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In recent years, sensitive, selective and accurate sensing techniques for ammonia gas detection have been highly
demanded since ammonia is both a commonly utilized gas in various industrial sectors and a highly toxic and
corrosive agent that can threat human health and environment. This review article discusses the widely used gas
sensing techniques in ammonia detection. The fundamental working principles of the ammonia detection
techniques relying on electronics, electrochemistry, tunable diode laser spectroscopy, surface acoustic wave, and
field effect transistors are briefly described first, in conjunction with various sensing materials. Furthermore,
recent progress in the development of advanced ammonia gas sensors was comprehensively reviewed and
summarized. Finally, the outlook for future development of high-performance ammonia sensors was presented.

1. Introduction

In the last decades, novel gas sensors have been developed and
employed in diverse fields for applications such as environmental
analysis, automotive industry, medical applications, and indoor air
quality controls [1-4]. Especially, there has been an increasing need for
monitoring hazardous gases including CO, CO,, NO, (x=0.5, 1, and 2),
SO, (x=2 and 3), and NH; as concerns over environment and human
health grow. Among these perilous gas species, ammonia (NH3) gas
detection has attracted substantial attention in the field of gas sensor,
which is important because NHj; is one of the most common chemicals
manufactured and applied in diverse areas around the world [5-11].
Recently, around 80% of NH; has been produced for the nitrogen-based
fertilizer and the rest of 20% has been manufactured for pharmaceu-
ticals, cleaning products, explosives, and refrigeration by following the
Haber-Bosch process (Eq. (1)) which employs the reaction between
hydrogen and nitrogen with an iron-based catalyst under high tem-
peratures (~500°C) and high pressures (~ 300 bar) [12].

3H2 + N2 - 2NH3 AH300 = —4635K.I/mol, ASgOO = —99.35 J/Kmol
(€]
In our daily life, the usage of NHj is easily found in dairy and ice
cream plants, wineries and breweries, petrochemical facilities, fruit

juice, and vegetable juice and soft drink processing facilities [12,13].
Additionally, since NHj is a great source of hydrogen, it is often utilized

in automobiles, specifically diesel engines, to reduce harmful NO, gases
by selective catalytic reduction (SCR) as shown in the following redu-
cing reaction [9,10,14]:

Lately, about 2.1-8.1 Tg of NH3 has been emitted into the atmo-
sphere every year through human activities [13]. In the atmosphere,
the typical NH; level is in low ppb (1-5ppb) levels [15]; however,
inhaling more than the safe level of NH; can trigger life-threatening
illnesses due to its highly toxic and corrosive properties to the skin,
eyes, and lungs. According to Occupational Safety and Health Admin-
istration (OSHA), the exposure limit of NH3 to human beings is 25 ppm
for 8 hours and 35 ppm for 10 minutes [14,16]. Additionally, NHj is
considered an environmental pollutant since it is highly reactive and
forms aerosols such as ammonium nitrate and ammonium sulphate
when it reacts with nitric acid and sulfuric acid in the air, respectively.
As a result, these nanosized NH; aerosols create smog that exhibit a
temperature reducing effect and, consequently, a negative impact on
the global greenhouse balance [13,17,18]. Moreover, since exhaled
NH; in the human breath is one of the critical biomarkers to diagnose
lung or renal diseases, monitoring NH3; by means of breath analyzers is
a very important daily routine of clinical practice for people who suffer
from those diseases. Therefore, the accurate measurement of NH; gas
has been in demand to prevent fatal accidents caused by overexposure
to NH; as well as the environmental problem occurred by increased
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emissions of NH3 to the atmosphere, and lethal diseases indicated by
high concentrations of exhaled NH3 in human breath [19-21].

Recently, extensive interest in improving reliable NH3 gas sensors
has been rising as innumerable fields employing NH3 gas sensors has
been expanding. Similar to other gas sensors, advanced NH; gas sensors
must exhibit major aspects including sensitivity, selectivity, stability,
and reversibility, and, trivially, broad range of measurement and op-
eration temperatures, safety, low price, compactness, light weight, etc.
as minor properties. For a brief description of the major important as-
pects: (1) sensitivity refers to the ability of sensor to detect the
minimum concentration of target gas; (2) selectivity is the capability of
sensor to distinguish a particular gas among a gas mixture; (3) stability
represents how stable the sensor is during the operation under severe
conditions as high temperature, high pressure, and corrosive environ-
ment; (4) reversibility is the ability of sensing material that is able to
restore its initial state after reaction with a target gas [12,13]. To satisfy
these critical aspects and enhance the sensing performance, mis-
cellaneous detection techniques for NH; gas sensing have been explored
and studied [13,22]. This review begins with the sensing mechanism
and working principles of the most prevalent NH; gas sensing methods
as classified in Fig. 1. Moreover, the recent progress of the ammonia gas
detection techniques is discussed and, finally, this review will be con-
cluded with a discussion of future trends in the development of ad-
vanced NH; gas detection.

2. Ammonia gas sensing methods

There are a variety of sensing techniques existing for NH; detection;
however, the most prevalent detecting methods can be classified into
three major categories, which are the solid-state sensing methods
(metal oxide-based sensors, and conducting polymer sensors), the op-
tical method (optical sensors utilizing tunable diode laser spectro-
scopy), and other methods (electrochemical sensors, surface acoustic
wave sensors, and field effect transistor sensors). Based upon the sen-
sing materials and detecting techniques, not only their sensing me-
chanisms and working principles as NH3 gas sensors, but their recent
progress will be also discussed in the following chapters.

3. Solid-state sensing methods
3.1. Metal oxide-based sensors

Due to its advantages such as simplicity, low cost and flexibility in
fabrication, and good process compatibility, metal oxide-based gas
sensors have attracted significant attention in the gas sensing field and,
especially, SnO,, ZnO, WO3, TiO,, and MoO3 are the most widely uti-
lized metal oxides in NH3 detection [23-26]. Basically, as a gas sensing
material, metal oxides are classified into n-type and p-type semi-
conducting metal oxides and represent its promising electrical proper-
ties in the temperature range between 250 °C and 550 °C. Mostly, the n-
type semiconducting metal oxides are selected for gas detection due to
the inferior gas sensing response of the p-type semiconducting metal
oxides and the response relationship between those two types of metal
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oxides is as follows [27],
Sp= /S

where S, and S, denote the gas sensor response of p-type and n-type
semiconducting metal oxides, respectively.

In general, the electronic structure of the metal oxide is a key factor
in terms of selecting an appropriate metal oxide for detecting specific
gases [28] and also an important characteristic to understand the sen-
sing mechanism. Furthermore, it can be used to categorize metal oxides
into the transition and the non-transition-metal oxides [29], for ex-
ample:

3

(1) Non-transition-metal oxides, which contains (a) pre-transition-
metal oxides (MgO, Al,Os3, etc.) and (b) post-transition-metal oxides
(ZnO, Sn0,, etc.).

(2) Transition-metal oxides (Fe,O3, NiO, Cr,03, etc.)

The non-transition-metal oxides have only one oxidation state and it
exhibits an inferior electrical characteristic as a sensing material,
compared to the transition metal oxides which have more than one
oxidation state [30-32]; however, not all of the transition metal oxides
are selected as a sensing material since only transition-metal oxides
with d° and d'° electronic configurations can be used for gas detection
[33]. Although the post transition metal oxides belong to the non-
transition group, some of them which have the d'° electronic config-
uration are frequently utilized for gas detecting applications. This might
be attributed to the fact that the post-transition-metal oxides retain
cations with the filled d'® orbital configuration and are reduced to
generate free electrons when it is reacted with reducing agents, such as
NH, [31-33].

In addition to the electronic structure model, the energy band
model, also known as the double-Schottky barrier model is often em-
ployed to understand the sensing mechanism of metal oxide based NH;
sensors. Under an oxygen atmospheric condition, the potential barrier
at the grain boundaries increases since the charged atmospheric oxygen
molecules form a depletion layer by trapping electrons from the surface
of metal oxides and, as a result, the overall conductivity decreases. On
the other hand, when the reducing gas is introduced, the reverse phe-
nomenon occurs and, consequently, the height of the barrier is lowered,
resulting in an increase of the conductivity [13,28,34-37]; however,
this can be only observed in n-type semiconducting metal oxides with
relatively smaller depletion areas than its grain size.

