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Abstract: The identification of an unknown gaseous species or the composition of a gaseous mixture
can be performed using various experimental techniques such as: mass spectrometry, chromatog-
raphy, nuclear magnetic resonance (NMR), infrared (IR), X-Rays, or by combining these analytical
techniques (in automated analyzers). Unfortunately, these techniques use highly expensive equip-
ment and require the use of qualified personnel. Using gas sensors is a viable and inexpensive
alternative. The most commonly used sensors in the field are resistive type chemosensors (chemiresis-
tors), due to their simple detection mechanism and low manufacturing costs. The detection principle
of these sensors is based on the catalytic reaction between the sensitive material of the sensor and
the target gas. This reaction occurs with the release or consumption of electrons, influencing the
overall electrical resistance of the sensor. This review describes various MOX-based chemiresistors,
which contain different types of sensitive substrates, such as powders, pellets or films, as well as
a clear tendency towards sensor miniaturization and the constant improvement of the fabrication
techniques towards greener and more cost-effective synthesis routes over time. The goal of this
research was to obtain sensors with high 3S parameters (sensitivity, selectivity, and stability), that can
be mass-produced and implemented on a wide scale.

Keywords: resistive gas sensors; chemiresistors; sensitivity; selectivity; stability; eco-friendly;
low-cost; miniaturized; micro-sensors; mass-produced

1. Introduction

Breathing air contains three primary gaseous components: nitrogen (N2), oxygen (O2),
and argon (Ar). The proportions in which these components are found are N2 = 78.08%,
O2 = 20.95%, and Ar = 0.93%. These components are vital for life on this planet. In
addition to these molecules, the air also contains other more or less harmful species in
concentrations below 0.05% such as carbon dioxide (CO2), neon (Ne), helium (He), methane
(CH4), and krypton (Kr). Another important component of the planet’s atmosphere is water
(H2O), present in vapor form, in a concentration of 0–3%. Many substances of natural
origin may be present in small amounts, locally and/or according to season variables in
the form of aerosols (in a sample of unfiltered air), including mineral and organic dust,
pollen, spores, or ash particles (in areas with high volcanic activity). Various pollutants
coming from industry may be encountered in the atmosphere as aerosols or vapors, such
as chlorine, fluorine compounds, mercury, or sulfur compounds such as hydrogen sulfide
(H2S) and sulfur dioxide (SO2) [1]. Harmful species present in the air can have short,
medium, or long effects on human health, and can even cause death in some cases. This
is exemplified by the effects produced by various concentrations of an extremely toxic
gas that may be present in the air: carbon monoxide (CO). CO is nicknamed “The Silent
Killer” because of his ability to kill quickly and quietly, the potential victims not even being
aware of the danger they are in. Its detection by humans without specialized equipment is
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impossible, this gas being colorless or odorless. Survivors of CO poisoning may also suffer
psychological or neurological trauma (permanent damage). No biological entity is immune
to the effects of this gas, which produces immediate physiological effects or even death
in high enough concentrations. Permanent health problems (chronic) are also recorded in
the case of repeated exposures to lower concentrations, in a work or home environment.
In what situation do we have to worry about exposure to CO? The ideal case would be
an atmosphere containing 0 ppm of CO. According to OSHA (Occupational Safety and
Health Administration) the maximum concentration allowed at the workplace is 50 ppm.
A 1–2-h exposure to low concentrations (up to 100 ppm) of CO causes headaches; 2–3 h
exposures at an average concentration (up to 200 ppm CO) causes dizziness, nausea, or
fatigue; 1-h of exposure to higher concentrations (up to 800 ppm) of CO causes fainting,
loss of consciousness, and finally death, in the absence of immediate medical care [2].

The numerous global incidents, including explosions, gas accumulations in the work
environment, accidental asphyxiations, intoxications, and the large number of recorded
deaths are clear evidence that the level of atmospheric pollution must be kept under strict
monitoring and control.

Throughout history, there are numerous examples of the ingenious use of animals for
air quality monitoring. For hundreds of years, miners worked in dangerous conditions,
without benefiting from early-warning systems or modern ventilation. They used a canary
in a cage [3] as a means of checking for possible toxic compounds present in the work
environment. It is known that natural accumulations of methane occur in coal mines, a toxic
and explosive gas in combination with air (it explodes if concentration reaches 50,000 ppm).
Canaries are much more affected than humans by small concentrations of this dangerous
gas (CH4 or CO) or at low oxygen levels. As long as the canary was alive, the atmosphere
was considered to be safe, within normal parameters. Dogs have also been used throughout
history for the detection of various substances; they are currently being used in airports or
border checkpoints for the detection of prohibited substances (high-risk drugs, explosive
substances, etc.) [3]. This is possible because nature has endowed the dog with an olfactory
sense which is 108 times more developed than in humans.

In a laboratory, we can identify unknown chemical species or determine the composi-
tion of gas mixtures with precision, using classic analytical techniques: mass spectrometry,
nuclear magnetic resonance, chromatography, infrared (IR), or X-ray techniques. Unfortu-
nately, the use of these techniques results in high costs due to expensive equipment and
qualified personnel. Moreover, the user does not need such a complete dataset regarding
the investigated sample in the majority of cases. In such cases, gas sensors are a viable
solution. Sensors are small detection devices that are available on a wide-scale, with low
retail costs [3,4].

Sensors are devices that convert a physical, chemical, or biological parameter (e.g. gas
concentration, temperature, pressure, humidity, speed, pH, biochemical reactions, etc.)
into a signal that can be measured electrically [3]. In practice there are many types of
sensors but the most commonly used in applications are the resistive chemical sensors, also
named chemiresistors, which will be discussed in detail in the following sections of this
review. Our research group has focused on MOX-based resistive sensitive materials and
sensor design improvement for the last 10 years. We have designed, tested, and charac-
terized all the types of existing sensitive materials used in chemiresistors (e.g., powders,
pellets or films), and some important achievements were made during this study towards
greener/cheaper synthesis routes of the sensitive materials, and even some promising sen-
sor prototypes with the full set of high 3S parameters (sensitivity, selectivity, and stability)
required for mass-production, were modeled and successfully tested for applications in
environmental chemistry.

