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Abstract: Resistive gas sensors are among the most widely used sensors for detection of various
gases. In this type of gas sensors, gas sensing capability is linked to surface properties of sensing layer
and accordingly, modification of sensing surface is of importance to improve sensing output. Plasma
treatment is a promising way to modify the surface properties of gas sensors, mainly by changing of
amounts of oxygen ions that have a central role on the gas sensing reactions. In this review paper we
are focusing on the role of plasma treatment of gas sensing features of resistive gas sensors. After an
introduction about air pollution and toxic gases followed by an introduction about resistive gas
sensors, the main concepts about plasma are presented. In the next part, the impact of plasma
treatment on the sensing characteristics of various sensing materials are discussed. As gas sensing
field is an interdisciplinary field, we believe that present review paper is highly interesting for
researchers with various backgrounds working on gas sensors.
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1. Introduction to Toxic Gases

Air pollution is due to the existence of unwanted substances in air, affecting its cleanness and
quality. It is a serious issue in most countries, leading to 4.14 million premature deaths in worldwide
in 2019 alone [1]. In addition to particulate matter, toxic gases are among the main components of a
polluted air. NOz, SOx, Os, and CO gases are among the most dangerous gases often found in a
polluted air. Air pollution sources are natural such as volcano eruptions, wind-blow dust and
anthropogenic sources are fossil fuel burning, agricultural activities, waste management and so on
(Figure 1) [2].
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Figure 1. Sources of air pollution [2]. With permission from MDPL
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Air pollution has many negative effects on animals [3] as well as on environment [4]. For
example, NOx and SOz gases in polluted air, can directly affect photosynthesis, and bringing about
premature leaf senescence, eventually decreasing crop yields [5,6]. Besides, it has detrimental effects
on the human health. Air pollutants may influence influenza transmission [7], intensifies COVID-19
mortality [8], induces respiratory diseases[9] such as bronchoconstriction[10], asthma[11], and lung
cancer[12], affects the pregnancy and related things such as low birth weight, preterm birth, and fetal
hyperinsulinism [13], cardiovascular diseases [14,15], and immune system [16]. Since about 90%
people live in places with polluted air [17], it is necessary to precisely monitor the air quality. In this
regards, the development of reliable gas sensors is vital.

2. Resistive Gas Sensors: An Introduction

There are various types of gas sensors to detect toxic gases. The most common gas sensors are
optical [18], electrochemical [19], surface acoustic wave [20], and resistive [21] gas sensors. Resistive
sensors have high response, high stability, swift dynamics, ease of design and fabrication, compact
size, and low price. They are realized from semiconducting materials and currently, semiconducting
metal oxides are widely used for this purpose. However, metal oxide gas sensors have some
drawbacks such as poor selectivity, high sensing temperature, and humidity-interference [22]. Thus,
recently, other semiconductors such as carbon-based materials including carbon nanotubes [23], and
graphene [24], reduced oxide graphene [25], conducting polymers [26], transition metal
dichalcogenides (TMDs) [27], and MXenes have been employed for fabrication of resistive gas sensors
in order to reduce sensing temperature and increase the selectivity to a specific gas.

In resistive gas sensors, the sensing layer is applied on the surface of an insulating substrate such
as alumina which is equipped with electrodes. Also, sometimes a micro-heater is attached on
substrate to provide sufficient heat for increasing of sensing device to desired temperature[28].
Principle of gas sensing mechanism of resistive sensors is based on variation of resistance in the
presence of target gas. In general, there are two types of semiconducting materials based on majority
of the charge carriers. In the n- and p-type gas sensors electrons and holes are the main charge
carriers, respectively. When a resistive gas sensor is exposed to air, oxygen gas will be adsorbed on
it and thanks to its high electrophilic nature, it takes electrons from the sensor surface. Accordingly,
on n-type gas sensors a so-called electron depletion layer (EDL) will be appeared in which the
concentration of electrons is lower relative to the inner part. Hence, the resistance of n-type gas
sensors increases in air relative to vacuum condition. Also, on the surface of p-type ones a hole
accumulation layer (HAL) will be appeared in which the concentrations of holes are higher than those
in core part of sensor. When an n-type sensor is put in a reducing gas atmosphere, the gas reacts with
adsorbed oxygen on the sensor surface, releasing electrons back to the sensor. Hence, the thickness
of EDL decreases, bringing about the decrease of sensor resistance. Upon exposure to oxidizing gas,
the gas takes further electrons from the sensor surface, leading to expansion of EDL and increase of
sensor resistance (Figure 2 (a)). For a p-type sensor, the release of electrons in the presence of n-type
gas leads to narrowing of HAL and increase of sensor resistance, while in an oxidizing gas
atmosphere, the further abstraction of electrons leads to expansion of HAL and decrease of resistance
[29-31] (Figure 2 (b)).
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Figure 2. Basic sensing mechanism of resistive gas sensors (a) n- and (b) p-type sensors.

There are various techniques to boost sensing performance of resistive sensors. Heterojunction
formation [32], doping [33], noble metal decoration [34], morphology engineering [35], high energy
irradiation [36], and plasma exposure are among the most widely used techniques. In particular,
plasma exposure causes the change of oxygen ions on the surface of gas sensors and since oxygen
species are engage in sensing reactions, by adjusting of these species during plasma treatment, gas
sensing properties can be tuned. So far, there was no review paper dealing with the effect of plasma
treatment on the gas sensing properties of resistive sensors. Hence, we will review the effect of
plasma treatment on the sensing features of resistance sensors.

3. The Plasma Concept

When energy is supplied to a gas, its temperature increases, and by further providing of energy,
kinetic energy of gas molecules increase, leading to collision of more gas molecules. Hence, electrons
and ions are formed in the gas, leading to the existence of electrical charge in the gas. This state of
matter is known as plasma, originated from Greek which means ‘something molded’, indicating a
glow gas which alters its shape based on the container. Gases are often electrical insulators, while
plasms have an equal amount of positive and negative charge carriers along with neutral particles,
giving them electrical conductivity [37].