Although the metal oxides have attractive advantages as a gas
sensing material, serious shortcomings should be addressed, such as low
selectivity in detecting one particular gas from gas mixture [13,28,38].

In the field of metal oxide-based gas sensors, there have been im-
measurable efforts to enhance its sensitivity and selectivity and lower
its operation temperature since its first appearance in the 1950s [39].
Since the local shifting of electronic charge at the surface of metal
oxides plays an important role in detecting gases, adding second phase
materials onto the oxide surface is one of the widely utilized methods to
improve the sensing performance of metal oxide-based gas sensors [40].
This method is based upon the charge carrier diffusion process that

| Metal oxide based sensors |
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| Conducting polymer sensors |

Ammonia gas sensing

.

Optical method

l Tunable diode laser

methods

spectroscopy

| Electrochemical sensors |

l Other methods }

| Surface Acoustic Wave sensors |

| Field effect transistor sensors |

Fig. 1. Categorization of ammonia gas sensing techniques.
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Fig. 2. Schematic diagram of the Schottky junction [41]. Reprinted with per-
mission from ref. 41.

electrons at a higher Fermi energy state shift across the interface until
the Fermi energy across the junction is leveled when the intimate
electrical contact is created at the interface between two different
materials. With the use of this phenomenon, the surface conductivity of
metal oxides can be regulated for enhanced gas detection. The presence
of a noble metal with a high work function on the surface of an n-type
metal oxide semiconductor, for example, facilitates electrons to flow
from the semiconductor to metal until an equilibrium state at the Fermi
level is achieved, creating a Schottky barrier shown in Fig. 2 [41].

As a result, a wide depletion region in the semiconductor is formed,
resulting in a significant decrease in conductivity [42]. The wide de-
pletion area in the semiconductor causes a large Fermi level-difference
that facilitates the gas sensing performance [42]. The width (W) of the
space charge region is defined by [40],

26V 1/2
W= [ bl/eND]

where ¢ is the static dielectric constant, Vj; is the built-in voltage, e is
the electrical charge, and Nj is the donor concentration. Furthermore,
the catalytic characteristic of the noble metal aids by either lowering
the operation temperature or increasing the tolerance against relative
humidity [43]. The noble metals such as platinum, palladium, gold,
silver, etc., are typically employed to enhance the performance of metal
oxide gas sensors and their work functions are given in Table 1 [40].
Zeng et al. [44] demonstrated the Pd-doped ZnO based NHj3 sensor
that yields an enhanced sensing performance towards NH;. In addition
to the interpretation of the improved sensing property by the schottky
junction, the enhancement of their system in response and recovery
times and the operation temperature also can be explained by the for-
mation of a weak-bonded complex between Pd atoms and the oxygen
gas at relatively low temperature [45]. When the Pd-doped ZnO surface
is exposed to NHj, the weak-bonded complex of Pd and oxygen is
quickly dissociated to produce oxygen atoms that move along the sur-
face of grains and start trapping electrons from it to yield additional
chemisorbed oxygen atoms (O, 0%, 0Y). The reaction between NHj
and the adsorbed additional oxygen atoms is then activated by the
catalyst (Pd) atoms and, as a result, more electrons generated from the
reaction are released back to the conduction band of ZnO. This leads to
the enhanced sensitivity at relatively low operation temperature. With
their Pd-sensitized ZnO nanostructure based NH; sensor, the detection
limit of 5ppm of NH; was achieved and 3 seconds(s) and 9s were

4

Table 1

Work function ranges of the noble metals used to en-
hance the gas sensing properties of metal oxides.
Regenerated from ref. [40].

Metal Work function (eV)
Platinum 5.22-5.6

Palladium 5.12-5.93

Gold 5.1-5.47

Silver 4.26-4.74

715

Talanta 204 (2019) 713-730

100
Pd: ZnO 100 ppm
804 T _=210°C e’
o 604 |
S 50 ppm &
o ! B
@  40- f F
x f g
20 ppm
20 A 10 ppm 4 !
5 ppm
" m
0+ ‘ !
aw
T T L] T
o 50 100 150 200
Time (s)

Fig. 3. Responses of the pure and Pd-doped ZnO nanostructures to NHj at
different concentrations [44]. Reprinted with permission from ref. 44.

obtained for the response and recovery times, respectively as shown in
Fig. 3.

A further enhanced structure in the decoration of metal oxides with
secondary phase materials is the ternary nanocomposite normally
consisting of noble metals, metal oxides, and graphene and has been
reported by Su et al. [46]. They suggested a Pd/SnO5/RGO (reduced
graphene oxide) ternary nanocomposite based NH; gas sensor that
shows the enhanced sensing performance at room-temperature. Not
only did the catalytic activity of Pd improve the sensor response, but
RGO was also critically involved in the enhancement of gas sensing
property in their system. The RGO doping into the Pd/SnO, film re-
duced the film resistance to ~100k€, while a high resistance was
observed from the pure SnO, film in comparison. The decrease in re-
sistance is attributed to the fact that the RGO is conductive and pro-
duces new electrical routes in the Pd/SnO,/RGO ternary nanocompo-
site film and, consequently, the overall sensor response is improved by
facilitating the charge transfer in the film. According to their report, the
response of the Pd/SnO,/RGO film to 5ppm of NH3 gas was 7.6,
whereas that of the Pd/SnO, film to 100 ppm of NH; gas was 8, which is
defined by a following equation [46],

S (response, %) = Rair = RG‘”/R,H-, X 100% 5)

The performance enhancement of metal oxide-based NH; gas sensor
can also be achieved by adding a metal oxide dopant into another metal
oxide base. For example, Qi et al. [47] suggested the SnO, nanoparticle-
coated In,O5 nanofiber structure for improved NH; detection at room
temperature. Since both In,O3 and SnO, have excellent chemical sta-
bility, versatility, and controllability, as gas sensing materials, hy-
bridization of the two metal oxides creates a great synergy in that the
SnO, nanoparticles on the In,O3 nanofibers provide the more reacting
sites for gas molecules [48-50]. As shown in Fig. 4, the sensor perfor-
mance of the SnO, nanoparticle-coated In,05; nanofibers is better than
that of pure In,O3 nanofibers when it comes to the sensor response,
response time, and recovery time. In comparison of those two struc-
tures, the sensor response is improved from 4 to 21, while the response
time decreases from 16 to 7 s, and the recovery time also decreases from
15 to 10sat 1 ppm NHs.

Wang et al. [51] demonstrated an enhanced NH; gas sensor using
the Co304/Sn0, hybrid core-shell nanosphere (HCSNS) constructed in a
unique structure as shown in Fig. 5. The enhanced sensing property is
attributed to its structural advantage that provides additional reaction
sites for analyte gas molecules and increases the effective absorption
speed. Additionally, the formation of an additional depletion layer and
potential barrier in the Co304/SnO, heterojunctions contributes to
improving the sensor performance. The additional depletion layer and
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sensors [47]. Reprinted with permission from ref. 47.
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Fig. 5. Sensor response in various concentrations of NH3 at 200°C. Inset: en-
larged response curve from 5 to 100 ppm of NHj3 [51]. Reprinted with per-
mission from ref. 51.

potential barrier were formed by the p-type Cos04 trapping electrons
generated from SnO-, and, consequently, the resistance of C030,4/SnO,
significantly increased. On the other hand, when the sensing film was
exposed to NH; gas, the trapped electrons released back into the con-
duction bands of Co030,/SnO, and the total resistance of the sensor
dramatically decreased. As a result, an improved sensing performance
was obtained as fast response time of 4s, recovery time of 17 s, high
response of 13.6 and good selectivity at 200°C.

3.2. Conducting polymer sensors

Since the advent of conducting polymers, a great number of gas
sensors have utilized conducting polymers due to its advantages, such
as, ease in fabrication and modification, stability, design flexibility,
tunability with other materials, etc. [52-58] Amongst the conducting
polymers, polypyrrole, polyaniline, and polythiophene are by far the
most frequently used in the gas sensor field [13,59,60] and the active
layers in gas sensors consist of these conducting polymers. Although
conductometric, potentiometric, amperometric, colorimetric, and
gravimetric modes are mostly employed as operation method for con-
ducting polymer-based sensors [61,62], a great number of gas sensors
using conducting polymer are based on the amperometric mode uti-
lizing the redox reaction between a target gas and the conducting
polymer to detect a particular gas [63]. For instance, when PPy inter-
acts with NH3 gas, the doublet of nitrogen in the polymer backbone
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loses its electron and this electron transfer between the positive holes of
PPy and NH3; molecule causes a decrease in the charge-carrier con-
centration, which lowers the overall conductivity [64]. The interaction
mechanism between PPy and NHj is as following,

(6)

In the air, the reverse reaction that NH,* ion decomposes into
ammonia takes place and changes the conductivity of PPy to an in-
crease.