It is not the authors intention to perform a wide-scale survey of the commercially avail-
able (real-life) resistive gas sensors in this short review. This paper depicts a chronological
approach of the authors own-experimental work, performed for the last decade in the field
of chemical gas sensing, with accent on advantages and disadvantages of every type of
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sensitive material used, more eco-friendly and lower-cost synthesis routes, a permanent
miniaturization tendency of the gas sensing device, along with the improvement of the
sensing performances in terms of sensor sensitivity, selectivity and stability.

2. Materials and Methods
2.1. Types of Chemosensors and Practical Use

A chemical sensor (chemosensor) can be defined as a device containing a sensitive
material (in bulk or deposited on a ceramic, plastic, or polymer support), upon which the
molecular recognition process of a certain species (analyte) in a given sample takes place [5].
The recognition process of the investigated analyte may take place either on the surface
of the sensitive material, or in the bulk, resulting in a specific property change (related in
magnitude with the analyte concentration) that can be converted into an electrical signal
by the transducer, a component of the sensor device. The transduction mechanism leads
to different sensor types and configurations. The electric signal is transmitted in a circuit,
where it is digitized by an analog-to-digital converter. The digital information can then
be stored in memory, displayed visually on a monitor, or made accessible to the operator
through a digital communications port.

There is no universally accepted method to perform a classification or a complete list
of chemical sensor types. A useful classification system (Figure 1), in the opinion of the
authors, would be the one that divides the chemosensors as follows:

(1) sensors measuring electrical or electrochemical properties;
(2) sensors measuring a change in a physical property;
(3) sensors based on optical absorption.
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In the Introduction section, we referred to the concept of continuously monitor the
composition of the surrounding gaseous atmosphere, in order to prevent accidents at work
or at home, using sensors.

Gas sensor technology is continuously evolving; currently there are a multitude of
detection methods that depend on the involved sensing principle. Gas detection is based
on the fact that the changes that occur in the gaseous atmosphere modify the properties of
the sensor in a characteristic way [4,6,7]. There are lots of detection techniques (Figure 1)
that involve the modification of some characteristics of the sensor, but by far the most
accessible, from an economical point of view, is the one that involves gas detection using a
resistive-type sensor. The detection principle of these sensors is simple: the sensor reacts
with a target gaseous species (analyte), from the atmosphere in which the sensor is placed,
a REDOX-type catalytic reaction takes place between the sensitive material of the sensor
and the target gas, accompanied by a change in the number of free electrons involved in the
reaction. This results in a change of the electrical resistance of the sensor’s sensitive material
which can be a powder, a compressed powder (pellet), or a film (thick or thin) deposited
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on an appropriate support. The sensitive material can be chosen depending on the type of
application for the sensor itself (industrial, laboratory, or domestic applications), as well as
the sensor operating conditions (anoxic atmosphere, normal breathing atmosphere, high or
low operating temperatures, etc.).

To study the sensing mechanism, the change in electrical resistance can be detected
using “widely available” electronic equipment (example: a digital multimeter or an RLC
bridge for precision measurements), with a purchase bill in the hundred or thousand
dollars range. Think about the retail price of a gas chromatograph coupled with a mass
spectrometer, a complex setup that ensures the precise detection of all gaseous species
inside a gas-mixture, in the frame of a specialized laboratory. International shipping
bills, customs fees, a specialized software, periodic maintenance through a subscription
(dozens of man-hours sometimes) must be also taken into account. Unfortunately, the
economic aspect is of paramount importance nowadays in most domains, so an efficient
detection equipment is currently defined by a compromise between fabrication costs, device
reliability, and mass production availability.

Because of their advantages upon classic investigation techniques, sensors are already
successfully used in various domains [8], some of which are described in Table 1.

Table 1. Sensors applications in various domains, adapted from Ref. [9].

Sensor Applications

Automotive: Medical:
• internal systems monitoring
• filter monitoring
• fuel vapor detection

• breath analysis
• disease detection
• detection of gas percentage in blood
• thermometers

Food: Safety:
• quality control
• fermentation control
• processing & packing control

• fire hazard
• gas leaks
• HVAC monitoring

Environmental:
Industry:

• modern weather stations
• pollution monitoring

• line of production monitoring
• quality control
• fabrication protocols control
• various measuring devices

2.2. Sensor Characteristics

The most important characteristics used for chemical sensor description, sensitivity
and selectivity, are unique and significant, as applied to the detection of chemical species.
Other criteria common to all sensors, such as stability, repeatability, linearity, hysteresis,
saturation, and response time, are also important for complete sensor characterization.

Jacob Fraden [3] best defined the meaning of those two key sensor characteristics in
his handbook as follows:

“Sensitivity describes the minimal concentrations and concentration changes (then
referred to as resolution) that can be successfully and repeatedly sensed by a device.

Selectivity describes the degree to which a sensor responds only to the desired species
with very little or no interference from other species. For this reason, one of the most
important characteristics of a sensor chemical, key in evaluating its performance, is selec-
tivity” [3].

Since chemical sensors are used for both detection and quantification, they must be
sensitive and selective for a certain gas species within a mixture. Ideal gas sensor use in
modern-life applications must also be characterized by high stability and must offer reliable
information about the monitored gaseous environment over and over again (during its life
cycle, which can be measured in years).
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In short, high-quality sensors must be characterized by high 3S parameters (sensitivity,
selectivity, and stability) [10]. Another must-have feature is the short response-recovery
time (in the seconds or few minutes domain) regarding the interaction with the analyte, in
order to alert the personnel early about a potentially dangerous situation, which implies
taking action immediately (building evacuation, fire control, etc.).

