
Chapter 10
Sensors

Takuya Fujimura and Ryo Sasai

10.1 Introduction

Sensors are defined as devices that can detect changes in various physical quanti-
ties. Multiple sensor devices are utilized in our daily lives and various industries,
such as thermometers, hygrometers, barometers, gas sensors, thermistors,
calorimeters, magnetic sensors, strain sensors, and optical sensors. Recently, the
demand for new sensors with higher sensitivity, speed of response, and stability has
increased. In particular, gas sensors with the ability to detect a specific molecule,
such as ammonia, nitrogen oxides, sulfur oxides, carbon monoxide, and volatile
organic compounds (VOCs), are essential for maintaining our safety and com-
fortable lives because multiple chemical sensitivity and sick building syndrome
have become serious social issues in recent years. There are four major types of
practical gas sensors: (i) semiconductor-based sensors, which exhibit a change in
electrical resistivity that is induced by the adsorption of target molecules on the
semiconductor surface; (ii) electrochemical sensors, which exhibit a change in the
conductance or potential of the electrochemical cell in the absence and presence of
target molecules; (iii) catalytic combustion-type sensors, which exhibit a temper-
ature change that is induced by the combustion of target molecules adsorbed on the
catalyst; and (iv) colorimetric sensors, which exhibit a color change that is caused
by the interaction between a colorimetric reagent and the target molecules. These
practical sensors exhibit sufficient sensitivity to detect gas molecules, but insuffi-
cient selectivity because the adsorption of target molecules on a sensor surface is a
physical process, thus it is difficult to realize the selective adsorption of a target
molecule. Thus, many researchers have vigorously investigated and developed
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novel sensors with higher selectivities and sensitivities toward specific gas mole-
cules [1–14]. In addition, these novel sensors require faster response times to realize
the real-time monitoring of target molecules in media. Charged inorganic
nanosheets, which are a component of ion-exchangeable and layered inorganic
compounds, have attracted much attention as a promising material for achieving
novel molecular sensors that possess higher selectivities and sensitivities toward
specific molecules. In this chapter, the authors will discuss the recent developments
concerning sensor materials based on charged inorganic nanosheets.

10.2 Sensing Gas Molecules

The allowable concentrations of various toxic gases in the air are set by organi-
zation of all nationalities, such as the World Health Organization and environmental
agencies, for the purposes of environmental conservation and the maintenance of
good public health. In particular, real-time monitoring of the lower concentrations
of VOCs is very important because they can induce health issues. However, it is
hard to detect VOCs in air selectively with the current generation of
semiconductor-based sensors, such as devices based on tin dioxide. Thus, novel
high-performance gas sensors with higher sensitivities and selectivities towards
VOCs in air are strongly desired [15–17]. Ito et al. [18–21] reported the
VOC-sensing properties of thin solid films of layered sodium molybdate that had
the interlayer spaces filled with poly(o-anisidine) (PoANIS), as shown in Fig. 10.1.
This layered molybdate/PoANIS hybrid film can detect aldehydes at a
parts-per-billion level through changes in the electrical resistivity of the film, which
are induced by the adsorption of aldehydes into the interlayer spaces. In addition,
Ito et al. reported that the adsorption of aldehydes into the hybrid film can be
controlled by changing the polycations. The results of this study suggest that the
selective detection of target molecules can be controlled by modifying the interlayer
spacing and/or surface of the charged inorganic nanosheets with various organic
compounds. Furthermore, these results indicate that the interlayer spaces and sur-
faces of layered materials can be utilized as not only regions for adsorption, but also
for the detection of the target molecules.

Fig. 10.1 Schematic diagram showing the preparation of hybrid thin films composed of layered
molybdenum trioxide and PoANIS. Reprinted with permission from Ref. [20]. Copyright 2007,
The Chemical Society of Japan
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Shiratori et al. [22–24] reported that the concentration of target molecules in air
could be quantitatively measured by monitoring the weight of thin solid films of
polyelectrolytes hybridized with cation-exchangeable clay or layered zirconium
phosphate via the quartz-crystal microbalance method. To detect a specific com-
pound in air with this simple system, it is very important to construct an adsorption
field with a high affinity for the specific molecule. However, the sensitivity of this
sensing system is solely dependent on the precision of the mass-measuring device.