There are various configurations using conducting polymers as the
NHj; gas sensing active layer: transistor and diode sensors, optic sensors,
piezoelectric crystal sensors, amperometric sensors, and chemiresistors.
The most common configuration of conducting polymer NHj3 gas sen-
sors is the chemiresistor and its detection limit is relatively low
(< 10 ppm) compared to other configurations in this category [63,65].
The quick response time is also a huge advantage of the chemiresistor,
which is about hundreds of seconds and, even few seconds obtained
from super-thin film gas sensors [65-67].

There has been so much attempt in enhancing the sensor perfor-
mance of conducting polymer-based gas sensors by improving physical
and electrical properties of conducting polymers by means of the
modification of its structures and the use of dopants added into it [68].
Modifying the structure of conducting polymer plays a very important
role in developing conducting polymer based NH; gas sensor in that the
developed structure significantly improves the sensing film properties
such as facilitating electron or proton transfer and ensuring the better
interaction between the sensing film and analyte gases. Especially,
nanostructures have attracted great attention in modification of con-
ducting polymer due to its high surface-to-volume ratio and small di-
mensions, which leads to the improved interaction between the mate-
rials and analytes and the fast adsorption/desorption kinetics for
analytes, resulting in high sensitivity, and quick response and recovery
times, respectively [68]. In addition to the enhanced sensing perfor-
mance, the nanostructured conducting polymers have also satisfied the
miniaturization in sensor packaging. For instance, polyaniline (PANI)
nanofiber shows enhanced sensing performance due to its large specific
surface area and interconnected network structure. The sensing me-
chanism of PANI nanofiber to NH; is the same as the eq. (6). In the
presence of NHj gas, the sensing film is deprotonated and the depro-
tonation rate relies on the concentration of NHj, resulting in an increase
of the film resistance. In contrast, as the sensing film is exposed to the
air, the ammonium ions decompose into ammonia molecules and pro-
tons which restore the original doping level of PANI. Consequently, this
decomposition leads to a decrease of the film resistance [69]. Du et al.
[70] reported that the NH3 gas sensor based on the 4-toluenesulfonic
acid (TSA) doped PANI nanofibers on interdigitated array electrodes
represents rapid response time (10 s) and quick recovery time (100 s) at
50 ppm NHj gas. According to their report, the PANI nanofiber film also
shows a better sensitivity (1.06), compared to a convention PANI film
(0.3) for 50 ppm NHj3 gas. The improved sensor response and sensitivity
could be attributed to the fact that more NH3 molecules are able to
diffuse into their nanofiber film and react with active site of PANI
chains swiftly because of its large specific area resulting from the small
diameter and the interconnected network of PANI nanofibers (see
Fig. 6).

Although the structure modification of conducting polymer is able
to impressively improve the sensing performance, the method itself has
limitation due to the intrinsic shortcomings of conducting polymer,
such as poor mechanical strength, sluggish reaction kinetics, and spe-
cificity. For addressing these shortcomings, adding either organic or
inorganic materials as a dopant into the conducting polymers has been
widely utilized [41]. Wojkiewicz et al. [71] achieved the ppb level of
NH; detection with two different PANI-based systems consisting of the
polyvinylidene fluoride (PVDF) and polybutyl acrylate (PBuA) core-
shell particle-based structure, and an amorphous dielectric poly-
urethane (PU) matrix based PANI nanofiber structure. To generate a

PPyH* + NH; — PPy + NH}
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Fig. 6. Sensitivity of PANI nanofiber sensor on different NH3 concentrations
[70]. Reprinted with permission from ref. 70.
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PANI(HCD)) and PU matrix-based sensor [71]. Reprinted with permission from
ref. 71.

response plot of the sensor as a function of NH; concentration, they
applied a definition from the literature: the quotient of the variation of
the response of the sensor is determined by the corresponding variation
of the NH; gas concentration [72]. As shown in Fig. 7, the lowest de-
tection limit (20 ppb) was achieved by the PU-PANI(CSA)y.»s nano-
composite, while the higher sensitivity (the slope) was obtained from
the core-shell based nanocomposites. The different trend between the
sensitivity and the detection limit might be attributed to the fact that
the higher film conductivity resulting from the more uniform and
smoother surface of PU-PANI(CSA)y o5 leads to a more effective charge
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transport in PANI(CSA)¢.»5 and the lower detection limit in comparison
with the core-shell based nanocomposites. On the other hand, since the
sensitivity highly depends on the specific surface area where the reac-
tion with the analyte gas occurs, the core-shell based nanocomposites
with more porous structures showed a higher sensitivity than the PU-
PANI(CSA)o o5 nanocomposite in their system.

The typical inorganic materials for supporting conducting polymers
in NH3 sensing are copper, gold, silver, and platinum owing to their
catalytic characteristic [73-75]. Especially, the nanoparticle form of
these catalysts plays a critical role in improving the sensor performance
in that it eases the charge transfer across conjugated chains and the
interaction with the analyte gas. Patil et al. [76] utilized Cu nano-
particles as a support material in a thin sensing layer of PANI nano-
composites to enhance the conductivity, thermal stability, and ad-
sorption/desorption of analyte gases on the surface of sensing film.
According to their report, the Cu content ratio to PANI is important
since the sensing performance increases as the concentration of Cu in-
creases; however, once the concentration of Cu reaches its optimum
level (0.13 at%), the sensor performance deteriorates because of its
shunting effect between metal and semiconductor. With the optimum
concentration of copper, their copper nanoparticle intercalated-PANI
nanocomposite film showed the superior sensing performance to that of
the pristine PANI film and can detect gaseous NH3 as low as 1 ppm, and
it shows the fast response time (7s), and recovery time (160s) at
50 ppm in room temperature (see Fig. 8).

4. Optical method (tunable diode laser absorption spectroscopy,
TDLAS)

Gas sensors utilizing optical absorption have attracted immense
attention as they are able to overcome obstacles that other gas sensors
using contact-sensing techniques generally have, e.g. measurement
error from the long-term memory effect [77]. Also, this technique is
very appealing in commercialization due to its simplicity to operate and
ability to achieve very high selectivity, fast analysis, and great sensi-
tivity along with relatively long-life time [78,79]. Moreover, this
method shows attractive properties in gas detection since it can be
operated at a wide range of temperatures (from room temperature to
temperatures as high as 1500°C), under unstable pressures, and in
highly perilous and corrosive environments.

Amongst gas sensors using optical absorption, the tunable diode
laser absorption spectroscopy (TDLAS) has been well-developed for
NH; gas detection [80]. As shown in Fig. 9, many critical gas species
including NH3 show its absorption in the infrared spectral region and
the gases whose molecules are rovibrationally excited in the infrared
line-spectrum by the laser light can be detected by this technique. Ty-
pically, for NH3 gas detection, the wavelength in the spectrum range
from 1450 to 1560 nm ( ~6400-6900 cm™) is chosen [81].

The NH; concentration measurement of TDLAS is based upon the
absorption spectroscopy and employs the Beer-Lambert law which is
[82,83],

- NC
B PANI

M |
CH

NO 4

CO.

NH3 CcOo

2

Fig. 8. Response curve to different concentrations of NH; at RT (a) and selectivity histogram (b) of the Cu nanoparticle intercalated-PANI nanocomposite film [76].

Reprinted with permission from ref. 76.
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I, = Lp-exp [-S-®,-N-I] = Lo-exp [—a] @

where I, is the transmitted laser intensity with the frequency v through
an absorbing medium, I, is the initial laser intensity, S is the tem-
perature dependent line strength of an absorption line, ®, is the line-
shape function, N is the fractional concentration of the analyte, and 1 is
the path length of the laser through the medium. In addition, on the
right formula, a is the absorbance and represents the relationship be-
tween the two laser intensities:

«0) = =in (¥, @®)

A basic configuration of TDLAS for NH3 gas detection is shown in
Fig. 10 and it mainly consists of the laser emitter, the photodetector, the
analyte gas chamber, the reference cell, the pressure and temperature
control unit, and the electronic analyzer [84-86]. Once the tuned light
from the semiconductor laser emitter launches, it is split and passes
through the NH; gas chamber and the reference cell simultaneously and
reaches each photodetector. When the emitted light arrives at the
photodetector, it is converted into an electrical signal and used to cal-
culate the analyte concentration.