2.3. Use of Gas Sensors along History

The first steps in the field of gas sensors were taken by Wagner and Hauffe in the
year 1938 [11], who discovered that gas molecules can react with semiconductor surfaces,
influencing their surface properties [12]. The sensing phenomenon was discovered in
1952 by Brattain and Bardeen, who proved that in the case of a thin film of semiconductor
material, the surface-adsorbed gas molecules modify the electrical conductivity [13]. Studies
were continued by Heiland (1954) [14], Morrison (1955) [15], Seyiama (1962) [16], and
Shaver (1967) [17], followed by “a major leap” in the 70s, with the appearance of the first
resistive gas sensor for practical applications, patented and fabricated in 1970 by Naoyoshi
Taguchi [18] (the so-called TGS sensor or Taguchi gas sensor, manufactured at that time by
Figaro Inc., Mino, Japan [12]). In his detection device, Taguchi used the phenomenon of
electrical resistance variation upon the oxide surface interactions with various gases. He
chose tin dioxide (SnO2) as a gas sensitive material, to avoid oxidation in the atmosphere
and others possible reactions, SnO2 being almost chemically inert. This choice led to
circumventing the problems encountered until then when using semiconductors, such as
the change of device parameters over time due to oxidation (e.g., in the case of germanium).
Using a compressed SnO2 powder instead of a single crystal, Taguchi further improved
the sensitivity of the device. Taguchi’s sensor is represented in Figure 2. Photographs of
commercially available TGS-based sensors can be seen in Figure 3, the last photo in the
series being a sensor with the protective cap removed.
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As previously mentioned, the Taguchi device contains a compressed SnO2 powder,
that surrounds a heating element connected to two electrodes. Taguchi discovered that
SnO2 has a maximum gas sensitivity in the temperature range of 170–230 ◦C (the working
temperature for this sensor, usually denoted as Tw), the built sensor being finally equipped
with a heating element. When the semiconductor material in the sensor was exposed to
gaseous atmospheres containing species, such as H2, CO, gasoline, or alcohol, its resistance
decreased, and it triggered an alarm in an external circuit. The applications of these devices
manufactured by Figaro Inc. included the use as fire detectors in domestic residences, as
they were capable of monitoring levels of explosive gases. Despite the obvious advantages,



Chemosensors 2023, 11, 95 6 of 41

such as high sensitivity, low cost, and a simple design, they had an inherent disadvantage,
namely the lack of selectivity [19]. False alarms were often triggered when these sensors
were in use.

2.4. Modern Gas Sensors

The modern gas sensors are generally TGS-based detecting devices.
The modern sensors in use have a number of advantages over classic sensors: small

dimensions, low energy consumption, low manufacturing costs and large-scale production
capability. The electronics of the measuring circuit and controls can also be included into
the micro-sensor, thus achieving the portability of the whole detection device: the sensor,
the data acquisition system, and the control system [3]. Recently, silicon substrate-based
sensors were introduced [20], containing sensitive layers of SnO2 (doped or undoped),
having applications in the detection of various gaseous species, such as hydrogen (H2), CO,
and various hydrocarbons. ZnO and TiO2 in doped or undoped form have also been used
in the detection of oxygen (O2), H2, volatile organic compounds (VOC’s), etc. The electrical
properties of these sensitive oxides change with the absorption and reaction of gases on the
sensor surface or in its volume.

Apart from gas sensors that can detect a certain analyte in a gaseous mixture, with a cer-
tain sensitivity/selectivity, which are specific to the sensor itself, we can mention a special
class of gas sensors, namely specific sensors—dedicated to the detection of certain gases.

Methane (CH4) sensors are used on a wide-scale for gas leak detection in domestic
applications.

Medical and food sensors include the ability to differentiate odors, which is used to
distinguish between various investigated samples. A typical example of this is the differ-
ence made by the sensor between infected or uninfected medical samples and altered or
edible food.

Single-gas sensors are a special class of sensors, which can be used directly as fire
detectors, gas leak detectors, to monitor the concentration of dangerous gases (CO or
nitrogen dioxide—NO2) in the work space, or for the control of ventilation in cars and
airplanes [4]. It is known that in the event of a fire, the CO level increases significantly
before the escaping smoke is detected by the smoke sensors. In this case, a CO sensor
can provide a much quicker warning. Table 2 shows the maximum concentration values
allowed for harmful gases (these may vary according to the ecological norms of the country
in question) in the work environment, in the air, etc.

Table 2. Typical values for pollutants in air [4].

Risc Assessment CO Concentration NO2 Concentration

Low <10 ppm * <150 ppb **
Medium 10–14 ppm 150–299 ppb

High 15–19 ppm 300–399 ppb
Very high >20 ppm >400 ppb

Maximum allowed
concentration (workspace) 50 ppm 5 ppm

Imminent life threat 1200 ppm 20 ppm
* parts per million, ** parts per billion.

2.5. Sensitive Material Deposition Techniques Used in Modern Practice and Solutions Considered
for Sensor Improvement

The deposition methods for the sensitive material on a certain support are very
varied. Modern sensors usually contain a thick or thin sensitive film, deposited using
appropriate techniques. Thick film sensitive layer sensors have a relatively large deposited
layer thickness (from a few microns to several hundreds of microns). Due to the high
porosity of the sensitive layer, a large specific surface area is exposed to the interaction
with the gas. Sensors with a thin film sensitive layer are compact, having a deposited layer
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thickness in the order of nanometers (a maximum of several hundred nanometers). Within
the technology of sensitive films, the deposition methods most often used are [23]:

• chemical vapor deposition (CVD), achieved by laser induction, plasma activation,
photon activation, laser pyrolysis, etc;

• physical vapor deposition (PVD), achieved by thermal evaporation, electron or ion
beam evaporation, and reactive evaporation;

• spray pyrolysis—involves a sequence of processes that take place sequentially or simul-
taneously including the generation of aerosols, evaporation of the solvent, deposition
in uniform layer of droplets, and decomposition of precursors.

These deposition techniques require a very complex specialized equipment, constitut-
ing a major economic disadvantage in the strategy of the construction of a new sensor with
commercial applications.