Electrochemical responses can also be utilized for molecular sensing, e.g.,
changes in the current and/or potential of electrochemical cells that are induced by
molecular adsorption on electrodes modified with layered inorganic compounds
or layered inorganic/organic hybrids. Pinnavaia et al. demonstrated that
2,4-dichlorophenoxyacetic acid and 2,4-dichlorophenol can be detected by using
the electrochemical response of clay-modified electrodes containing amphipathic
compounds. [25, 26] Furthermore, the detection ability of this electrochemical
sensor can be adjusted by altering the concentration of the amphipathic modifier.
The results of these studies indicate that the electrochemical response is more
sensitive when sodium ions inhabit the interlayer spaces with amphipathic modifier
because the dissociation reactions of sodium ions promote the electrochemical
response. Sekine et al. [27] prepared an electrode modified with a cobalt
porphyrin/clay complex, silver colloid, and polymer, and demonstrated that an
electrochemical cell using this modified electrode can work as an oxygen sensor.
The authors also reported that the application of montmorillonite and vermiculite
clays improved the stability of this hybrid system.

Various researchers have proposed other approaches for developing sensing
devices that utilize nanosheets or hybrid compounds composed of nanosheets and
organic molecules [28–34]. The nanosheets of Zinc oxide [35–38], molybdenum
sulfide [39], indium oxide [40], tungsten oxide [41], tricobalt tetraoxide [42], and
copper oxide [43] have been investigated. The target molecules are detected
through changes in the semiconductor properties of the layered materials. To
improve the sensitivity of such materials, porous and petaloid structures with large
specific surface areas were tested, which were composed of various nanosheets.
These studies reported that various gases, such as VOCs [35], carbon monoxide
[38], alcohols [37], nitrogen oxides [39–41], acetone [42], and hydrogen sulfide
[36], can be detected with such systems.

To create sensing devices that can detect target molecules in air, the authors of
this chapter have also developed hybrid materials that incorporate luminous dyes
and surfactants into the interlayer spaces of ion-exchangeable layered materials,
e.g., laponite [44], titanate nanosheets (TNSs) [45], and layered double hydroxides
(LDHs) [46, 47]. The effects of molecular adsorption on the luminous properties
of these hybrid materials were investigated. The quantum yield (/) of
alkyltrimethylammonium (CnTMA) and rhodamine 6G (R6G) hybridized with
laponite, a cation-exchangeable clay, is reversibly changed by variations in the
relative humidity (RH), as shown in Table 10.1. In addition, shifts in the peak of the
fluorescence spectrum of the hybrid material occur, as shown in Fig. 10.2.
Moreover, the responsivity of / to changes in RH can be affected by altering the
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alkyl-chain length of CnTMA, as shown in Table 10.1. This behavior is ascribed to
the reorganization and dissociation of aggregated R6G in the interlayer spaces of
laponite, both of which are induced by the adsorption and desorption of interlayer
water.

In addition, hybrid materials composed of TNSs, rhodamine 3B (R3B), and
decyltrimethylammonium (C10TMA) exhibit interesting properties, such as a
reversible color change (chromism) depending on the RH and emission quenching
in the presence of ammonia gas under a high RH. The chromism of these
R3B-based hybrid materials is ascribed to a decrease of electrostatic interactions
between the R3B molecules and TNSs because the distance between the R3B
molecules and TNSs increases when water is adsorbed between the TNSs and R3B
(Fig. 10.3). The color of these R3B-based hybrid materials under a high RH is the
same as that of an R3B solution, which supports the above mechanism.

The luminescence quenching of the R3B-based hybrid materials is ascribed to an
intramolecular cyclization reaction of R3B that is preceded by the adsorption of
ammonia molecules in the interlayer spaces that contain adsorbed water molecules.
Moreover, the resulting nonionic and cyclized R3B molecules move to be stabilized
by the hydrophobic regions formed by C10TMA. The yield of the intramolecular
cyclization reaction is dependent upon the concentration of ammonia in the air, and
thus, a quantitative response against ammonia gas can be obtained, as shown in
Fig. 10.4. Furthermore, when benzyldecyldimethylammonium is used instead of
C10TMA in this titanate/R3B-based hybrid material, the resulting material can be
used to identify the presence of toluene and benzene by measuring the spectral shift
of the luminescence, as shown in Fig. 10.5.