Since the laser sources and spectroscopic techniques play an im-
portant role in TDLAS, there has been incessant attempts to enhance
TDLAS with substantial improvements in advanced diode laser sources
and laser spectroscopic techniques [87-89]. Although TDLAS has
splendid advantages, such as simplicity in operation, high sensitivity
and selectivity to a specific analyte gas, noninvasive detection, en-
vironmentally friendly analysis (i.e., no harmful chemical usage and
hazardous by-products to the environment), etc. [90], the inherent
limitation of the laser source in TDLAS systems hinders its robust
measurements in gas detection. For example, although semiconducting
laser diodes have attractive aspects, such as the compactness and effi-
ciency in configuration, it requires very high threshold currents and
cryogenic temperatures to confine carriers to the junction region due to
its intrinsic large losses during operation [90]. In addition, sensitivity to
temperature and current variations, limited output power, and acoustic
vibrations are also known as serious drawbacks of the use of
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semiconducting laser diodes. To address such issues, advanced diode
laser sources have been introduced [91]. Amongst the developed diode
lasers, quantum cascade lasers (QCLs) have been frequently selected as
a laser source in the enhanced TDLAS systems due to their capability of
high resolution, room-temperature operation, and ultra-sensitive and
selective analyte gas monitoring [92-95]. QCLs are distinct from con-
ventional diode lasers in that the laser transition takes place between
the quantized states restricted mostly in the conduction band of the
semiconductor heterostructures, which means that only one type of
carrier, primarily electrons, is involved in the optical process. Due to its
distinct optical transition phenomenon, the emission wavelength of
QCLs can be tuned by simple adjustments on the thickness of the het-
erostructure wells and barriers. This is greatly beneficial in reducing the
reliance on the bandgap of the heterostructure materials and leads to
broad tuning range that is directly related to the performance im-
provement of the laser source in gas sensing [96-99]. In addition, the
single mode emission with a narrow linewidth for high selective gas
detection can be also attained in using QCLs [100]. Since narrow
linewidth and single longitudinal mode operation of QCLs are critical
for accurate spectroscopic measurements in gas detection, a distributed
feedback (DFB) structure at a precisely selected wavelength by in-
troducing a periodic grating structure on the top of the QCL waveguide
is also widely incorporated with QCLs for improved resolution spec-
troscopy applications [101-103] (see Fig. 11).

Miller et al. [104] demonstrated a QCL based NH3 gas sensor and
achieved the detection limit is 0.15 ppbvat 10 Hz with the use of the
continuous-wave, DFB QCLs and HgCdTe photodetectors. In addition,
the precision and stability of their sensor was determined by Allan
deviation analyses [105]. Their sensor is advantageous over other ty-
pical close-path sensors in that sampling artifacts can be reduced dra-
matically and any pumping or heating systems are not required.
Therefore, improved detection and lowered power consumption can be
achieved (see Fig. 12).

Recently, Tao et al. [106] reported a low-power and open-path
mobile sensing platform for NH3 gas detection by integrating multiple
open-path QCL based sensors and mobile sensor systems. Specifically,
one of the four open-path optical gas sensors in their integrated sensing
platform is the NH; gas sensor with the light source of 9.06 ym QCL that
has the detection limit of 150 pptv at 10 Hz. Lewicki et al. [107] also
utilized a DFB QCL to achieve a real time room-temperature (RT) NH;
detection with the detection limit of 6 ppb with 1 s time resolution.

In general, TDLAS for highly sensitive and selective gas sensing
requires a long optical pathlength and, as a result, a sizeable stationary
configuration (e.g., long path multipass cells) has been generally ac-
cepted [108]; however, it could give rise to an issue with respect to
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Fig. 10. A schematic configuration of TDLAS for gas detection.



D. Kwak, et al.

sz

Buried DFB grating / Top contact
Capping layer

Upper cladding

AV e O ON s |nGaAS
InGaAs

= Bottom cladding

Substrate

Surface DFB grating

Fig. 11. Distributed feedback QCL (DFB-QCL) array. Middle: buried DFB
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96.
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Fig. 13. Scheme of a typical CRDS setup.

compact and portable gas sensor applications. Cavity ringdown spec-
troscopy (CRDS) is one of the auxiliary methods to reduce the long
optimal pathlength required for highly sensitive and selective gas de-
tection in TDLAS. Basically, as depicted in Fig. 13, this technique is
based upon the variance between measurements of the decaying rate of
laser intensity with and without the presence of the analyte gas [109].
Once a laser beam emits from the source, it passes through the optical
cavity (resonator) and the multiple reflections of the beam occur be-
tween the reflectors (mirrors). Consequently, the optimal optical path
of the radiation up to several kilometers can be obtained and the output
signals are collected and processed by the photodetector and the outer
electronics, respectively.

Lately, He et al. [110] has achieved detection limits of ~11 ppbv for
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Fig. 14. A basic electrochemical sensor in schematic design.

NH; in N, and ~ 300 ppbv for NH; in air with their fiber-coupled ra-
pidly swept continuous wave (cw)-CRDS technique. Since the perfor-
mance of a cw-CRDS system highly relies on the short-term frequency
stability of its laser source, they employed external cavity diode lasers
(ECDLs) that exhibits superior short-term frequency stability to DFB
lasers, yielding ten times better sensitivity than DFB lasers with their
system configuration. The distinct advantages of their technique over
other CRDS based NH; detecting measurements are its docility to utilize
a single optical transmitter/receiver console comprised of multiple
passive sensor units and the remote monitoring of analyte gases from
one or more locations.

5. Other methods
5.1. Electrochemical sensors

This method has been used for gas sensors due to its attractive as-
pects including lower power consumption, portability, and cost-effi-
cient fabrication as well as high sensitivity and relatively perfect se-
lectivity [111]. Normally, as shown in Fig. 14, a typical electrochemical
gas sensor consists of a sensing electrode (or working electrode), a
counter electrode, a reference electrode, an electrolyte and a gas
permeable hydrophobic membrane (usually PTFE or Teflon) [12,112].

Generally, in this sensor category, the sensors sorted as types of
electrolyte and, solid and liquid state electrolytes are utilized the most.
More specifically, the solid-state electrolyte-based sensors normally use
amperometric and potentiometric techniques and, on the other hand,
the liquid state electrolyte sensors usually employ voltammetric and
potential step chronoamperometric methods [113]. The NH; gas sen-
sors using potentiometric method, for example, adopt a sensing me-
chanism that the difference in the electrical potential between the
sensing and counter electrodes is measured when NH; gas diffuses
across the gas permeable membrane into the electrolyte solution, and
the electrochemical reaction between the electrolyte and NH; gas mo-
lecules occurs at the sensing electrode [114-116]. As a result of the
electrochemical reaction, nitrogen, hydrogen ions and six electrons are
produced through oxidation of ammonia at the sensing electrode and,
meanwhile water is formed at the counter electrode through the reac-
tion between hydrogen ions generated from the sensing electrode and
oxygen as follow:

2NH; — N, + 6H* + 6¢~ (C)]

0, + 4H* + 4¢~ — 2H,0 (10)

This type of sensor is greatly dependent on the function of electro-
lyte and, namely, the electrolyte plays a very important role in sensor
performance. Therefore, most shortcomings come with the malfunction
of electrolyte. For instance, liquid electrolyte-based sensors suffer from
the fact that a significant amount of electrolyte is consumed for each
detection and the total lifespan of the sensor reduces as the amount of
liquid electrolyte in the sensor decreases [111,117]. In the case of solid
electrolyte-based sensors, it suffers from the possibility of electrolyte
poisoning and its application is limited due to the relatively high re-
quired operation temperature (> 200°) [117].
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A list of ionic liquids used in gas sensors. Regenerated from ref. [126].