The cheap and also more ecological alternative solution used by the authors of this
review is the preparation of the sensitive film using sol-gel technology, combined with
a deposition by dip-coating (soaking or immersion) or spin coating. The sol-gel method
essentially represents the synthesis of an amorphous inorganic lattice (at least in first stages)
through chemical reactions, in solution at low temperatures. In the case of the dip-coating
method, the substrate (support) of the sensor (usually a ceramic-type wafer) is immersed
in a colloidal solution which contains the precursors from which the sensitive material
is prepared. This method involves the subsequent stabilization of the deposited film by
heat treatment. Sol-gel technology, combined with a dip-coating method is a low-energy
process causing an overall low level of pollution (eco-friendly), with the stabilization of the
deposited films taking place at low temperature (in this work the maximum temperature
used was 350 ◦C), thus being considered an ecological method of preparing the sensitive
layer. The sol-gel technology allows easy control of the number of deposited layers (thick-
ness of the film), of the concentration of the precursor solutions, of the dopants, and the
type of support for the deposition of the sensitive film. The main disadvantage of this
technique is the instability of the obtained sensitive films over time. In the case of the
deposition method by spin-coating, the colloidal solution is cast on the substrate while it
rotates at a certain speed to ensure a uniform distribution of the film on the surface, using
centrifugal force. After the corresponding film thermal stabilization stage (in this work the
maximum temperature used was 400 ◦C), it was observed that this preparation method
led to more stable sensitive thin films. The optimization of the sensitive materials obtained
by the sol-gel method can be achieved by their chemical modification during the prepa-
ration process, carried out by doping or by adding more oxide components (a composite
sensitive material is obtained). Thus, the specific properties of the component oxides can
be combined, obtaining a sensor with improved properties (lower operating temperature,
increased sensitivity and selectivity, increased chemical resistance, higher stability over
time, lower electrical resistance base-values, etc.). Another method of sensor improvement
was optimizing the transducer design, namely the metallic electrodes configuration or the
ceramic wafer thickness, aspects which will be discussed in detail in the following sections
of this review.

2.6. The Detection Principle for Resistive Gas Sensors

As previously discussed in Section 2.1 of this review, resistive-type sensors usually
contain sensitive metal oxide materials (MOX) in the form of powders, pellets, or films
deposited on a substrate. The electrodes and the electrical connections belonging to the
measuring circuit are specific to the type of sensitive material used in the sensor. Currently,
the number of potential applications for gas sensors is very high, covering a very wide
range of marketed products, from relatively large devices, such as the ventilation control
device in automobiles, to miniaturized devices, such as single-gas sensors.

The gas-solid interaction, which is the basis for the detection principle, may be classi-
fied as follows:

• processes that take place on the surface of sensitive material;
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• processes that take place at the intergranular barrier;
• processes that take place between the sensitive layer and the sensor electrodes.

These processes determine the total electrical resistance of the sensor [4]. The total
resistance of a polycrystalline gas sensor will be a function (Equation (1)) that depends on
the specific volume resistance ρb (resistivity) and sensor components resistivities, which
may be affected by the surrounding gases: the nanocrystal surface (ρS), intergranular
barriers (ρgb), and sensitive layer -electrode contacts (ρc) [6].

Rsensor = f (ρb, ρc, ρgb, ρs) (1)

The conductivity σ of a semiconductor crystal belonging to the sensitive material
can be described as the sum of the conductivities: electronic, protonic, and ionic, if the
conduction processes are considered to be independent [4].

σ = σe + σp + ∑ σion (2)

Usually in the case of thick film sensors, the sensitive layer has high porosity and
consists of a network of interconnected nanometric-size particles of oxide material.

In the case of thin film sensors, the sensitive layer is continuous and compact. Conse-
quently, the volume of the sensitive layers is inaccessible to gases and the interaction takes
place only at the surface of the sensor.

Figure 4 shows schematically the interaction of a sensitive film (denoted in the cited
reference [24] as “layer”) with the target gas.
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The factors that influence the total electrical resistance of the sensitive material (see
Equation (1)) may change depending on the working conditions. As it will be shown
in the following sections, if electrical measurements are performed on a powder-type
sensitive material, in alternating current at a certain low value frequency, the intergranular
and volume components become negligible, the response of the sensor being determined
exclusively by the interactions taking place on its surface [9].

The principle of sensing, when a chemiresistor is used, involves measuring the elec-
trical resistance changes in the sensitive material upon target gas exposure. If the sensing
experiment unfolds under environmental conditions (the atmosphere in which the sensor
is placed contains mostly air) the surface of MOX-based sensitive material adsorbs oxygen
as different species: O2

−, O−, or O2− (depending on the working temperature).
In the first stage of gas sensing, a chemical reaction takes place between the target

gas molecules and the adsorbed oxygen species on the surface of the sensing material,
followed by a significant change of resistance, detectable using calibrated electronics. The
second stage of the sensing process consists of transforming the electrical signal into
another type of information (e.g., the concentration of the analyte [25]) which can be
processed by an analog-to-digital converter, in order to trigger an alarm in a separate
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circuit. This represents the simplified view of the sensing mechanism for this type of gas
sensor. For n-type semiconductors, the overall sensor electrical resistance increases after
exposure to oxidizing gases or decreases after the sensor is exposed to reducing gases. For
p-type semiconductors [26], the electrical changes are reversed in comparison with n-type
semiconductors, upon exposure to oxidizing or reducing gases [27].

2.7. MOX-Based Sensitive Materials Used in Own-Design Gas Sensor Prototypes

The literature covering the study of MOX-based resistive sensors is extremely vast.
The most encountered sensitive materials in gas sensing literature are: tin oxide, zinc oxide
and titanium oxide. The high number of research papers involving these materials is in
close connection with the fact that they are abundant in nature (low production costs). On
the other hand, their electrical properties as semiconductor materials are well known in the
present, due to their intensive study in the past. However, gas sensors containing only one
of these oxide components are highly disadvantaged due to: high working temperatures (a
very undesirable feature because it involves a high energy usage), expensive preparation
techniques (CVD, PVD, spray-pyrolysis, and screen printing), low specificity for a certain
gas (which implies non-selective sensors), a characteristic that can generate false alarms
and panic.

Tin oxide (SnO2) is the most studied among the existant sensitive materials involved
in resistive gas sensor fabrication. In a doped or non-doped form, it presents a high
sensitivity for a wide range of gases, among which we can list: CO, ammonia (NH3),
nitrogen oxides (NOx), CH4, propane (C3H8), ethanol (C2H5OH), H2, H2O, H2S, and
volatile organic compounds (VOCs) [23]. The detection of these gases is non-selective (in
most cases), the sensor response being the same if more than one of these gases are present
in the investigated gaseous atmosphere. The working temperature of this material (the
temperature to which the oxide material must be heated in order to become sensitive to that
target gas) is currently considered too high (500–1000 ◦C) for current energy requirements.