In equilibrium plasma, local thermodynamic equilibrium exists among the plasma species and
collision processes, where heavy particles and electrons will be at almost identical temperatures. In
contrast non-equilibrium plasma or cold plasma involves a thermodynamic imbalance among
electrons and heavy particles, and the temperature of the heavy particles is much lower than that of
electrons. During cold plasma production, heating the entire gas stream (air or individual gases like
Ar and He) is undesirable; thus, energy is directed to the electrons via the electrical discharge in the
gas [38]. Corona discharge, dielectric barrier discharge (DBD), and cold plasma jet are among the
most common ways to generate cold plasma. To generate cold plasmas at atmospheric pressure, high
voltage is required for a gas discharge and the discharge easily proceeds to the arc discharge.
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Furthermore, energy should selectively transfer to electrons using effective ways without raising the
temperature of a gas [37].

Cold plasma treatment is an environmentally friendly technique without production of toxic
waste and thanks to its operation under atmospheric pressure, it is an appropriate technique for
treatment of low melting point or heat sensitive materials and substrates [39]. In particular, flexible
polymeric substrates, have low surface energy and poor wettability, which weakens the adhesion
between electrodes and substrate. Hence, plasma surface modification of polymeric substances can
overcome these shortages [40].

In both corona discharge and DBD, the sample to be plasma treated is put between electrodes in
a fixed space under atmospheric pressure. In a corona discharge by applying a DC electrical source
in a pulsed mode, a lighting crown is build out of many streamers, while in a DBD a high frequency
source is employed. During a corona discharge, cathode is a conductive wire and the anode is the
sample. A DBD reactor usually has two parallel metal electrodes in a fixed distance covered with a
dielectric material and the sample is placed between them. The formed plasma has many
homogeneously distributed micro-streamers across the electrodes [41].

Plasma treatment is a flexible, fast, green, and non-contaminated way to change surface
morphology and composition. Compared to conventional routes this method is faster and needs
lesser amounts of reagents. Also, only the surface area is affected by plasma treatment without
affecting the bulk of material. By optimizing the plasma parameters including plasma power,
exposure time, and type of gas, various functional groups with different amounts can be applied on
the surface of materials to be plasma-treated [42]. Also, plasma treatment can be performed at
atmospheric pressure, facilitating large scale treatment for mass production [43]. Furthermore,
plasma can be employed to deposition of thin layers over the substrate in a process called plasma
spray [44,45]. In following parts, we will discuss the impact of plasma treatment on the gas sensing
properties of resistive gas sensors.

4. Plasma-Treated Gas Sensors

4.1. Plasma-Treated Carbon Nanotube Gas Sensors

Carbon nanotubes (CNTs) are one dimensional materials with high conductivity, large surface
area and possibility of functionality[46,47]. Nevertheless, homogeneous dispersion of CNTs is a
challenge due to the presence of attractive Vander Waals forces between CNTs, leading to
agglomeration and weak solubility in most solvents. Hence, it is required to change the surface of
CNTs via surface treatment or chemical functionalization to improve the dispersion of CNTs in
solvents[48]. Compared to surface treatment of CNTs using strong acids such as HNOs and H2504
which is time consuming and dangerous, the plasma treatment using oxygen is a simple, clean, and
effective way to functionalize CNTs. Acid treatment leads to the presence of carboxylic acids, ethers,
and so on the surface of CNTs, while oxygen plasma treatment increases the amount of oxygen-
bearing defects on the entire surface of the CNTs. Also, the hydrophilic nature of CNTs can be
boosted thanks to the presence of oxygen-containing species on the surface of CNTs. Furthermore,
bulk features of CNTs remains untouched, without structural destruction [49]. As a result of oxygen
plasma treatment, oxygenated vacancies and functional groups will be presented on the surface of
CNTs, which are very reactive species and act as favorable sites for gas molecules [50]. Therefore,
plasma treatment has been extensively applied on CNTs to increase their gas sensing performance
[51-55].

In this regards, Bannov et al.[56] functionalized the surface of multi-walled CNTs (MWCNTs)
using oxygen plasma exposure followed by maleic anhydride (MA)-C2H: plasma treatment. The
MWCNTs were comprised of intertwined MWCNTSs with the diameter of 20-50 nm. After plasma
treatment most of the MWCNTs were strongly etched by oxygen plasma and only a few MWCNT
bundles were remained. Based on XPS study, plasma treatment led to the presence of high amount
of oxygen-containing surface groups on MWCNTs. The sensor resistance was increased after plasma


https://doi.org/10.20944/preprints202503.1301.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 18 March 2025 d0i:10.20944/preprints202503.1301.v1