Acronym Name of the ionic liquid

[CoMIM] [NTf5] 1-ethyl-3-methyl-imidazolium bis(trifluoromethyl-sulfonyl)imide
[CsMIM][NTf,] 1-propyl-3-methyl imidazolium bis(trifluoromethyl-sulfonyl)imide
[C4,MIM][NTf,] 1-butyl-3-methyl imidazolium bis(trifluoromethyl-sulfonyl)imide
[CeMIM][NTf5] 1-hexyl-3-methyl imidazolium bis(trifluoromethyl-sulfonyl)imide
[CgMIM] [NTf,] 1-octyl-3-methyl imidazolium bis(trifluoromethyl-sulfonyl)imide
[C1oMIM][NTf,] 1-decyl-3-methyl imidazolium bis(trifluoromethyl-sulfonyl)imide
[Co,MIM] [PF¢] 1-ethyl-3-methyl-imidazolium hexafluorophosphate

[C4MIM][PFe] 1-butyl-3-methyl-imidazolium hexafluorophosphate

[CeMIM][PFs] 1-hexyl-3-methyl-imidazolium hexafluorophosphate

[CsMIM][PF¢] 1-octyl-3-methyl-imidazolium hexafluorophosphate

[CoMIM] [BF,4] 1-ethyl-3-methyl-imidazolium tetrafluoroborate

[C4MIM][BF,] 1-butyl-3-methyl-imidazolium tetrafluoroborate

[CeMIM][BF,4] 1-hexyl-3-methyl-imidazolium tetrafluoroborate

[CsMIM][BF,4] 1-octyl-3-methyl-imidazolium tetrafluoroborate

[C4,MIM][Ac] 1-butyl-3-methyl-imidazolium acetate

[C4MIM][OT(] 1-butyl-3-methyl-imidazolium trifluoromethanesulfonate

[C4MIM][NOs3] 1-butyl-3-methyl-imidazolium nitrate

[C4MIM][C(CN)3] 1-butyl-3-methyl-imidazolium tricyanomethyl

[C4MIM][N(CN),] 1-butyl-3-methyl-imidazolium dicyanamide

[CeMIM][CI] 1-hexyl-3-methyl-imidazolium chloride

[CsMIM][FAP] 1-pentyl-3-methyl-imidazolium trifluorotris-(pentafluoroethyl) phosphate
[CeMIM][FAP] 1-hexyl-3-methyl-imidazolium trifluorotris-(pentafluoroethyl) phosphate
[C4DIM] [NTf,] 1-butyl-2,3-dimethyl-imidazolium bis (trifluoromethyl-sulfonyl)imide
[C4MPY][NTf,] 1-butyl-1-methyl-pyrrolidinium bis (trifluoromethyl-sulfonyl)imide
[Ng222] [NTf5] hexyltriethylammonium bis(trifluoromethyl-sulfonyl)imide
[N4441][NTf5] tributylmethylammonium bis(trifluoromethyl-sulfonyl)imide

[P14,666] [FAP] trihexyltetradecylphosphonium trifluorotris-(pentafluoroethyl) phosphate
[P14,666] [NTf>] Trihexyltetradecylphosphonium bis(trifluoromethyl-sulfonyl)imide
[P14,666] [AQS] Trihexyltetradecylphosphonium 9,10-anthraquinone-1-sulfonate

As aforementioned, electrochemical gas sensors have suffered from
the serious drawbacks mostly originating from the electrolyte.
Miscellaneous materials for replacement of traditional electrolytes have
been studied and exploited to address the issues [113] and, amongst
them, the room temperature ionic liquids (RTILs) have been prevalently
utilized [118-125]. Basically, RTILs are derived from ionic liquids (ILs)
that can be defined as which salts composed of a large organic cation
and a much smaller organic or inorganic anion are able to maintain its
liquid state below 100°C with only ionic property [126]. In the case of
RTILs, it is entirely composed of ions and remains liquid around 298K
and below [124]. The ILs including RTILs used in gas sensor applica-
tions are listed in Table 2.

Compared to typical aqueous electrolytes with the range of 1.23V,
not only do RTILs exhibit a superior electrochemical durability range
from 4 to 5V, but they also excel in other electrolyte materials used for
electrochemical gas sensor in that it possesses high intrinsic ionic
conductivity, negligible vapour pressure, the ability to maintain liquid
state at a wide range of temperatures above and below room tem-
perature, high thermal stability, high polarity, high viscosity and wide
potential windows [127-129]; however, at the same time, there is also
a critical disadvantage of the use of RTILs in electroanalytical mea-
surements, namely its low diffusion coefficients. The fairly high visc-
osity of RTILs causes slower mass transport of redox species than in
traditional aqueous or non-aqueous electrolytes, leading to sluggish
diffusion coefficients and, as a result, small current signals [130].

Through improving the diffusion, Oudenhoven et al. [131] de-
monstrated an enhanced electrochemical NH; gas sensor using the RTIL
consisting of 1-butyl-3-methylimidazolium bis (trifluoromethyl sul-
fonyl) imide [BMIM][NTf,] with a thickness of 5 um. Due to the general
advantages of RTIL and its thin thickness, they were able to accomplish
the detection limit of 1 ppm NH; under ambient conditions (RT, 40 %
RH) as shown in Fig. 15 (b). Additionally, the data comparison was
made between amperometry and cyclic voltammetry as their evaluation
methods for sensing response towards gaseous NH;. Consequently, they
found that cyclic voltammetry is more viable with their system con-
figuration since low concentrations could be lucidly detected and a
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diminishing sensitivity during NH3 exposure does not interrupt sensor
operation.

Another prevalent approach to enhance the performance of the
electrochemical NH; gas sensors is using robust and noble materials as
electrodes or substrates in sensor device fabrication. Sekhar et al. [132]
has delivered an enhanced electrochemical NH3 sensor by employing
paper as a substrate. In fact, paper-based sensors have been utilized in
various application fields, such as food quality control, environmental
monitoring and etc., because of its capability either in simple and low-
cost fabrication or in portable and disposable device configuration
[133-135]. Due to its unique properties such as compatibility with
chemicals and passive liquid transport, a paper substrate was selected
to build an enhanced paper-based electrochemical NH; sensor and the
device achieved fast response time (~8s) and recovery time (~7s) as
defined as the time consumed for the sensor output to reach 90% of the
maximum current and the time consumed for the sensor output to di-
minish to 10% of the current in measurement, respectively. In addition,
the detection limit of 1 ppm was achieved in utilizing their room tem-
perature paper-based NH; gas sensor. Furthermore, Liu et al. [136]
demonstrated a highly sensitive room temperature NH3 gas detection
by applying noble materials for their electrode fabrication. Due to its
higher activity than other single noble metals with respect to electro-
chemical oxidation of NH; in alkaline solution [137-139], the bime-
tallic Pt-Ir alloy was chosen and prepared onto a porous Al,O3 ceramic
plate by typical sputtering and electroplating techniques. Consequently,
the electrode structure consisting of Pt-Ir alloy, Pt, and the porous
ceramic plate (PCP) was constructed as a complete electrode in their
reactor for detection of gaseous NH; as depicted in Fig. 16 (A). Since
they employed the traditional three electrode system, the Pt-Ir/Pt/PCP
was adopted as the sensing(working) electrode, and the Pt wire and Pt
plate as the counter and reference electrodes, respectively. Prior to the
electrochemical measurement, their working electrode was activated at
0.6V in 1.0 M KOH aqueous solution for 2 h. Additionally, the polar-
ization and chronoamperometric techniques were utilized to monitor
the behaviours of NHj oxidation on the electrodes and the sensing
properties of the amperometric NH3 sensors, respectively. With their
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Fig. 15. A schematic representation of the configuration and operating principle of a thin RTIL film based NH3 gas sensor. Regenerated from ref. 131 (a), vol-
tammetric response measured at 1.1V as a function of the NH3 concentration (b) [131]. Reprinted with permission from ref. 131.

electrochemical NH; gas sensing system, the detection limit of 2 ppm
NH; gas was achieved and good response-recovery properties, linear
dependence and great repeatability were also obtained. The enhanced
sensing properties might be attributed to the stronger adsorption of NH3
gas on Pt-Ir alloy [140]; however, as shown in Fig. 16 (B), the sensi-
tivity of the device is highly dependent on the humidity and, especially,
it escalates as the humidity increases. It might be attributed to the fact
that the NH; is gradually oxidized into nitrogen or hydrogenated ni-
trogen on Pt as following equations (Eq. 11-14) in low humidity (0%
R.H.) and the adsorbate of N,4s would trigger the deactivation of the
electrode more than the other adsorbed species (NH,gs or NHy ads)
[136]. On the other hand, under high humidity (98% R.H.), the re-
generative reaction between the adsorbed nitrogen (N,4s) and the ad-
sorbed hydrogen (H,,) is taken place on the surface of the electrode (see
Eq. 15-18) [136]. As a result, more adsorption sites would be created as
the adsorbate of N,4s is consumed for the reaction, resulting in the
improved sensitivity of the electrode under the high humid condition.