Zinc oxide (ZnO) is the second most studied material in the field of resistive gas
sensors, after tin oxide. The structural defects characteristic of this oxide influence the
sensor mechanism through which the detection process takes place (major changes in the
conductivity of the oxide due to the presence of these defects). ZnO can detect O2, ozone
(O3), H2, CO, and short-chain hydrocarbons, but its electrical response is not as pronounced
as that of SnO2, its selectivity is low, it is sensitive to humidity and has issues with long
term stability [23]. Its combination with SnO2 is known to detect CO according to the
research presented in Ref. [23]., but the high value for the low limit of detection (200 ppm)
is unsuitable for current sensor requirements (at least 5–10 ppm), even though the working
temperature is lower (200–600 ◦C) than for pristine SnO2.

Titanium oxide (TiO2) has two very distinctive characteristics as a pristine sensitive
material: very high working temperatures (800 ◦C) and high electrical resistance (in the
MOhm range). Due to these drawbacks, working with pristine TiO2 in actual sensors has
proven to be difficult. Among its current applications we can mention oxygen detection in
the automotive industry [23]. The working temperature and electrical resistance of sensors
based on TiO2 can be reduced by doping with various materials. Comini et al. [28] reported
the sensitivity of TiO2 films doped with Nb and Pt (prepared by the sol-gel method) for
ethanol and methanol, but their sensitivity to CO was not reported. The detection of other
gases (NO2, O2, C3H8, and NH3) was also achieved with sensors that are obtained through
expensive technologies (CVD deposition, PVD, and screen printing) [23].

Cobalt oxide (CoO) is the most stable as Co2+. In gas sensors, CoO is considered a
promising material for the detection of NH3, VOCs, and hydrocarbons at low temperatures,
starting with room temperature [23]. Although they are advantaged, from the energy-use
point of view, these sensors are yet to be fully characterized.

The studies carried out by the authors of this review are based on these raw mate-
rials, but the authors managed to solve in the frame of their workgroup (as members of
national and international research grants) some of the issues specific for these sensors,
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described in the literature by other researchers, by finally creating an improved sensor,
optimized in terms of working temperature, sensitivity, stability, and selectivity for a certain
gas, and also to keep the costs low when developing the actual gas sensor. Several ISI
articles were published by the authors workgroup (several members are presented in the
Acknowledgements section) during 2013–2022, based on this research.

3. Results and Discussion
3.1. Powder Type-Sensitive Materials Used for CO Detection

Our group began experimenting (Figures 5 and 6) with commercial TiO2 powders
(Rhone-Poulenc), used previously for in-situ conductivity experiments alongside with the
whole experimental setup (gas cylinders, gas lines, mass-flow controller system, and own-
design conductivity cell) constructed for that purpose. We figured, instead of determining
punctually the electrical conduction G of the material exposed to gas within the cell, as
required by the in-situ conductivity experiments protocol, why not record the G values
continuously instead, using a Labview-based own-designed computer software. Basically,
the experimental conditions were the same: continuous gas flow, inert atmosphere (to
ensure oxygen non-interference), and a predetermined CO gas concentration obtained by
calibrated MFC’s to be injected into the system.

Chemosensors 2023, 11, x FOR PEER REVIEW 11 of 43 
 

 

 
Figure 5. Gas-sensing experimental setup used for powder-type sensitive samples, with (1) carrier 
and target gas cylinders, (2) MFC system, (3) gas sensing cell, (4) programmable furnace, (5) RLC 
bridge, (6) data acquisition computer, from ref. [8]. 

 
Figure 6. The own-design sensing cell utilized with powder samples, with (1) tungsten wires, (2) 
coaxial tantalum electrodes (cylinder type), (3) ceramic frit, (4) thermocouple (slice view), (5) co-
axial tantalum electrodes (slice view), and (6) glass walls (slice view), from ref. [31]. 

The sensitive TiO2 powder was inserted (supported on a ceramic frit) into the con-
ductivity cell having cylindrical-type tantalum electrodes; these two key components 
constitute the sensing device, with a metal-to-ceramic type of connection between the 
cell’s electrodes and the sensitive material. Thus, the first gas-sensing protocol was con-
ceptualized in the frame of our workgroup, determining G values in a non-oxygen gas 
environment (helium atmosphere), for a commercial powder sample of TiO2, exposed to 
different CO concentrations (250–2000 ppm). CO is a product of incomplete oxidation of 
organic matter [32], that appears as a result of the lack of oxygen necessary for perform-
ing complete oxidation to CO2. CO is present in the environment in high concentrations 
in the underdeveloped regions of the planet, where solid fuel combustion is still used 
intensively, as well as in traffic-congested cities, with a high level of pollution produced 

Figure 5. Gas-sensing experimental setup used for powder-type sensitive samples, with (1) carrier
and target gas cylinders, (2) MFC system, (3) gas sensing cell, (4) programmable furnace, (5) RLC
bridge, (6) data acquisition computer, from Ref. [8].

An alternative current of 1.5 V was applied to the conductivity cell electrodes, consid-
ered as the sensor operating voltage, at a fixed frequency of 1592 Hz, to ensure sensitive
material surface response only [29,30].
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Figure 6. The own-design sensing cell utilized with powder samples, with (1) tungsten wires, (2) coax-
ial tantalum electrodes (cylinder type), (3) ceramic frit, (4) thermocouple (slice view), (5) coaxial
tantalum electrodes (slice view), and (6) glass walls (slice view), from Ref. [31].

The sensitive TiO2 powder was inserted (supported on a ceramic frit) into the con-
ductivity cell having cylindrical-type tantalum electrodes; these two key components
constitute the sensing device, with a metal-to-ceramic type of connection between the
cell’s electrodes and the sensitive material. Thus, the first gas-sensing protocol was con-
ceptualized in the frame of our workgroup, determining G values in a non-oxygen gas
environment (helium atmosphere), for a commercial powder sample of TiO2, exposed to
different CO concentrations (250–2000 ppm). CO is a product of incomplete oxidation of
organic matter [32], that appears as a result of the lack of oxygen necessary for performing
complete oxidation to CO2. CO is present in the environment in high concentrations in the
underdeveloped regions of the planet, where solid fuel combustion is still used intensively,
as well as in traffic-congested cities, with a high level of pollution produced by engines
with internal combustion. As mentioned before, the constant monitoring of CO levels in
the indoor/outdoor environment is of paramount importance [33–35].