Table 10.1 Luminescence
quantum yield (/, units = %)
of the laponite/CnTMA/R6G
hybrid materials

Surfactant Dry Wet

None 40.3 20.8

(CH3)3N(CH2)15CH3Br 45.3 20.0

(CH3)3N(CH2)5CH3Br 66.8 66.5
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Fig. 10.2 Normalized fluorescence spectra of a laponite/C6TMA/R6G and
b laponite/C16TMA/R6G complexes (solid line dry conditions, broken line wet conditions)
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The molecular sensing of gases by hybrid systems composed of nanosheets, a
surfactant, and an emission dye suggests that the adsorption behavior of target
molecules and emission properties of the dye can be controlled by using different
surfactants to modify the interlayer spacing of the nanosheets.

Fig. 10.3 Suggested mechanism model of the structural and spectroscopic response of
TNS/C10TMA/R3B hybrids to water adsorption. The inserted photographs show the luminescence
of a sample under a black lamp (356 nm). a Overall structure of the dry TNS/C10TMA/R3B
material. b Enlarged view of the region around an R3B molecule and TNS surface under dry
conditions. c, d Overall structure of the TNS/C10TMA/R3B material under c low RH (<20%) and
d high RH (>20%). e Enlarged view of the region around an R3B molecule and TNS surface under
wet conditions. Reprinted with permission from Ref. [45]. Copyright 2011, The Chemical Society
of Japan
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Fig. 10.4 Fluorescence
spectra of the
TNS/C10TMA/R3B hybrid
material under various
ammonia concentrations.
Legend shows the
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The authors of this chapter have also demonstrated the luminous properties of
hybrid materials composed of an LDH, butanesulfonate (C4S), and anionic
fluorescein dye (AFD), which exhibit changes in luminescence upon the adsorption
of water or basic molecules, such as ammonia and amines. [46, 47] In the case of
LDH/C4S/AFD hybrids, the luminescence intensity increases when the RH or
concentration of ammonia in wet air increases. Under dry conditions, the lactone
form of the fluorescein molecule, which is a nonionic molecule with no luminous
ability, is stabilized by the hydrophobic regions formed by the C4S molecules in the
interlayer spaces of the LDH. When water molecules are adsorbed by the dry
hybrids, there is an increase in the concentration of dianionic fluorescein molecules,
which are yellowish in color and exhibit strong luminescence in the visible spec-
trum, while the concentration of the lactone form of fluorescein decreases. Thus, an
absorption band appears in the visible spectrum and luminescence occurs.
Furthermore, when ammonia molecules are adsorbed by the wet interlayer space
(dissolved in interlayer water), the pH value of the interlayer spaces of the
LDH/C4S/AFD hybrid material increases. The LDH/C4S/AFD hybrid material then
produces remarkable luminescence because the chemical equilibrium between the
dianion and lactone forms of fluorescein is shifted by the basic conditions
(Fig. 10.6).

Therefore, the studies discussed in this section have shown that selective
molecular recognition and/or a high sensitivity can be achieved by using hybrid
materials that contain layered inorganic materials. Furthermore, by considering the
modifiable two-dimensional spaces provided by layered materials, the development
of sensing devices that exhibit higher sensitivities and selectivities is expected.
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Fig. 10.5 Luminescence spectra of the a TNS/C10TMA/R3B and b TNS/
benzyldecyldimethylammonium/R3B hybrid materials (solid line toluene, broken line benzene)
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10.3 Sensing Dissolved Molecules

It is also necessary to monitor the aquatic environment and management of
wastewater produced by various industries and sewage-treatment plants. Over the
past few decades, it has been revealed that some chemical compounds, such as
endocrine-disrupting chemicals and heavy metal ions, can affect the environment
and wildlife, even at low concentrations. Thus, the development of novel sensors
that can selectively detect various toxic chemicals and ions is required [48–54].