NH; + OH + Pt < Pt — NH, + H,0 + ¢ 11
Pt — NH, + 20H- < 3N, + 2H,0 + 2¢~ + Pt (12)
Pt — NH, + OH < Pt = NH + H,0 + e~ (13)
Pt = NH + OH™ < YN, + H,0 + 2¢~ + Pt 14
H,0 + Pt + ¢~ — Pt — H + OH~ (15)
Pt—H+Pt=N— Pt=NH + Pt (16)
2Pt — H+ Pt= N — Pt — NH, + 2Pt 17
Pt — H + PtH — 2Pt + H, (18)

5.2. Surface acoustic wave (SAW) sensors

The major advantages of SAW gas sensors are ability of real-time
detection, low power consumption, high sensitivity, stability in harsh

Delayline IDTs

.

l Piezoelectric substrate

Fig. 17. A schematic design of a SAW device.

environments, such as high pressure, high temperature, and corrosive
conditions, and eligibility in wireless applications [141].

A typical configuration of a SAW gas sensor consists of two inter-
digitated transducers (IDTs) on the piezoelectric substrates, such as
quartz, lithium niobate, or langasite with a delay-line between the IDTs
as shown in Fig. 17. Usually, the IDTs on the surface of the SAW gas
sensors are made of noble metals such as gold or platinum and work as
transmitting and receiving transducers for the SAW.

The working principle of a SAW gas sensor employs the detection of
a surface variation, also known as surface perturbations, in velocity or
amplitude of the wave generated by the reaction between the delay-line
and analyte gases. Since the frequency shift is influenced by the mass
change of a specific gas, the perturbation theory can be applied to ex-
plain how the SAW based NHj3 gas sensor works [142,143],

AF = (y + k) f2m/A 19

where fj is the center frequency of the SAW sensor (Hz), k; and k, are
piezoelectric material constants, m is the mass of NH; molecule ab-
sorbed on the delay-line, and A is the area of the delay-line. In addition
to the perturbation theory, a typical gas sensing mechanism of a SAW
sensor is based on a change in the film conductivity that leads to
changes in SAW velocity and, consequently, shifts of the central fre-
quency [144,145]. The relationship between the change of SAW velo-
city (Av) or the change of central frequency (Af) versus the surface
conductivity (o) of the film is given as [146]:
2
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Fig. 16. the schematic diagram of the reactor (A), the response curves to different NH3 concentrations in (a) 0% and (b) 98% R.H. gas phase (B) [136]. Reprinted

with permission from ref. 136.
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Fig. 18. A picture of SAW NHj gas sensor based on Pt doped 2 layered PPy film (a), response of the device to different concentrations of NH; in N, (b) [149].

Reprinted with permission from ref. 149.

where f, is the resonant frequency, v, is the undisturbed SAW velocity,
C; is the surface capacity and k is an electromechanical coefficient.

Since the delay-line is a critical component of a SAW gas sensor in
detecting analyte gases, numerous types of sensing materials including
noble metals, metal-oxides, dyes, carbon nanotubes (CNTs) and poly-
mers have been employed as delay-line materials for detection of gas-
eous NH; [147,148].

For enhancement in sensing performance, robust and versatile ma-
terials have been explored and employed in SAW gas sensing applica-
tions as a sensing element on the delay-line. For instance, Chen et al.
[149] demonstrated a highly sensitive RT SAW NH; gas sensor with
platinum (Pt) doped polypyrrole (PPy) film (see Fig. 18). Although
conducting polymers is one of the most frequently used materials in
SAW gas sensing application because of their low-cost and RT gas
sensing characteristics, it also has suffered from the lack of long term
stability and reliability due to degradation of polymer coatings, espe-
cially, caused by vapour permeation into the polymer while exposed to
analyte gases [150,151]. To address the issue, Chen et al. employed the
double layer of PPy with Pt and, consequently, the stability and re-
sponse of the sensor was improved by the advanced structure of con-
ducting polymer and the catalytic effect of Pt, which leads to the ac-
celeration of reaction between gaseous NH; and PPy and the larger
electrical loading effect resulting from larger drop of the resistance of
PPy as following reactions [152]:

Pt + NH;(gas) < Pt — NH; — H* 21)

PPy* + NH; < PPy/NH, (22)

Not surprisingly, semiconducting metal oxides including ZnO, TiO,,
Sn0,, In,03, Fe;,03, MoO3;, CuO, NiO and Co30,4 have been well re-
cognized as sensing film materials in SAW gas sensor fields [153,154].
For the advanced sensing performance of metal oxide-based SAW sen-
sors, the metal oxide-based composite structures have been widely ac-
cepted [155]. For example, Wang et al. [156] claimed an advanced RT
SAW NH; sensor using the ZnO/SiO, composite film on piezoelectric
ST-cut quartz substrate. At room temperature, such device could
achieve the detection limit of 10 ppm, and 65 s and 60 s as the response
and recovery times, respectively. By the sol-gel spin coating method
with the optimized molar ratio of 1:2 (ZnO: silica), they were able to
prepare the ZnO/SiO, composite film and improve the film sensitivity
towards NH;3 at RT in terms of the increase of the film conductivity,
comparing to that of the pristine ZnO film (see Fig. 19). The rise of the
film conductivity might be attributed to the fully hydroxylated SiO,
surface caused by a mass of dangling Si bands on the surface and water
absorption onto the hydroxyl groups. As a result, due to its high solu-
bility in water, more NH3 molecules were seized by the absorbed water
on the surface and oxidized as releasing more electrons to the con-
duction band, which leaded to the increase of the film conductivity.
Furthermore, the NH, " produced from the reaction between NH3 and
water molecules on the surface might generate a significant increase in
surface conductivity, resulting in the enhanced sensitivity.
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Fig. 20. Sensor response of the quartz SAW NH; sensor based on C0304/SiO»
composite film at RT [157]. Reprinted with permission from ref. 157.

Similarly, Tang et al. [157] demonstrated the enhanced Co30,4/SiO,
composite sensing film by a sol-gel process onto the ST-cut quartz SAW
resonators. With the optimized Co/(Si+ Co) molar ratio of 0.5, this
device was able to reach the detection limit of 1 ppm (Fig. 20) and
possessed decent selectivity and stability.

The role of SiO, in the performance enhancement of this device was
critical since the presence of SiO, can generate a large number of H,O
molecules on the surface of Co304/Si0, composite film and lead to an
improved response with respect to the increase of the film conductance.
Once the colloidal silica film reacted with NHs, siloxane bonds were
produced by a condensation mechanism between SiO” species and other
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neutral silicate species. As a consequence, a lot of H,O molecules were
gained on the surface of the colloidal silica film, leading to the rise of
the film conductance. In addition, the more H,O molecules that exist on
the surface, the more NH; molecules can be absorbed on it. Therefore,
more electrons that were produced from the oxidation of the NH3
molecules were released to the conduction band and increased the film
conductivity, which leaded to the enhancement of the sensor perfor-
mance in NH; gas detection.

5.3. Field-effect transistor (FET) sensors

Basically, this type of sensor adopts the basic structure of a metal-
insulator-semiconductor (MIS) junction and measures the change in the
IV (current-voltage) characteristics of the device induced by the pre-
sence of a specific analyte for gas sensing [158-160]. Particularly, the
metal-oxide-semiconductor field-effect transistor (MOSFET) model is
commonly employed in this type of gas sensor.