Surprisingly, the initial sensing results were astonishing. For an experimental setup ini-
tially designed with an entirely different purpose, a very strong sensor signal was recorded,
with very well-defined response/recovery sensor characteristics, and an incremental sensor
signal response when the gas concentration was increased from 250 to 2000 ppm (Figure 7).
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It can be clearly seen in Figure 7 that for an entire sensing cycle of 3000 s, for all the
tested gas concentrations, the sensor is highly responsive, its recovery being complete after
each tested concentration.

A two stage sensing mechanism [36] was formulated, describing the reduction of TiO2
and the CO oxidation on the surface of the TiO2, using oxygen from the TiO2 lattice. It
must be mentioned that the commercial TiO2 powder was still covered by the warranty
at the time it was used for sensing measurements, but it had a shelf-life of at least a few
years. The results reported by the authors in this study were cited by recently published ISI
papers [37,38].

This covered the “as-is” raw materials found in our laboratory. However, what about
if we could perform our own synthesis? What can be improved in this way? We kept the
experimental setup, we kept the target gas and the gas-sensing protocol, and we changed
the sensitive material composition.

To this goal, a SnO2-CeO2 series of mixed oxides was prepared (5–20% wt SnO2) by
the co-precipitation method, using commercially available reagents (from Interkemia).
However, why choose this particular oxide combination? Well, the state-of-the-art stated at
that time (2015) that SnO2 was one of the most used sensitive materials in chemosensors,
but “its activity and electrical response to the ambient were limited by its low surface area
(only a few m2/g)” [39], and “SnO2 deposition on higher surface area supports like γ-Al2O3
or TiO2 or even rare earth oxides (CeO2) influences the activity/electrical response” [40–45].
On the other hand, CeO2 had too high working temperatures (in the 700–1000 ◦C range) to
be used as pristine sensitive material [46–52]. Using a composite sensitive material instead
of pristine oxides should overcome the disadvantages presented by each separate oxide
component [53–56].

Again, the sensing experiments unfolded without issues, strong sensors signal re-
sponse was recorded (Figure 8), and it was observed that the sample containing the least
amount of SnO2 (5%) is the most sensitive to CO (Figure 9), in the absence of oxygen (helium
atmosphere), at a working temperature in the 400–450 ◦C range. The principle of detection
is following the Mars van Krevelen mechanism (verified with EPR measurements [57] on
the sensor samples, before and after sensing experiments, see Figure 10–Ce3+ paramagnetic
species generate characteristic spectral lines, proportional in intensity with the species
concentration in the investigated sample), with CeO2 reduction and CO oxidation on the
powder surface [24], also involving the use of lattice oxygen supplied by CeO2, which acts
as an O2 tank [51,58] in the sensing process.
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Moreover, comparing Figures 7 and 8, it can be observed that the prepared composite
oxide sensors have a sensing performance with two orders of magnitude higher than the
commercial sample of TiO2. The higher sensitivity to CO was attributed mainly to the high
porosity of CeO2 [48,49].

The surface morphology of the two types of investigated powders (TiO2 and the
composite Sn-Ce sensors) seem to be similar (Figures 11 and 12): we deal with polycrys-
talline powders, containing nano-sized particles, having the tendency to agglomerate,
forming clusters.



Chemosensors 2023, 11, 95 14 of 41

Chemosensors 2023, 11, x FOR PEER REVIEW 14 of 43 
 

 

 
Figure 10. 5% SnO2-CeO2 sensitive powder EPR spectra, taken before and after sensing experi-
ments, from ref. [40]. 

Moreover, comparing Figures 7 and 8, it can be observed that the prepared compo-
site oxide sensors have a sensing performance with two orders of magnitude higher than 
the commercial sample of TiO2. The higher sensitivity to CO was attributed mainly to the 
high porosity of CeO2 [48,49]. 

The surface morphology of the two types of investigated powders (TiO2 and the 
composite Sn-Ce sensors) seem to be similar (Figures 11 and 12): we deal with polycrys-
talline powders, containing nano-sized particles, having the tendency to agglomerate, 
forming clusters. 

 
Figure 11. SEM image of the TiO2 sensitive powder sample, from ref. [31]. Figure 11. SEM image of the TiO2 sensitive powder sample, from Ref. [31].

Chemosensors 2023, 11, x FOR PEER REVIEW 15 of 43 
 

 

 
Figure 12. SEM image of the SnO2-CeO2 sensitive powder samples with: (a) 5%SnO2; (b) 10% SnO2; 
and (c) 20% SnO2, from ref. [40]. 

In Table 3 the surface area values [59] of the investigated powder-type sensors are 
presented. 

Table 3. Surface area of the investigated sensitive powder-type samples. 

Sample Abbreviation SBET (m2/g) Reference 
TiO2 TiO2 108.3 [60] 
SnO2 SnO2 13 [40] 

5% SnO2-CeO2 Sn5Ce 105 [40] 
10% SnO2-CeO2 Sn10Ce 99 [40] 
20% SnO2-CeO2 Sn20Ce 93 [40] 

It can be seen that, even if commercial TiO2 has a superior surface area compared to 
the values obtained for the prepared SnO2-CeO2 mixed oxides, it yields a sensor response 
for CO that is two orders of magnitude lower. As stated before, the CO sensing mecha-
nism is similar in both cases, making use of lattice oxygen from the sensitive oxide lattice, 
in an atmosphere without oxygen. The use of composite sensors clearly has its ad-
vantages over the use of pristine oxides in gas sensors when dealing with powder-type 
sensitive materials. A very important aspect that must be mentioned here regards pow-
der-type sensor stability: the samples were prepared in 2007 by Dr. Yuzhakova 
(co-author to the cited paper [40]) in the frame of a bilateral cooperation project and used 
at that time as an environmental catalyst. The sensing measurements over these compo-
site samples were recorded in 2013. Six years after synthesis, they responded when ex-
posed to CO, as seen in Figure 8. 

