature needed for detection sometimes is high 4300 1C, thus causing a shifting of signal in time
and low stability over a long period. Also polymer-based resistive
sensors can suﬀer from moisture interference.111
In this review we discussed diﬀerent resistive-based gas
sensors for the detection of BTX gases. Diﬀerent strategies,
such as morphology engineering, addition of noble metals, and
the use of p-type metal oxides with catalytic activity towards
BTX gases, such as NiO and Co3O4, were used to enhance the
sensitivity and selectivity of the resistive-based gas sensor for
the detection of BTX gases. In addition, diﬀerent materials,
such as metal oxides, CNTs, and conducting polymers, can be
used for BTX detection. Diﬀerent sensing mechanisms were
discussed. Owing to the similar structure and nature of BTX
gases, it is challenging to have a sensor with excellent selectivity
towards these gases. In particular, it is very challenging to have
a gas sensor with good selectivity towards benzene because of
the absence of methyl groups in this non-reactive gas. On the
other hand, toluene and xylene gases have one and two methyl
groups, respectively, which facilitate the better adsorption of
these gases on resistive-based gas sensors. Although some
other sensors for the simultaneous detection of BTX gases have
been reported,112 there are few resistive-based gas sensors that
can simultaneously and selectively detect benzene, toluene, or
xylene gases by tuning the temperature or other parameters.
Materials with a higher surface area, such as NWs, NFs, and
hierarchical morphologies, can be better sensors for BTX gases
because they provide more adsorption sites for BTX gases.
Furthermore, the most sensitive n-type metal oxides, such as
ZnO and SnO2, combined with p-type metal oxides, such as NiO
and Co3O4, can produce a significant increase in the sensitivity
and selectivity of resistive-based gas sensors towards BTX gases.
Another strategy is use of noble metals with catalytic activity
towards BTX gases; in particular, Pd is a very promising catalyst
for BTX gases. Although CNTs and conducting polymers can
also be used to detect BTX gases, their responses are still very
weak compared to common metal oxides and will need to be
enhanced by diﬀerent methodologies in the future.
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