5 of 24

treatment due to the oxidation of MWCNTs and the loss of the connections among MWCNT
networks. At room temperature (RT), the response of fabricated sensor to 500 ppm NHs was only
11.7%, while after plasma treatment it was increased to 31.4%, demonstrating promising role of
plasma treatment. The increase of sensor response was related to the enhanced NHs adsorption by
the oxygen-rich surfaces as a result of plasma treatment. Due to reducing nature of NHs gas, it should
react with adsorbed oxygen to release the electrons on the sensor surface. Hence, higher amounts of
oxygen species on the sensor surface as a result of plasma exposure led to higher probability of
reaction with NHs, resulting in a higher response. The same group [57] investigated the effect of
oxygen plasma exposure time (3, 5, and 7 min) on the NHs gas sensing properties of MWCNTs. The
sensor exposed to oxygen plasma for 5 min exhibited the highest response to NHs gas which was
related to the presence of the highest amount of adsorbed oxygen species on the surface of CNTs. In
another study, Dong et al. [58] studied the effect of various plasmas using Ar, Oz, CF4, and SFs gases
on gas sensing properties of single-walled CNTs (SWCNTs). Thanks to reactive ion etching defects
were generated on SWCNTs. Based on Raman analysis, the In/Ic ratio of pristine sample was only
0.14, while after plasma treatment by above mentioned gases, it was changed to 0.23, 0.36, 0.33, and
0.5, respectively. Therefore, more defects were generated on plasma treated samples. Pristine sensor
not only showed a very low response to NO: and NHs gases, but also the recovery time was very
long (more than 20 min). Also, the resistance did not completely return to the initial value. However,
the plasma-treated sensor showed better sensing performance. The sensor treated with Oz plasma
revealed higher response to NO: gas, thanks to the presence of defect sites and adsorbed oxygen
species groups which led to better adsorption and reaction of NO2gas on the sensor surface. Also, the
responses of the sensors treated with CFsand SFe were higher to NHs gas relative to other gases which
was attributed to the sufficient adsorption energies and easy charge transfer between NHs and C-F
bonds of plasma (CF4 and SFe) treated MWCNTs.

Santosh et al.[59] used Ar and oxygen plasma treatment using a fixed 100 sccm of gas for 3 min
on MWCNTs for improvement of gas sensing capacity. The sensor treated with Ar plasma, revealed
higher response to other gas sensors which was related to the greater extent of surface modifications
by the Ar plasma. At 65°C, maximum response to ethanol gas was observed with a response [(Ra-
Rg)/Ra] of 1.7 to 100 ppm ethanol. Argon is much heavier than He and hence, more defects were
generated on MWCNTs after Ar treatment. The diameter of the MWCNTs decreased after plasma
exposure due to the etching effect of plasma (Figure 3 (a)-(c)). Besides, based on Raman analysis, the
amorphous wrinkled layer on pristine sensor was removed after plasma treatment, which eventually
improved the crystalline behavior of MWCNTs. Furthermore, thanks to higher crystallinity and
carbon defects, the conductivity increased after plasma exposure and enhanced the interaction of the
MWCNTs with ethanol. Also, plasma-treatment led the formation of dangling bonds which acted as
favorable sites for ethanol gas adsorption.

(a)

Figure 3. TEM view of MWCNTs of (a) pristine (b) He-and (c) Ar-treated MWCNTs [59]. With permission from
Elsevier. Copyright (2020).
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Ham et al. [60] modified MWCNTs by oxygen plasma for 10-50 s. The morphology of the
MWCNTs did not change up to 20 s plasma exposure. However, by increasing of treatment time to
more than 30 s, the surface become highly rough and MWCNTs were partially etched. The plasma
treated sensor for 20 s showed higher response to NHs gas relative to other gas sensors, indicating
that the sensitivity of the MWCNT gas sensors can be enhanced through defect generation and
adding of oxygenated functional groups. The enhanced sensitivity was ascribed to the generation of
hydrogen bonds between NHs gas with surface oxygen groups on MWCNTs.

The sensing performance of nitrogen plasma treated SWCNT gas sensors is rarely investigated.
In this regards, Zamansky et al.[61] synthesized SWCNTSs via CVD method and then, used nitrogen
plasma to modify their surfaces. Based on characterization results, defects were introduced on
SWCNTs after plasma treatment. In particular, with longer plasma exposure the amount of
substitutional N defects relative to -NHa surface groups increased, indicating incorporation of N into
the SWCNT lattice. Also, due to exposure of MWCNTs to air after plasma treatment, many oxygen
containing defects were detected. While, pristine sensor was almost insensitive to gases, the sensor
treated for 19 min exhibited a response of 121% to 50 ppm NO, and its response to 50 ppm NHs was
36 % at RT. The enhanced performance was related to the existence of oxygen and nitrogen related
defects which served as desirable adsorption sites for gas molecules. Also, the amount of metallic
SWCNTs with poor gas sensing decreased after etching. Based on DFT calculations, adsorption on
defect sites was more favorable compared to basal plane sites. Also, while NHs sensing was
accelerated by hydrogen bond formation with surface groups such as COOH, the adsorption of NO:
was mainly caused by the oxidation of carbon defect regions and physisorption.

Ham et al. [62] investigated the impact of plasma treatment on the NHs sensing properties of
SWCNTs with different amounts of semiconducting SWCNTs (66 and 90%). After oxygen plasma
treatment, the sensor with 66% semiconducting SWCNT exhibited 5.5 times increase in sensitivity
relative to pristine sensor, while the sensor with 90% semiconducting SWCNT revealed 13 times
increase in sensitivity compared to pristine sensor. While pristine SWCNT sensor revealed a very
long response time and incomplete recovery, plasma treated sensors showed much quicker
dynamics, with complete recovery of base resistance after treatment. Based on XPS study, the amount
of oxygen functional groups was significantly improved after plasma treatment. The NHs molecule
formed strong hydrogen bonds with oxygen ions on the oxidized SWCNTs. Therefore, significant
response improvement was observed. Also, in the sample with 90% semiconducting SWCNT, the
sp3/sp? ratio increased from 0.256 to 0.611 after plasma treatment, indicating the more semiconducting
nature of plasma-treated SWCNTs and the existence of sp®defects provided adsorption sites for NHs
gas.

