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The sensing characteristics of metal oxide semiconductors (MOSs) depend on the carrier concentration, which is
relevant to the working temperature. The characteristic parameters commonly used to measure gas-sensing
performance include optimal working temperature, sensitivity, selectivity, stability, repeatability, response and

recovery time, and the lowest detection limits.

triethylamine metal oxide semiconductor sensing performance

| 1. Introduction

Emissions of noisome gases are ubiquitous in daily life and industrial production. Outdoor fuel combustion and
transportation and indoor emissions from building and decorative materials, furniture, household appliances,
cleaning agents, and the human body itself all produce noxious fumes. Volatile organic compounds (VOCs) are a
common class of hazardous gases in the air that can have a huge negative impact on human health. As a member
of VOCs, triethylamine is a colorless oily substance that is slightly soluble in water and easily dissolves in organic

solvents such as ethanol; it is toxic and flammable and has a strong ammonia odor 23],

In many chemical synthesis processes, TEA is considered a multifunctional and efficient organocatalyst and
solvent [, Because of its relative safety, commercial availability, and low price, it is often used in industrial
production as a synthetic dye and preservative, and because of its excellent physical and chemical properties, it is
also used in large quantities in chemical experiments &, However, when the TEA concentration is too high, it
endangers the physical health by causing injuries such as skin burns and headaches as well as pulmonary edema
and poisoning by accidental swallowing; its vapor can also strongly irritate the eyelids and mucous membranes 8
. 1t also has the risk of rapid burning and explosion when exposed to open fire, high temperature, and strong
oxidizing agents [BI8. Both the European Commission and the American Conference of Governmental Industrial
Hygienists have recommended that the threshold concentration of TEA exposed to air be 1 ppm 2L Therefore,

TEA gas sensors with low detection limits that can detect quickly need to be developed.

The gas-detection methods developed so far include quartz crystal microbalance gas sensor 12, visual colorimetric
detection 13 headspace gas chromatography 4, electrochemical sensors WRIL8IL7 and chemiresistive
semiconductor gas sensors. The detection methods mentioned above can all detect a certain concentration of
TEA, but several of them have a long detection time, high detection cost, and complicated detection operation.

Therefore, the chemiresistive semiconductor sensors, which can be fast, accurate, and highly sensitive; have low
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detection limits; and can be manufactured in batches, have received widespread attention from scientific
researchers around the world. To date, semiconductor gas sensors are mostly made of metal oxide
semiconductors (MOSs), which have excellent physicochemical properties such as wide bandgap, unique
microstructure 1820 higher sensitivity to gases, and fast response time; most importantly, lower fabrication
costs make them circulate in the market in large quantities. The most commonly used n-type semiconductor metal
oxide materials are ZnO, SnO,, Fe,03, and MoO3 (21 and p-type semiconductor metal materials are Co30,4, CuO,
and NiO [22, |t is found that they all respond to TEA gas, but all have the shortcomings of low detection limit, poor
stability, and high operating temperature to be solved. To improve the gas-sensing performance of TEA sensors,
experimenters have been studying the uninterrupted optimization of material morphology and the compositions of

different materials (MXenes, TMDs, and graphene materials) in terms of all sorts of sensing characteristics.

2. Gas-Sensing Characteristics of Metal Oxide
Semiconductor Sensors

It is usually necessary to use some specific indicators to evaluate the gas-detection ability of a sensor. At present,
the characteristic parameters commonly used to measure gas-sensing performance include optimal working
temperature, sensitivity, selectivity, stability, repeatability, response and recovery time, and the lowest detection

limits.
2.1. Optimal Working Temperature

The sensing characteristics of MOSs depend on the carrier concentration, which is relevant to the working
temperature. Only at the optimum operating temperature can the sensitive materials fully stimulate the chemical
activity to push the gas sensor to its maximum response. Several response curves are shown in Figure 1 23]
which often show an increase—maximum—decrease trend. When the temperature is too low, TEA molecules are
inert and cannot overcome the activation energy barrier to react with the adsorbed oxygen [24: then, as the
temperature increases, the whole reaction will accelerate. However, at higher temperatures, the gas molecules get
enough energy to rapidly escape from the material surface without affecting the conductivity of the sensor, resulting

in the decline response 23],

At the present time, the optimal working temperature of most semiconductor sensors is high, often in hundreds of
degrees Celsius, which causes huge power consumption. Developing a special gas sensor with a low operating
temperature is also one of the current challenges. According to research, metals have surface redox reaction or
catalytic properties, so noble doped or loaded can reduce the demand for energy input 28, Additionally, the
construction of heterojunctions can regulate carrier transport, or layered or core—shell gas-sensing materials will be
more conducive to gas adsorption and desorption because of the porous structure and large specific surface area