Regarding the high 3S parameters required for a sensor to be considered for com-
mercial applications, the powder type sensor-systems tested by the authors fulfill only 
two out of three: they are highly sensitive and extremely stable. Selectivity measurements 
were not performed on the powder-type samples, as the authors main goals at that time 
(2012) were to prove that an experimental setup built for in-situ conductivity measure-
ments (catalysis) may be adapted and used for gas-sensing experiments. 

The main disadvantage when the authors dealt with this category of gas sensors was 
related to the large quantities of sensitive material used in the sensing device, measured 
at 1.5 cm3 in both sensing experiments. 

To conclude this section, we can state that the powder-type sensitive compositions 
tested by the authors are very promising as gas sensors due to their excellent reliability 
and high sensitivity, but they are suited for applications that may involve the absence of 
oxygen (e.g., fuel-cells), and large quantities of sensitive materials (e.g., industrial appli-
cations). Additionally, the use of alternative current as sensor operating voltage poses an 

Figure 12. SEM image of the SnO2-CeO2 sensitive powder samples with: (a) 5%SnO2; (b) 10% SnO2;
and (c) 20% SnO2, from Ref. [40].

In Table 3 the surface area values [59] of the investigated powder-type sensors are presented.

Table 3. Surface area of the investigated sensitive powder-type samples.

Sample Abbreviation SBET (m2/g) Reference

TiO2 TiO2 108.3 [60]
SnO2 SnO2 13 [40]

5% SnO2-CeO2 Sn5Ce 105 [40]
10% SnO2-CeO2 Sn10Ce 99 [40]
20% SnO2-CeO2 Sn20Ce 93 [40]

It can be seen that, even if commercial TiO2 has a superior surface area compared to
the values obtained for the prepared SnO2-CeO2 mixed oxides, it yields a sensor response
for CO that is two orders of magnitude lower. As stated before, the CO sensing mechanism
is similar in both cases, making use of lattice oxygen from the sensitive oxide lattice, in an
atmosphere without oxygen. The use of composite sensors clearly has its advantages over
the use of pristine oxides in gas sensors when dealing with powder-type sensitive materials.
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A very important aspect that must be mentioned here regards powder-type sensor stability:
the samples were prepared in 2007 by Dr. Yuzhakova (co-author to the cited paper [40])
in the frame of a bilateral cooperation project and used at that time as an environmental
catalyst. The sensing measurements over these composite samples were recorded in 2013.
Six years after synthesis, they responded when exposed to CO, as seen in Figure 8.

Regarding the high 3S parameters required for a sensor to be considered for commercial
applications, the powder type sensor-systems tested by the authors fulfill only two out of
three: they are highly sensitive and extremely stable. Selectivity measurements were not
performed on the powder-type samples, as the authors main goals at that time (2012) were
to prove that an experimental setup built for in-situ conductivity measurements (catalysis)
may be adapted and used for gas-sensing experiments.

The main disadvantage when the authors dealt with this category of gas sensors was
related to the large quantities of sensitive material used in the sensing device, measured at
1.5 cm3 in both sensing experiments.

To conclude this section, we can state that the powder-type sensitive compositions
tested by the authors are very promising as gas sensors due to their excellent reliability and
high sensitivity, but they are suited for applications that may involve the absence of oxygen
(e.g., fuel-cells), and large quantities of sensitive materials (e.g., industrial applications).
Additionally, the use of alternative current as sensor operating voltage poses an impediment
because it needs additional electronics which may affect detection device portability. The
authors findings in this study were cited by several ISI papers [61–68].

3.2. SnO2-ZnO-Based Pellet-Type Composite Chemiresistors Used for Selective Detection of CO

By compressing the oxide powders into a pellet, the disadvantages encountered
when using sensors with powder-type sensitive materials may be eliminated (e.g., lack of
selectivity). So the logical next step was to reduce the volume of sensitive material in size,
and to check the sensing performance of the resulted sensor upon target gas exposure.

In order to accommodate the new sample type, the experimental setup was modified
accordingly (Figure 13): the own-designed sensing cell from the previous setup was re-
placed with a special cell used for impedance measurements (Probostat cell, equipped with
the 2-point standard kit, used for pellet samples conductivity measurements).
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The sensitive metal oxide pellet together with the Probostat cell represent in this case
the gas sensing device. New measuring equipment involved a modified gas sensing proto-
col. The previously G recorded values were replaced by electrical resistance R values, a new
type of sensor operating voltage was applied to the sensitive material (1.5 V direct current,
instead of alternative current) and a new type of connection between the sensitive mate-
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rials and the sensing cell electrodes was introduced (metal-to-metal, for superior electric
conductivity). The sensing environment was changed from an inert atmosphere to labora-
tory conditions (dry air), cross-sensitivity measurements to other target gases (methane,
propane) were also introduced to better characterize the sensor samples (chemiresistors).
The previously tested concept that composite materials are better than pristine ones was
once again used, and a series of bi-component oxide pellets (based on SnO2 and ZnO) was
prepared and their performance in CO, CH4, and C3H8 sensing was assessed.

A new target was set regarding the sensor lower detection limit, given the fact that
concentrations of CO over 35 ppm are harmful and lead to visible symptoms (headaches),
so the lowest tested concentration was set at 5 ppm CO in air.

Regarding the oxide components, as previously mentioned, pristine SnO2 is widely
used as a sensing material [70,71] because of its high sensitivity to multiple gases, but
the lack of selectivity and high operating temperatures (500–1000 ◦C) are very important
factors to consider when designing a new gas sensor. On the other hand, pristine ZnO has
a lower gas sensitivity, although the operating temperatures are lower (200–600 ◦C).

The sensors used for practical applications (a warning system to the otherwise unde-
tectable carbon monoxide) [33–35,72] must be sensitive, selective, and must operate at low
temperatures (ideally at room temperature).