CPs with high conductance, flexibility, simple synthesis procedure, and low cost are among the
most promising materials for room temperature gas sensing purposes [63,64]. Hence, composite of
CNTs and CPs are favorable for RT gas sensing while plasma exposure can further increases their
performance [65]. In this regards, Yoo et al.[66] studied the effect of oxygen plasma treatment (10, 30,
60, and 90 s) on the NHs sensing capability of MWCNT-polyaniline (PANI) composite. Based on
Raman analysis, the amount of defects on MWCNTs increased with increasing of plasma time.
During plasma exposure, oxygen ions destroyed the structure MWCNTs by turning them into carbon
particles or amorphous carbon along with creation of more defects relative to pristine MWCNTs.
Based on XPS study, the concentration of surface oxygen increased with increasing plasma exposure
time up to 60 s, and then decreased by longer treatment to 90 s, which was attributed to chemically
etching of MWCNTs. This resulted in thinning or bending of MWCNTs, At RT, the response of
plasma treated MWCNT was three times of that pristine sensor thanks to the the formation of
hydrogen bonds between polar NHs with oxygen-containing defects on the MWCNTs. Also, plasma-
treated MWCNT-PANI composite sensor revealed higher response to plasma treated MWCNT,
thanks to the presence of PANI with high intrinsic response to NHs gas. NHs molecule abstracted
protons from the PANI, forming energetically more favorable NH4* ions, while the PANI changed
into its base form, with a different conductivity, resulting in generation of a high sensing signal.
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During the synthesis of CNTs some impurities and contaminants are introduced into CNTs and
purification procedure can be detrimental for gas sensing properties of CNTs. In this regards, Kim et
al. [67] investigated the impact of thermal annealing (T>300°C), and plasma treatment with oxygen
on the characteristics and NHs gas sensing properties of CNTs. The pristine SWCNT had a
hydrophobic nature with a water contact angle (WCA) of 84.91°. Thermal treated SWCNTs again
showed a hydrophobic nature with a WCA of 79.07°, while plasma treated SWCNTSs showed a WCA
of only 5.15°, indicating increasing of hydrophobic nature after plasma treatment due to the adding
of oxygen surface groups on SWCNTs. Plasma treated SWCNT showed a decrease in sp? bonding
with an increase in sp® bonding, indicating change of electrical conductivity. Among the three
sensors, the plasma treated SWNTs sensor exhibited the highest response and the fastest response
time to NHs gas. Besides, the pristine and thermally treated SWNTSs sensors exhibited incomplete
recovery of their resistance. While thermal cleaning of the SWCNT removed impurities from the
surface of SWCNTs, plasma treatment includes cleaning and functionalization of the SWNT at the
same time to a greater extent, resulting in better sensing capability after plasma treatment.

Zhao et al.[68] applied plasma on CNTs for CO gas sensing. The plasma treated CNTs was able
to detect down to 5 ppm CO at RT, while the pristine CNTs showed no response to this gas. The
improved sensing response was related to converting of metallic CNTs to semiconducting CNTs after
plasma treatment along with promising effect of surface oxygen addition for sensing reactions with
CO gas.

4.2. Plasma-Treated Graphene and Graphene Oxide Gas Sensors

Pristine graphene (G) has high surface are and high conductivity, showing its potential for
sensing applications[69]. However, it generally has poor selectivity since gas adsorption on G is based
on Van der Waals interactions with gases, which limit its selectivity [24]. To address this issue, plasma
treatment can be used [70]. In this regards, Masterapa et al. [71] applied plasma treatment on CVD-
grown graphene for 5, 10, 20, and 30 s. The sample treated with plasma for 30 s revealed higher
amounts of defects as demonstrated by Raman analysis and hence it showed higher response to NO:
and NHs gases relative to other sensors. However, the response time of all sensors were very long (10
min) and the recovery curves were not shown possibly due to very long recovery times.

Fluorination surface treatment could change the intrinsic properties of G. In this regards, Zhang
et al.[72] synthesized monolayer fluorinated graphene (FG) by a SFe plasma treatment (5-90 s). The
concentration of F in the samples increased with increasing of plasma treated time up to 20 s and then
it decreased. During plasma treatment, the fluorine atoms attacked to carbon atoms to form the C-F
bonds which introduced F ions on the surface of G. After a critical time, F atoms broken down the
some previously formed C-F bonds and hence the F atoms were released from the surface of G. The
pristine G sensor exhibited slow dynamics and even after 500 s of recovery, only ~66.7% of the initial
resistance was recovered. The sensor treated with plasma for 20 s, exhibited a response of 3.8% to 100
ppm NHs gas at RT, with complete recovery of base line resistance in less than 200 s. Based on DFT
results, the improved performance was ascribed to the opening up of the band gap after fluorination
and enhanced adsorption of NHs in the presence of surface functional groups.

Chung et al. [73] synthesized G film using CVD route and then, G films were ozone treated for
60, 70, 80, and 90 s. Among fabricated sensors, the graphene sensor with the ozone treatment time of
70 s, showed a response of 19.7% to 10 ppm NO: gas at RT, which was two times higher than that of
pristine G sensor. Also, the sensor was able to detect as low as 200 ppb NOz2 gas. Further increasing
of plasma treatment time resulted in decrease of sensing response due to extensive oxidation of G
with high baseline resistance. The presence of sufficient amounts of oxygen groups on the surface of
G, resulted in increasing of adsorption sites and sensing reactions with NO: gas. However, the
sensors showed long dynamics and all sensors showed long recovery time of ~ 20 min or longer.

CO:z is the main gas responsible for the greenhouse effect [74]. Hence, the development of
sensitive COz sensors is crucial for environmental and industrial applications. Casanova-Chafer et al.
[75] synthesized G-CsPbBrs nanocomposite and subsequently applied oxygen plasma treatment on


https://doi.org/10.20944/preprints202503.1301.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 18 March 2025

it. The sensor exposed to 5 min of oxygen plasma treatment exhibited a 3-fold improvement in
sensing compared to pristine sensor, with a limit of detection of 6.9 ppm. The improved sensing
performance was attributed to the promising role of oxygen species, facilitating sensing reactions
with CO:z gas on the sensor surface.