The development of sensors that can monitor the concentrations of heavy metal
ions in water, the presence of which can be indicative of water pollution, has
attracted much attention. One of the routes to create such sensors is the application
of electrodes modified with clay and clay/organic hybrids in electrochemical sen-
sors. Celi et al. [55] reported that clay modified with a thiol-containing organosi-
lanol can adsorb mercury, lead, and zinc ions (Fig. 10.7). Fiho et al. [56] evaluated
the adsorption properties of a hexadecyltrimethylammonium/montmorillonite
hybrid that incorporated dithiol species into the interlayer spaces. The authors
also reported that an electrode modified with this hybrid material can electro-
chemically detect mercury ions in water with a high selectivity. Sun et al. [57]
reported that hybrid materials composed of an LDH and aminonaphthol disulfonate
can be used to detect mercury ions in solution by measuring the change in spectral
characteristics.

Fig. 10.6 Structures and formation routes of the various forms of fluorescein. The formation of
the dianionic form is promoted under basic conditions

10 Sensors 309



It is also important to develop devices that can sense toxic organic compounds
dissolved in aqueous media, such as endocrine disruptors and agricultural chemi-
cals. Zen et al. [58] reported that uric acid (� 0.2 lM) and dopamine (� 2.7 nM)
can be selectively detected with an electrochemical method involving a glassy
carbon electrode modified with Nafion and nontronite. In addition, Kröning et al.
[59, 60] reported the detection of nitrogen oxides with an electrode modified with a
clay/myoglobin complex, while Tonle et al. reported the detection of methylene
blue with an electrode modified with an organoclay. Furthermore, Yin et al. [61]
reported the electrochemical detection of nanomolar concentrations of bisphenol A
by utilizing a glassy carbon electrode modified with an LDH.

These examples show that a wide range of clay-modified electrodes have been
developed for electrochemical sensors. The advantage of combining electrochem-
ical sensors with clay-modified electrodes is that the selectivity can be altered by
modifying the surfaces and/or interlayer spaces of the clay with functional mole-
cules. Further developments relating to electrochemical sensors that utilize
clay-modified electrodes are expected in the future. Moreover, optical sensors for
various chemicals, such as the optical pH sensor reported by Shi et al. [62] are also
being developed by many researchers. Thus, the development of novel sensors that
utilize hybrid materials composed of functional dyes and layered inorganic mate-
rials is expected to continue.

Fig. 10.7 a, bMolecular structures of the grafted molecules used in the studies performed by Celi
et al.: a 3-mercaptopropyltrimethoxysilane and b 2-aminoethanethiol hydrochloride. c, d Mercury
absorption isotherms of c sepiolite modified with 3-mercaptopropyltrimethoxysilane and
d montmorillonite modified with 2-mercaptoethylammonium. Reprinted with permission from
Ref. [55]. Copyright 2000 American chemical society
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10.4 Summary

In this chapter, the authors discussed various studies regarding the research and
development of sensors that can detect various target chemicals in air and aqueous
media, with a focus on sensing materials based on ion-exchangeable and layered
inorganic compounds. The development of such sensing devices is necessary for
maintaining our safety and health, and for securing safe water supplies. However,
most of the studies discussed in this chapter were performed under ideal conditions,
e.g., tests were performed in dry nitrogen atmospheres, which are very different
from real-world conditions, i.e., the atmosphere contains exhaust gases, air, envi-
ronmental water, and pollution. Under real-world conditions, it is crucial to sup-
press the interference of coexisting substances. Most of the recent studies on
molecular sensing with layered materials have focused on the properties of hybrid
materials, with only a few studies reporting the development of sensing devices that
can be used in real-world conditions. However, as described in this chapter, the
nanospaces provided by layered materials can be modified with various functional
compounds, and this property is a crucial advantage for enhancing the selectivity of
sensors. By considering this advantage, it is expected that sensors based on hybrid
systems will achieve the high sensitivity and selectivity that is needed for the next
generation of sensors. The application of layered materials in sensors is a relatively
recent area of research, and it is expected that further advances towards the
development of high-performance sensors will occur as interest in this area of
research grows.
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