(2712811291 The above three methods are used to reduce the operating temperature of gas sensors.
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Figure 1. () The response curves of SnS, and SnS,/ZnS to 50 ppm TEA under various working temperatures [23!;
(b) The response curves of Fe,03, Au/Fe,O3, and SnO,/Au/Fe,O; to 100 ppm TEA at different operating

temperatures 2%: (c) The response curves of sample-1, -2, -3 to 100 ppm TEA at various operating temperatures
3,

2.2. Sensitivity

The sensitivity K of a gas sensor is an indicator of the responsiveness of a gas sensor to the target gas. It
represents the compliance relationship between the electrical parameters of the gas sensor and the target gas
concentration. There is no doubt that the greater the K value, the better the performance of the gas-sensing
materials. The sensitivity K is usually expressed as K = Ra/Rg (n-type semiconductor) or K = Rg/Ra (p-type

semiconductor) 2233, Ra and Rg represent the resistance of the sensor in air and in the target gas, respectively.

2.3. Selectivity

The selectivity of a gas sensor refers to its ability to recognize and measure a gas without interference from non-
target gases in multigas environments 24, In short, selectivity is the ability of a gas sensor to identify the measured
gas more accurately in mixed gas. Only when the sensitivity of the target gas is several times or even tens of times
higher than that of other interfering gases can a sensor be said to have good selectivity.

2.4. Stability

Stability is an important index for evaluating the property of a sensor. It refers to whether the sensor can work for a
long time and still maintain or approach the initial performance within the predetermined working range (2,
Considering the practical application of gas sensors, the sensor’s ability to maintain long-term stability is very
necessary. Normally, the response of the prepared sensor over one or several months will be measured to ensure
its stability.

2.5. Repeatability

Repeatability is defined as the ability of a semiconductor resistance sensor to restore its resistance to its original

value and maintain its high sensing performance after target gas measurement. If the sensor cannot recover the
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resistance value in the normal gas environment, it maybe that the target gas has an irreversible impact on the

sensor that makes it no longer operational [2€!.

2.6. Response Time (T,¢s) and Recovery Time (Trec)

Response time (T,e5) is defined as the time required for the resistance value of a sensor in the air to reach 90% of
the resistance value in the measured gas. Similarly, recovery time (T,ec) is specified as the time required to recover
to 90% of the resistance value in the air after removing the target gas 4. The preparation of sensors that can

quickly detect TEA gas is also one of the directions that people are vigorously studying.

2.7. The Lowest Detection Limits

The lowest detection limit is one of the major indexes pursued by many TEA sensors. It refers to the minimum gas
concentration that can make the sensor respond under certain conditions, that is, the minimum detection
concentration. High-performance sensors with low detection limits can often detect parts from per million (ppm) or
even lower to parts per billion (ppb) B8 This makes it possible to capture mixed harmful gases in the air much

earlier when gases leaks.
A comparison of the performance of several TEA sensors is given in Table 1.

Table 1. The sensing characteristics of several typical triethylamine sensors.

- TreslT Conc. Lim.
Nanomaterial Shapes res \¢¢ T (°C Res. Ref.
i ® 9 (pm)  (ppm)
SnS,/ZnS microspheres 2/8 180 50 . 1121 [
ZIF-67/PBA arrays 5/182 180 100 - 11.7 [24]
ZnFe,0,4—~Zn0O mesoporous 0.9/23 240 50 - 21.23 [25]
Au-PdO Modified Cu.-Doped KoW,4013 17/27 120 10 1 282 26]
Nanowires
mesoporous ZnO/Co3;0,4 nanosheets 17/25 240 50 0.087 67.8 [27]
e 75 RT 2 0.2 951 128
nanospheres
ZnO/SnOy 27/12 100 100 1 780 2
micro-camellia
yolk-shell SnO,/Au/Fe,O3 nanoboxes 7/10 240 100 0.05 126.84 U
Zn,Sn04/ZnSn03 19/37 190 100 0.5 179.7 Bl
Zn0O/Co30,4 nanomeshes 30/55 100 5 - B2 32]
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Note: 1,5 and T, represent response times and recovery times, respectively. T and Conc. indicate the optimal

working temperature and detection concentration, respectively. Lim. is the abbreviation of the lowest detection limit.

Bﬁt@;em%gf represent response and reference, respectively. RT represents room temperature.
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