Graphene oxide is oxidized form of G with two key advantages. First, the synthesis route of GO
is easy using graphite as raw material and hence, its large scale production is feasible. Second, in
contrast to G, GO exhibits has good hydrophilicity, making it possible to prepare stable aqueous
colloids [76,77]. Nonetheless, GO main shortage is its high resistance, making it difficult for sensing
applications [78]. In this regards, plasma treatment is a promising technique, allowing reduction of
GO by removing oxygen atoms during plasma exposure, without disrupting the GO lattice.
Hydrogen or hydrogen containing plasma with mild treatment conditions is an efficient and
alternative route to the complex procedures for GO reduction. The hydrogen plasma contains radicals
and atoms which provide energies for dissociation of oxygen functional groups. It effectively
removes oxygen functional groups at the edges and both basal planes while restoring C=C bonds
[79]. After reduction of GO it becomes converted to reduced graphene oxide (rGO) with high
conductivity, surface defects and some oxygen surface groups along with high surface area, all
making it a good choice for gas sensing applications. Hamzaj et al. [80], used hydrogen plasma
treatment for 10 s, 20 s, 40 s, 120 s, and 240 s on GO to reduce it for gas sensing applications. Based
on resistance measurement studies, the resistance gradually decreased with increasing of hydrogen
plasma treatment (Figure 4) which effectively removed the oxygen groups from GO and partially
restored the sp?>-bounded carbon network, resulting in enhanced conductivity. Besides, during
plasma exposure, the amorphous phases were etched which contributed to the improved
conductance. Based on various characterizations, pristine GO had an oxygen content of 30 at.% and
after plasma treatment for 240 s, it was decreased to 20 at%, confirming reduction effect of plasma
exposure on GO.
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Figure 4. A possible physisorption/chemisorption-assisted sensing mechanism towards ammonia in plasma rGO

sensors. With permission from [80], Elsevier. Copyright (2024).

Among different gas sensors, the sensor exposed to plasma for 20 s revealed the highest response
to NHs gas at RT. After 20 s of plasma reduction, the oxygen groups were not extensively removed
and hence provided sufficient channels for the physisorption of NHs and meanwhile chemisorption
of NHs facilitated due to the presence of oxygen groups. This led to achieving the optimal sensing
performance by providing a balance between both chemisorption and physisorption phenomena.

4.3. Plasma-Treated ZnO Gas Sensors
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The response of ZnO sensors also can be remarkably increased by plasma treatment [81-83]. In
this context, Hou et al. [84] prepared ZnO thin films by sol-gel spin-coating deposition. Then, they
were treated with Oz plasma for 3, 5, 8, 11, and 15 min. During plasma treatment for 3 and 5 min,
crystallinity increased thanks to decrease of oxygen vacancies, while further increase of plasma time
exposure led to decrease of crystallinity due to the formation of zinc vacancies. Also, the roughness
of pristine ZnO thin film was 5.5 nm which decreased to 3.6 nm after plasma treatment and then
increased to 4.3 and 5 nm with further increase of the treatment time to 8 and 11, respectively. The
sensor with 8 min plasma exposure revealed the higher response of 65% to 50 ppm NHs at RT
compared to other sensors. It manifested a higher base resistance relative to pristine sensor, hence,
more reactions occurred between oxygen and NHs gas, contributing to a higher response.

Gui et al. [85] produced ZnO nanorods (NRs) with diameters of 300 nm on the ceramic tubes by
in-situ hydrothermal growth method at 140 °C. Then, they were exposed to oxygen plasma for for
30, 60, and 90 s. Upon plasma exposure not only the surface became rough, but also oxygen vacancies
increased up to plasma exposure time of 60 s. The sensor exposed to plasma for 60 s, manifested a
high response of 198 to 100 ppm N-methyl pyrrolidone (NMP) at 210 °C, which was 3 times higher
than that of pristine sensor. The improved performance was originated from the presence of highest
amount of oxygen vacancies, which acted as highly active sites for oxygen adsorption and subsequent
increase of reactions with target gas. Based on DFT calculations, the adsorption energy of NMP on
the oxygen plasma treated ZnO was higher than that of pristine ZnO. Furthermore, the adsorption
energy of NMP on ZnO was the largest (-1.06 eV) compared to other gases, leading to better
selectivity to NMP gas (Figure 5).
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Figure 5. Adsorption energies of different gases pristine and plasma exposed (60 s) ZnO [85]. With permission
from Elsevier. Copyright (2024).

Although chemical solution method is widely used for sensing film deposition, it still suffers
from poor adhesion between film and substrate and poor reproducibility. In this regards, atomic layer
deposition (ALD) is a highly reliable way for film deposition, allowing precise control of the thickness
of the film control over the number of ALD cycles. Furthermore, it can be used for deposition of
uniform sensing layers on a substrate, with high reproducibility [86,87]. In this regards, Li et al. [88]
deposited ultrathin ZnO films (20 nm) by ALD technique followed by Ar plasma treatment for 1, 5,
and 10 min. Among different samples, that exposed to plasma for 5 min, exhibited the highest amount
of oxygen vacancies as confirmed by XPS and EPR analyses. It revealed a maximum response of 21.6
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to 100 ppm TEA at 250°C with a low limit of detection of 22 ppb. The high selectivity to TEA was
ascribed to the presence of active C-N bonds in TEA and the high electron-denoting properties of
TEA. Furthermore, oxygen vacancies acted as electron donors and decreased the band gap of ZnO,
eventually facilitated the adsorption and activation of TEA.