As a critical component in the MOSFET gas sensor, the gate consists
of a gas sensitive film that is typically made up of catalytic metals, such
as platinum, palladium, Iridium, etc. and the selectivity of this type of
gas sensors highly depends on the electric characteristics of those cat-
alytic metals; however, recently, another catalytic material such as a
metal oxide or a conducting polymer is also frequently applied [160].
For NH; gas sensing, platinum, palladium, Iridium or mixtures of those
metals have been generally utilized and their physical properties, such
as a film thickness, structure, or morphology, play an important role
with regard to high NH; sensitivity [160]. Especially, a porous film is
preferable so that the triple points of the metal, insulator (oxide) and
NH; gas can be well formed in the porous structure of film [159].
Moreover, it facilitates the dissociation of hydrogen atoms from the
NH; molecules which leads to the diffusion of the hydrogen atoms to
the metal-insulator interface or the spill-over to the oxide. As a result, a
polarized dipolar layer is formed predominantly at the metal-insulator
interface and the magnitude change of the dipoles is caused by the
concentration variance of NH3 gas, which leads to the negative shifts of
the threshold potential. The change in sensor signal is measured as the
ratio of change in drain current and also called the sensor response (S)
defined as [159,161]:

_ Ips(@iry = Ips(vm)

S X 100%

(23)

Ips air)

Ips = (WZI—LCI),U(VGS - W)? ©24)
where Ins (vu3) and Ips (air) are the drain saturation currents under NH;
and air environments, respectively, C; is the capacitance per unit area of
an insulator, W is the channel width, L is the channel length, p is the
field effect mobility, and Vs is the gate voltage, and Vr is the threshold
voltage (see Fig. 21).

The major advantages of FET NH; gas sensor are low power con-
sumption in ambient conditions and cost-efficient production; however,
the relatively high operation temperature (100~ 300°C) is normally
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Fig. 21. Schematic configuration of a typical MOSFET gas sensor.
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Fig. 22. Typical structure of an organic field effect transistor.

required for an accurate measurement since the pre-adsorbed species,
such as water or hydrocarbons, disturb the sensing process severely at
room temperature [162].

Many attempts have been made to enhance the FET-based NHj3
sensors. Amongst them, the research into organic field-effect transistor
(OFET) NHj sensors has intensified due to its flexibility, potential high
sensitivity, low cost, light weight, and potential in mass production that
are promising aspects in portable sensing systems [163,164]. Similar to
MOSFETs, OFETs also consist of three major terminals, the gate, source,
and drain, as well as a semiconductor layer and an insulating layer
between the semiconductor and gate as shown in Fig. 22. However, it is
different from MOSFETs in that an ion-conducting organic dielectric
material is used as an insulator and an electrical response can be de-
tected when an analyte contacts the conductive channel located at the
interface between an organic semiconductor (OSC) and a dielectric
[165-167]. Generally, the p-type OFET is much more common than the
n-type one because of its high hole mobility that is directly related to
the performance of the sensor [168]. For improving sensing perfor-
mance, lateral scaling (microstructuring) and vertical scaling (thinning)
of OSC thin film and the material selection for sensing film have been
considered and explored in the field of OFET based NH; gas sensors so
as to accelerate the interaction between analytes and the conductive
channel as a critical parameter in determining sensing performance
[169-175].

Besar [172] and Kumar et al. [173] reported advanced OFET based
NH; gas sensors using poly (3, 3”’-didodecylquarterthiophene) (PQT-
12) as an active semiconducting film that has excellent sensitivity to
NH; [176]. The sensing mechanism of NH3 gas on the PQT-12 film can
be described with respect to chemical interaction between NH3; and
PQT-12 causing dedoping in the polymer chain [177]. Under the con-
dition of absence of NH3, when the negative voltage is applied to the
gate of OFET sensor, the conducting channel is formed by the accu-
mulation of majority positive charges (holes) at the polymer-dielectric
interface. Once the sensing film is exposed to NH; gas, the lone pair of
electrons in NH; gas start interacting with PQT-12 and the net positive
charges (holes) of the polymer are reduced, which results in the re-
duction in hole concentration along with the decrease of the drain
current. During recovery with air, the NH3 gas with the lone pair of
electrons begins to discard from the PQT-12 chain and the polymer
returns to its initial stable molecular structure [172,173].

According to Besar et al., the significantly simple OFET structure
could be accomplished by using PET substrate as gate dielectric and
corona-induced charging treatment that creates a sole source of electric
field and facilitates easy manipulation in OFET characteristics, such as
threshold voltage [178-180]. As a result, they were able to achieve a
low detection limit of 100 ppb by measuring the percentage change in
the drain current as mentioned in Eq. (23). Although the decent sensing
performance was obtained with its compact OFET structure and the
NH; sensitive PQT-12 film, it should be addressed that the decay of the
charges resulting from desorption or migration with time causes the
performance instability and high voltage is required for device opera-
tion because of its mediocre mobility under low voltages (see Fig. 23).
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Fig. 23. Response to 100 ppb of ammonia in I-V plot (a), responses expressed as log percent change of current per ppm of analyte gases (b) [172]. Reprinted with

permission from ref. 172.
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Fig. 24. NH; gas interaction mechanism in as-fabricated OFET sensor (a), transient response of FTM coated OFET sensor for various concentration of NH3 gas (b).
Inset: response curve from 10 to 80 ppm of NH3 [173]. Reprinted with permission from ref. 173.

On the other hand, Kumar et al. suggested a sophisticated film
fabrication method that is the floating film transfer method (FTM)
whose advantages are simplicity and cost-effectiveness in fabrication
[181]. It is noted that the film thickness of PQT-12 influences the
charge transport phenomenon between source and drain of the OFET,
and the increased PQT-12 film thickness increases the drain current of
the OFET sensor, resulting in the decrease of the sensor response
[182,183]. Therefore, a thin PQT-12 film of ~20 nm fabricated by the
FTM played an important role in enhancing the sensing performance
and the device represented enhanced sensing properties as the response
time and recovery time of ~45s and ~85s, respectively. A low de-
tection limit of 404 ppb was also achieved (see Fig. 24).

Moreover, Yu et al. [184] demonstrated a high-performance
polymer transistor-based NH; gas sensor in using poly (2,5-bis (3-tet-
radecylthiophen-2-yl) thieno [3,2-b] thiophene) (PBTTT) as a sensing
semiconducting polymer and OTS-modified SiO, as a substrate. The
enhanced sensing performance of their system might be attributed to its
nanostructured polymer semiconductor (PBTTT) that enables to main-
tain the high charge carrier mobility, which is a critical aspect in ad-
vanced OFET-based gas sensors [185,186]. The charge carrier mobility
determines the signal transfer speed that is related to the sensor re-
sponse time and recovery time, and the relation between the charge
carrier mobility and the transit time is defined as the following equation
[187]:

L2
Vi

t =
(25)

where L is the channel distance, V is the applied voltage, and p is the
charge carrier mobility. The large two-dimensional crystalline domains
in their PBTTT film provide a high surface area and optimal percolation
pathways for charge carriers. Consequently, the response time of a few
seconds and the recovery time of ~10s, and the detection limit of
10 ppm were achieved with the PBTTT transistor-based NH; gas senor.
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6. Summary

Recently reported NHj3 gas sensors utilizing advanced detecting
techniques that are discussed in this review are summarized in Table 3.
As shown in the table, metal oxide based NH;3 sensors using structural
manipulation or hybridization with other sensing materials are able to
achieve superior sensing performances to others utilizing solely metal
oxides when it comes to the lowest detection limit, fast response and
recovery times, and operability in room-temperature. For instance, the
SnO, nanoparticle-coated In,Os; nanofiber structure represents the
highest sensitivity of 100 ppb and fast response and recovery times of
7s and 10s, respectively, at room-temperature. The hybridization
strategy has been also widely adopted in polymer based NH3 gas sen-
sors to improve its sensing characteristics and, especially, the PANI-
based system with a PU matrix exhibits the lowest detection limit of
20 ppb in its group of detecting method; however, the fastest response
time of 7 s is achieved by PANI nanocomposites doped with Cu nano-
particles. Since it has been well known as one of the most highly sen-
sitive and selective NH; gas detectors, TDLAS with integration of
multiple open-path QCL enables to detect the lowest NH3 concentration
of 150 pptv, comparing to any other NH; gas sensing techniques in-
troduced in this review. For the electrochemical method, a paper-sub-
strate based NHj3 gas sensor using RTIL can achieve 8s and 7 s as its
response and recovery times, respectively, with a relatively low de-
tection limit of 1 ppm, which is the most impressive sensing perfor-
mance in its category. The wide range of capability of incorporation
with other sensing materials such as metal oxides, conducting poly-
mers, and nanocomposites is the most attractive aspect of the SAW gas
sensor and, for example, the ST-cut quartz SAW resonator with the
enhanced Co304/Si0, composite sensing film shows the most remark-
able sensing performance in the SAW based NH; sensors as the detec-
tion limit of 1 ppm and the response time of 35 s at room-temperature.
In the FET type of NH; detectors, OFET based NH3 gas sensors using
PQT-12 represent the most outstanding sensitivity as low as 100 ppb
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Table 3