4.4. Plasma-Treated SnO2 Gas Sensors

Sn0O:2 is among the most widely sensing materials, thanks to its high stability, high mobility of
electrons, ease of synthesis, low price, nontoxicity and abundance[89,90]. Plasma-treatment has been
used on SnO: to modifies its sensing properties [91,92]. Srivastava et al.[93] were among the leading
researchers reporting enhanced gas sensing properties of SnO2 sensors under oxygen and hydrogen
plasma exposure. The sensitivity of sensor treated in oxygen plasma was found to be about 10 times
more than that of pristine sensor, while in the case of hydrogen plasma, the response of plasma
treated (15 min) sensor was seven times higher than that of pristine sensor. Also, the same group [94]
reported the enhanced gas sensing response of elemental doped SnO: gas sensors.

Acharyya et al. [95] synthesized SnO:z nanosheets (NSs) through a hydrothermal route at 200 °C
for 12 h. Then they were exposed to Ar plasma for 2, 4, 7, 10 min. At 270°C, the sensor Ar treated for
7 min revealed the highest response of 25 to 10 ppm HCHO gas. Also, smaller molecule size and
lowest activation energy of HCHO compared to other gases accounted for selective response to gas.
The content of oxygen vacancies was highest in the sensor exposed to plasma for 7 min. This caused
more oxygen and HCHO gas adsorption on the surface of SnO2 NSs, leading to higher response
relative to pristine sensor (Figure 6 (a)-(d)). Furthermore, as indicated in Figure 6(e), the SnO2-SnO:
homojunctions were formed in air and the height of barriers was lower relative to that of plasma
exposed sensor. Hence, in the presence of HCHO gas, significant reduction of homojunctions height
in case of plasma treated sensor led to higher sensing response relative to pristine sensor.

g s
(a) VOC exposure HCHO} "’ ,1 -

(b)

Cypan _
Sn0, Nanosheet
Vacancy Plasma | | Treatment e

Sensing Mechanism

In Dry Air (before Plasma) In Dry Air (after Plasma) In presence of Analyte\

B wessie o e 1 .::-J«\ 1

=
Grain Boundary

Electrons

Figure 6. Schematic illustration of sensing mechanism of SnO2NSs to VOCs (a, b) pristine SnO2NSs (¢, d) plasma-
treated SnO2 NSs (e) modulation of double Schottky barrier in the presence of plasma and VOC [95]. With
permission from Elsevier. Copyright (2024).

Pd is a good catalyst for Hz gas dissociation and therefore is widely used as decoration on the
surface of resistive gas sensors[96,97]. Hu et al. [98] synthesized Pd-decorated SnO: nanofibers (NFs)
using electrospinning of SnO2 NFs followed by decoration of Pd NPs using sputtering. Then, the
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samples were exposed to Ar plasma treatment for 5, 60 and 300 s. Based on XPS analysis, the content
of oxygen vacancies and adsorbed oxygen species increased after plasma treatment. The Sn-O bonds
in SnO2 dissociate during the collision with Ar ions, resulting in generation of oxygen vacancies.
Furthermore, the dissociated oxygen was chemisorbed at the oxygen vacancy sites. The sensor
exposed to plasma for 60 s reveled the highest response of 53 to 500 ppm H-2 gas at 130°C. Figure 7
(a)-(b) show the amounts of different enlacement as a function of plasma exposure time. The sensor
exposed during 60 s, exhibited the highest amount of oxygen vacancy and adsorbed oxygen species,
both were highly beneficial for gas H2 gas sensing. However, extensive plasma exposure to 300 s, led
to degradation of sensing performance due to the decrease of both oxygen vacancy and adsorbed
oxygen species. Also, catalytic effect of Pd towards H: dissociation was effective on the high response
towards H: gas.
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Figure 7. (a)-(b) amounts of different species on Pd-SnO2 NFs versus plasma exposure time. With permission
from [98], Elsevier. Copyright (2020).

Chaturvedi et al.[99] used plasma treatment on Pd-doped SnO2 gas sensors. The synthesized
materials were exposed to Oz, Hz, N2, and Ar-plasma for 15 min. In all cases, the plasma treated sensor
revealed higher response to CCls, CO, LPG, CsH7OH, N20 and CHas gases relative to pristine sensor
due to the release of a greater number of electrons upon interaction with the adsorbed gas molecules.
Oxygen-treatment sensor showed higher response relative to other gas sensors, however, it showed
weak selectivity. The non-stoichiometry was the highest in case of oxygen plasma treated sensor,
where the sensitivity was maximum. At RT, hydrogen plasma treated sensor was highly selective to
CO, while nitrogen treated sensor manifested a moderate response to all the gases, without
selectivity. Also, argon plasma treated sensor did not show noticeable sensitivity to any gas.

Nanowires (NWs) are among the most popular morphologies for gas sensing applications
thanks to their high surface area and numerous adsorption sites for gas adsorption. In this context,
Pan et al. [100] synthesized SnO2 NWs through a CVD method and then used O2/Ar plasma to change
compositions to more non-stoichiometric. The plasma power was varied between 10-80 W, while
plasma duration was fixed to 240 s. The samples exposed to plasma under 10, 20, and 40 W had some
amounts of SnO, Sn20s, and SnsOs phases due to gradual reduction of tetragonal SnO2 and removing
of oxygen atoms from SnO:. Also, further increase of plasma power (80 W) resulted in extensive
reduction of SnO: to metallic Sn, resulting in poor sensing performance. Among different gas sensors,
the sensor treated with a power of 40 W, revealed enhanced response to ethanol gas, thanks to co-
existence of SnO2-5n304 phases, in which potential barriers at interfaces act as powerful sources of

resistance modulation, high surface area thanks to NW morphology and the presence of oxygen
vacancies.
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In another study, Huang et al. [101] synthesized SnO:2 thin film using plasma enhance CVD, and
then exposed it to oxygen plasma for 20 min. Pristine sensor manifested a low response of 3.9 to 1000
ppm CO at 330°C. The plasma treated sensor showed the highest response 31.7 to same gas
concentrations at 250 °C. Interestingly, SnOz2 nanorods (NRs) were grown on SnO2 thin films after
plasma treatment by the sputtering-redeposition mechanism, where the films were sputtered by the
bombardment of heavy ions in the plasma, then SnO: NRs were generated by the sputtering
redeposited, and rearranged on the films. Hence, surface area was significantly increased relative to
pristine SnO: thin film due to the presence of both the 1D NRs and 2D thin film. Accordingly,
numerous adsorption sites were available for gas molecules, resulting in the boosted sensing
response.

Huang et al.[102] synthesized SnO: nanocolumn arrays with aspect ratios of 20 using liquid
immersion PECVD and the impacts of the thermal annealing (600°C/2h) and O: plasma treatment on
the sensing response toward CO and H: gases was investigated. The response of pristine sensor to
1000 ppm H2 at 400 °C was 17, which was higher than the response to CO gas. Based on compositional
analysis some residual carbon species were remained on pristine sensor, decreasing its sensing
performance. After thermal annealing, the response was increased due to removal of carbon
impurities. Also, after plasma treatment for 40 min, the sensing response to both 1000 ppm CO and
H: increased around seven times. Compositional analysis demonstrated that the amount of surface
oxygen species significantly increased due to chemisorbed oxygen species on the surface during
plasma treatment, which reacted with target gases to release electrons on the sensor surface.

Hu et al. [103] synthesized ZnO-5SnO: heterojunction NFs (200-500 nm) using electrospinning
followed by Ar plasma exposure for 5, 20, and 60 min. Overall, all sensors treated with plasma
exhibited higher response to pristine sensor. Also, at 300°C, the sensor exposed to plasma for 20 min
revealed a response of 18 to 100 ppm H: gas (Figure 8 (a)-(b)).
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Figure 8. (a) Response to Hz gas versus temperature and (b) calibration curves of plasma-treated gas sensors (c)
Mechanism of plasma treatment on a ZnO nano grain [103]. With permission from Elsevier. Copyright (2020).

Based on XPS analysis, amount of adsorbed oxygen species was highest in the optimal sensor.
When the plasma was exposed to ZnO, some Zn-O bonds were broken, resulting in formation of
oxygen vacancy. Then, oxygen molecules from air were adsorbed on the oxygen vacancy sites and
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thanks to highly electrophilic nature of oxygen, they abstract electrons from conduction band of ZnO,
leading to expansion of EDL relative to pristine ZnO and increase of resistance. Excess plasma
exposure led to reduction of ZnO to Zn, reducing the overall resistance (Figure 8 (c)). In optimal gas
sensor, plasma exposure time caused formation of EDL with high thickness and when the sensor was
exposed to gas, the release of electrons significantly modulated the sensor resistance. Furthermore,
heterojunctions were formed between ZnO and SnOz, acting as resistance sources for the gas sensor.

In another study[104], SnO2/In20s composite NFs were produced using electrospinning and then
were exposed to oxygen plasma for 30 min. After plasma exposure, morphology of SnO:z changed to
nanoneedles while that of In20s changed to nanotapers. The surface area before plasma treatment
was 16.5 m?/g, and after plasma exposure it increased to 31 m?/g. This was due to the fact that the
surface was rough and porous after plasma exposure. While pristine sensor showed a response of 8
to 10 ppm formaldehyde at 375°C, the response of plasma-treated sensor was 14 at 290°C.
Furthermore, selective response was related to the small bond dissociation energy of H-CHO, where
it was easily broken and reacted with adsorbed oxygen species, releasing electrons on the sensor
surface. Due to plasma treatment more oxygen species were adsorbed on the surface of sensor,
leading to more sensing reactions with formaldehyde gas. In another similar study by the same group
[105], SnO2 NFs revealed enhanced response to HCHO gas after oxygen plasma treatment. The
response of pristine SnO2 NFs was only 4.5 to 100 ppm HCHO at 300°C, while after plasma treatment
it increased to 6.9 at 200°C.

4.5. Plasma Treated In20s Gas Sensors

One of main shortages of metal oxide gas sensors is humidity interference which limits their
applications in humid environment [106]. Hence, development of anti-humidity gas sensors is vital.
Du et al. [107], synthesized In20s by roasting of In2SOs at 550 °C and then fluorocarbon (CF) was
grafted on it by RF magnetron sputtering. The surface of CF-In20s was evenly wrapped by the CF
layers with thickness of ~2 nm. While, In20s films exhibited a low WCA of ~16°, the CF-In20:s films
showed a hydrophobic nature with a large WCA of ~137°, thanks to the presence of low energy CF
on the surface of In20s. The In20s recorded a response of ~18 to 1 ppm NO2 gas at 200°C. However,
CF-In20 sensor revealed a lower response of 13 at optimal temperature of 100°C, due to the covering
of CF on surface of In2Os with lower sensing properties relative to In20s. In the presence of 92 % RH,
the response of CF-In20s was not significantly decreased, demonstrating anti-humidity properties of
CF-In20s. However, the response of In20s dramatically decreased. Two reasons were accounted for
humidity interference of optimal sensor (i) The hydrophobic CF layer absorbed sufficient amount of
H>0 molecules to increase the electron concentration and hence more NO2 molecules were adsorbed.
(ii) the hydrophobic CF layer suppressed the reaction between NO: with H20O molecules, therefore
concentration of adsorbed and reacted NO2 gas molecules on the surface of sensor did not changed.