Sensing performance of the recently reported NH; gas sensors in advanced techniques.
Sensing Methods Detection limit Response time Recovery time Operation temperature Reference
Metal oxide
Sn0,/Pd/RGO 2ppm 7min 50min RT [46]
Sn0,/In,03 100 ppb 7s 10s RT [47]1
Sn0,/Co30,4 5 ppm 4s 17s 200°C [51]
TiO, 5 ppm 34s 90s RT [191]
Sn0O,/Sr 10 ppm 6s - RT [192]
ZnO/NiO 15 ppm 20s 90s RT [193]
ZnO/Pd 30 ppm 198s 334s 200°C [194]
NiO/In,03 100 ppb - - 300°C [195]
Sn0,/rGO 20 ppm 8s 13s RT [196]
TiO,/graphene 5ppm 114s 304s RT [197]
ZnO/Mn 20 ppm 4s 10s 150°C [198]
NiCoy(OH)g 2 ppm 28s 20s RT [199]
NiCo,04 2ppm 30s 13s RT
ZnO/MoS, 250 ppb 10s 11s RT [2000]
Conducting polymer
PANI/ZnO 25 ppm - - RT [16]
PANI/TSA S5ppm 10s 100s RT [70]
PVDF-PANI(DBSA) 100 ppb 2.5min - RT [71]
PBuA-PANI(HCI) 250 ppb 2.5min - RT
PU-PANI(CSA) 20 ppb 5min - RT
PANI/Cu 1 ppm 7s 160s RT [76]
PANI 5 ppm 213s 98s RT [173]
PANI/graphene 1 ppm 50s 23s RT [201]
PEDOT:PSS/MWCNT 1 ppm 15min 20min RT~150°C [202]
PANI/ZnO 10 ppm - - RT [203]
TDLAS
QCL 150 pptv - - 40°C [106]
DFB-QCL 6 ppb 1s - RT [107]
ECDLs/cw-CRDS 11 ppbv - - RT [110]
DFB-QCL 14.6 ppbv 2s - RT [204]
Electrochemical
RTIL 1 ppm 10s - RT [131]
RTIL 1 ppm 8s 7s RT [132]
H,PtCle/IrCl; 2ppm 7min 11.2min RT [136]
SAW
Zn0/SiO, 5 ppm 38s 30s RT [146]
Pt doped PPy 10 ppm - - RT [149]
Zn0/Si0O, 10 ppm 65s 60s RT [156]
C0304/Si0, 1 ppm 35s 100s RT [157]
FET
Pentacene 10 ppm 5min 50min - [165]
Poly(3-hexylthiophene)(P3HT) 383 ppb - - RT [169]
PCg;BM-P3HT 186 ppb Smin 20min RT
P3HT-PC4BM 259 ppb 4min 20min RT
P3HT/PCe:BM 298 ppb 3min 9min RT
P3HT/polystyrene 5ppm - - - [170]
PQT-12 100 ppb - - - [172]
PQT-12 404 ppb 45s 85s RT [173]
Pentacene/PVA 200 ppb - - - [175]

and the quickest response and recovery times as 45s and 85 s, respec-
tively.

7. Concluding remarks

A great number of different sensing methods for NH; gas detection
have been extensively investigated in last decades to alleviate the
concerns over the environment and the public health. Among the fre-
quently utilized NH; gas sensing methods, solid state sensing techni-
ques including metal oxide and conducting polymer-based sensors have
occupied a substantial portion of NH; gas sensor applications due to its
outstanding advantages over other sensing methods, such as simple and
cost-effective fabrication and decent compatibility with other materials
for synergistic effects in sensing performance. Especially, metal oxide
based NHj gas sensors have been intensely studied and widely applied
because of its intrinsic high sensitivity towards NH; gas. However, a lot
of efforts are still needed to improve its selectivity towards NH3 gas.
Moreover, most metal oxide-based NH; gas sensors require relatively
high temperature, which is not promising in terms of energy efficient
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operation, portability, real-time detection, etc. Currently, one of ad-
vanced approaches to address these issues is the incorporation with
carbon nanomaterials [188]. Specifically, carbon nanotube (CNT) or
layered graphene is utilized to reduce the operation temperature due to
its high electron mobility that is capable of improving the typical
sluggish recovery rate of metal oxides greatly; however, with regard to
the room temperature operation, it still needs to be developed that
lower desorption rate of analyte gases at room temperature and the
high adsorption energy between analyte gas molecules and the active
areas in sensing materials preclude the rapid recovery back to its initial
state. Therefore, the future research in metal oxide based NH; gas
sensors should be focusing on the enhancement in either selectivity or
room temperature operation. Similar to metal oxide based NH;3 gas
sensors, conducting polymer based NH; gas sensors have also suffered
from low selectivity resulting from humidity and swelling effect in
conducting polymer sensing layers. In fact, humidity in air and swelling
effect are merely minor drawbacks and the main shortcomings result
from irreversibility and long-term instability. Although the mechanism
of irreversibility has not been clearly explained in literature, it might be
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attributed mainly to nucleophilic attack on carbon backbone [189].
Additionally, the long-term stability is hardly obtained due to the de-
doping phenomenon in conducting polymers. Therefore, the improve-
ment in the reversibility and long-term stability of conducting polymer
based NH; gas sensors could be a future research orientation. Generally,
to satisfy a high degree of sensitivity and selectivity, the complexed
configuration of sensing system in TDLAS is required, leading to the
high cost in system build-up. Moreover, the device miniaturization
could also be hampered by the sophisticated system configuration. Al-
though there have been attempts utilizing novel and advanced laser
sources or spectroscopy to overcome these drawbacks, exploring new
laser sources and developing spectroscopic techniques should be con-
ducted as a future research subject for the enhanced TDLAS based NH3
gas detection. As aforementioned, the RTILs have been widely em-
ployed to address the major issues caused by the typical electrolytes in
electrochemical gas sensors; however, due to its high viscosity and re-
latively low conductivity, the use of RTILs in electrochemical NH; gas
sensing has encountered the limitation. One of the suggested solutions
so as to compensate the unfavorable properties of RTILs is using new
electrode configurations. Micro-electrodes, for example, feature superb
signal-to-noise ratio, high mass transport rates, and low uncompensated
resistances, which are beneficial to enhance the sensing performance of
RTILs based electrochemical NH3 gas sensors [62,111]. Majority of
research efforts so far have been made only on the applications of SAW
NH; gas sensor, leading to a lack of fundamental studies and compre-
hensive understanding in sensing mechanisms of the delay-line mate-
rials. Therefore, it is expected that more endeavor in understanding
physical and electrical properties of sensing materials for the advanced
delay-line will be devoted to improve the sensing performance of the
SAW NHj gas sensors in the future. As has been mentioned, p-type
OFET based gas sensors have been predominantly utilized in the field of
FET based NHj3 gas detection as an advanced sensing method, which
could be considered as there are plenty of space for future research in n-
type OFET based NH3 gas detection. In modern circuitry, both p-type
and n-type transistors are embedded together to better detect an ana-
lyte gas and, therefore, if impediments in n-type OFETs are surmounted,
the significant improvement in sensing performance could be en-
visaged. With respect to a major concern in utilizing the n-type OFETs,
the instability of radical anions under air sufficient condition is gen-
erally discussed. There are several suggestions to address this issue and,
amongst them, a logically accepted approach is to add functional
groups with high electron affinity into p-type semiconducting materials
used in the n-type and p-type hybridization gas sensing system, re-
sulting in alleviation of the air instability [190].

To conclude, although a large number of studies in the past mainly
focused on the development of single sensing methods for NH3 gas
detection, most of the recent or advanced sensing techniques have ac-
cepted the hybridization of either sensing materials or detecting
methods. As a field of novel hybridizations across sensing substances or
detection techniques for the accurate measurement of NH3 gas detec-
tion has been rapidly growing, further research in the fundamental
studies for better understanding of sensing mechanisms, sensing prop-
erties, etc. of the sophisticated sensing systems is highly demanded to
establish a guideline for improving the sensing performance in NH; gas
detection. In addition, since selectivity is the most challenging object
for nearly all types of NH3 gas sensors, an increased research endeavor
on the enhancement of selectivity in the hybridized NH; gas sensing
systems will be also required in the future.
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