In another study, Du et al.[108] synthesized In20s NFs and then exposed them to hydrogen and
oxygen plasma for 30 min. The surface of oxygen plasma treated In2Os was rougher and the diameter
of NFs were thicker than those of hydrogen plasma In20s. However, diameters of nanograins on the
surface of NFs were smaller for oxygen plasma treated sample. Also, the surface areas of pristine,
oxygen-, and hydrogen plasma treated samples were 18, 32, and 29 m?g, respectively. Thus, the
surface area was increased thanks to the formation of many new small pores on the surface of In20s
NFs. Based on XPS study, the oxygen content greatly increased by oxygen plasma, which was vital
for sensing reactions with acetone gas. As expected, the sensor exposed to oxygen plasma revealed
the largest response of 37 to 500 ppm acetone at 275°C. High surface area and the presence of large
amount of adsorbed oxygen species contributed to the enhanced sensing of acetone.

4.6. Other Plasma Treated Gas Sensors

ZnGa:x0s is a semiconducting material (5.1 eV) with features like ease of fabrication, low cost,
and high stability[109]. Chang et al. [110] synthesized the ZnGa204 epilayer (125 nm thick) on a
sapphire substrate using MOCVD technique. Then, Ar plasma was used for 5, 10, and 15 min.
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Spindle nanostructures changed to the smaller sizes and near-spherical particles after Ar plasma
treatment for 15 min due to the Ar plasma bombardment and the coalescence of nanostructures
(Figure 9 (a)-(d)). Furthermore, Ar plasma treatment introduced Ar atoms, radicals, and ions to the
epilayer surface, resulting in chemical changes after plasma treatment.

) ZnGa,0, epilayer

Figure 9. SEM micrographs of ZnGa204 epilayer (a) before and after Ar plasma treatment (b) 5, (c) 10, and (d)
15 min [110]. With permission from Elsevier. Copyright (2023).

Among different sensors that treated with plasma for 10 min revealed enhanced response at
300°C with a response of 1300% to 5 ppm NO gas. The main reasons for sensing enhancement were
related to higher surface area and the presence of more oxygen dangling bonds, leading to increase
of reactions with NO gas. Also, based on DFT calculations, ZnGa20s with surface oxygen groups had
a greater tendency to adsorb NO molecules.

Polypyrrole (PPy) as a CP, is a promising sensing material due to its high conductance, simple
preparation, high response, and RT operation [111]. Similar to metal oxides, plasma treatment on CPs
can increase their performance[112]. Zhang et al. [113] applied hydrogen and oxygen plasma on PPy
for 20 min and investigated the response to gases. At 25°C, the response of hydrogen treated sensor
to 50 ppm NO:2 gas was 6 which was 1.6 and 1.2 times higher than that of pristine and oxygen treated
sensors, respectively. Based on DFT calculations, the adsorption energy of NO:2 on hydrogen treated
sensor was significantly higher (-1.72eV) than that on pristine (-0.58eV) and oxygen treated
(-0.69 eV) sensors, respectively. This implied that hydrogen plasma treatment was more efficient for
NO: gas adsorption enhancement. Besides, increase of surface area by formation of pores after plasma
exposure, contributed to the sensing improvement. In another study, related to oxygen plasma
treated PANI, the response to hydrogen at RT was significantly improved relative to pristine sensor
[114].

MXenes are a new category of 2D materials with high conductivity, large surface area and
tunable band gaps [115]. They have general formula of Mn1XnTx in which A is a transition metal, X is
C/or N, and Tx shows surface functional groups. They are synthesized from their parent MAX phases
which can be represented as Mn+1AnX , where A is an element in group IIIA or group IVA [116,117].
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In this context, Wang et al. [118] synthesize TisC2Tx MXene via liquid exfoliation and subsequently,
exposed it to oxygen plasma treatment. The sensor exhibited a response of 13.8% to 10 ppm NO: gas
at RT. The enhanced performance was related to the present of numerous oxygen surface functional
groups as a result of plasma treatment.

Transition dichalcogenides are 2D semiconductors with high conductivity and large surface
areas. They have general formula of MX2 in which M is a transition metal and X is a chalcogenide
such as S, Se, or Te [119,120]. Seo et al.[121] applied Ar plasma treatment on MoS2NSs for 2 s. As a
result of plasma exposure, sulfur vacancies were created on MoSz. Then, it was exposed to 3-
mercaptopropionic acid (MPA) solution to form coordinate bonds between the HS groups in MPA
and sulfur vacancies. Based on XPS study, the pristine MoS: exhibited the ideal S/Mo ratio of 1.91,
while after plasma exposure it was decreased to 1.51, indicating sulfur vacancy formation. Based on
NHs gas sensing studies, the pristine sensor revealed a response of 1.25 to 130 ppm NHs gas at RT,
and after treatment by plasma and MPA, the response increased to 4.45. The boosted sensing
capability was related to the presence of oxygen and carboxyl groups (~COO) on the surface of sensor.

5. Conclusion and Outlooks

We reviewed the effect of plasma treatment on the gas sensing characteristics of gas sensors. In
general, plasma exposure affects the amount of oxygen species on the sensor surface and hence
oxygen ions are highly required for gas sensing reactions, plasma treatment significantly affects the
gas sensing of resistive sensors through modulation of the amount of oxygen ions. Generally, oxygen
plasma causes addition of surface oxygen functional groups on the sensor surface and hence the
reactions between adsorbed gases with oxygen increases, leading to higher sensing performance
relative to pristine sensor. Also, exposure to other plasma atmospheres such as Ar or He, causes
generation of oxygen defects which acted as favorable sites for oxygen adsorption and hence
contribute to the enhanced sensing performance. Regardless the type of plasma used, both plasma
power and plasma exposure times should be optimized to achieve the highest gas sensing
performance. However, in most cases, the focus is on the optimization of plasma time rather than
plasms power. Thus, this aspect needs more attention in future studies. Different sensing materials
such as metal oxides, TMDs, MXenes, CNTs, graphene, and CPs have been subjected to plasma
treatment. In this regards, combination of plasma exposure other high irradiation techniques such as
ion-beams, electron beams and gamma ray can lead to interesting results.
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