The improvement of gas sensing performance is expected when using composite
sensitive materials [25,73–81], since they tend to be more porous (hence more accessible
to target gas molecules) than the pristine oxide components. An optimal composition of
ZnO and SnO2 should (in theory) improve the sensor selectivity and response to CO by
combining the low operation temperature of ZnO and the high sensitivity of SnO2 [69].

To achieve this goal, a series of composite pellets was prepared by the wet homoge-
nization of the pristine oxide reagents (from Merck), followed by a pressing process. The
obtained pellet samples were cylindrical, having the following dimensions: Φ = 10 mm
and h = 2–3 mm, which is a huge step forward from the 1.5 cm3 of powder samples used in
the previous sensing experiments.

Although many sample compositions were prepared, with different component ratios
(SnO2 quantity varied from 2.5% mol to 50% mol), the best sensor performance was
recorded for the sensor containing 50% SnO2-50% ZnO, with a phase composition consisting
mainly in Zn2SnO4, with a separate phase of SnO2 (sensing results were recorded after
3 years from sample preparation). The SEM-EDX analysis of the sensitive pellet showed a
small excess of SnO2 on the surface of the pellet (Figure 14).

Chemosensors 2023, 11, x FOR PEER REVIEW 17 of 43 
 

 

The sensors used for practical applications (a warning system to the otherwise un-
detectable carbon monoxide) [33–35,72] must be sensitive, selective, and must operate at 
low temperatures (ideally at room temperature). 

The improvement of gas sensing performance is expected when using composite 
sensitive materials [25,73–81], since they tend to be more porous (hence more accessible 
to target gas molecules) than the pristine oxide components. An optimal composition of 
ZnO and SnO2 should (in theory) improve the sensor selectivity and response to CO by 
combining the low operation temperature of ZnO and the high sensitivity of SnO2 [69]. 

To achieve this goal, a series of composite pellets was prepared by the wet homog-
enization of the pristine oxide reagents (from Merck), followed by a pressing process. The 
obtained pellet samples were cylindrical, having the following dimensions: Φ = 10 mm 
and h = 2–3 mm, which is a huge step forward from the 1.5 cm3 of powder samples used 
in the previous sensing experiments. 

Although many sample compositions were prepared, with different component ra-
tios (SnO2 quantity varied from 2.5% mol to 50% mol), the best sensor performance was 
recorded for the sensor containing 50% SnO2-50% ZnO, with a phase composition con-
sisting mainly in Zn2SnO4, with a separate phase of SnO2 (sensing results were recorded 
after 3 years from sample preparation). The SEM-EDX analysis of the sensitive pellet 
showed a small excess of SnO2 on the surface of the pellet (Figure 14). 

 
Figure 14. SEM/EDX analysis of the 50% SnO2-50% ZnO sensitive pellet, from ref. [69]. 

Adding SnO2 in the composite material leads to increasing sample porosity, which 
promotes CO adsorption on the surface of the sensitive material. A higher number of 
adsorbed target gas molecules translate into a more intensive CO oxidation to CO2, ac-
companied by the release of electrons in the process (the sensing mechanism for this type 
of sensor). The SnO2 (found as excess on the sensing surface) is well known for its capac-
ity to adsorb oxygen [69], the other necessary reactant for the oxidation process besides 
the analyte. 

After identifying which sensor sample is the best in the prepared batch, a silver 
paste coating was applied directly on each side of this pellet, thus improving the nature 
of the electrical contact between the sample and the sensing cell electrodes (from met-
al-to-ceramic to metal-to-metal), thus lowering the detection limit of the sensitive mate-
rial from 250 ppm to 5 ppm CO. 

Sensor response was defined as: 

air
R

gas

RS
R

=  (3)

where Rair = the electrical resistance of the investigated sensor in carrier gas and Rgas = the 
electrical resistance of the investigated sensor in target gas. 

Figure 14. SEM/EDX analysis of the 50% SnO2-50% ZnO sensitive pellet, from Ref. [69].

Adding SnO2 in the composite material leads to increasing sample porosity, which pro-
motes CO adsorption on the surface of the sensitive material. A higher number of adsorbed
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target gas molecules translate into a more intensive CO oxidation to CO2, accompanied
by the release of electrons in the process (the sensing mechanism for this type of sensor).
The SnO2 (found as excess on the sensing surface) is well known for its capacity to adsorb
oxygen [69], the other necessary reactant for the oxidation process besides the analyte.

After identifying which sensor sample is the best in the prepared batch, a silver paste
coating was applied directly on each side of this pellet, thus improving the nature of the
electrical contact between the sample and the sensing cell electrodes (from metal-to-ceramic
to metal-to-metal), thus lowering the detection limit of the sensitive material from 250 ppm
to 5 ppm CO.

Sensor response was defined as:

SR =
Rair
Rgas

(3)

where Rair = the electrical resistance of the investigated sensor in carrier gas and Rgas = the
electrical resistance of the investigated sensor in target gas.

It can be seen from Figure 15 that when the sensor comes into contact with the target
gas (CO), it responds instantly (a very steep increase in sensor signal is recorded each time
a target gas injection is performed). This is another direct consequence of the improved
electrical contact between the sample and the electrodes belonging to the sensing cell.
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from Ref. [69].

Sensor response time was estimated at approximately 60 s (compared with 1500 s in
the case of powder-based sensors. Figure 15 showed a stable response for the investigated
sensor when exposed to CO (the response curve reaches a flat plateau for each tested
concentration). The sensor was also characterized by a complete recovery (15 min), with
the response values returning to the baseline after finalizing each target gas injection cycle.
The sensor in question was capable of being re-used after the recovery stage for a new
sensing experiment, without replacing the sensitive pellet in the sensing cell. Up to this
point, two out of three high-S sensor parameters were achieved: sensitivity and stability.

How about sensor selectivity? As stated before, neither pristine SnO2 nor ZnO excelled
in this topic. Cross-sensitivity measurements with methane and propane were performed
next (each target gas was tested separately).

The response of the investigated sensor to the potentially interfering species was
as follows:

• for C3H8, it is 2.8 times lower than the sensor response to CO;
• for CH4, it is 5 times lower than the sensor response to CO.
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Figure 16 demonstrates that the investigated sensor is selective for CO. With this
sensor being characterized by great reliability and high 3S parameters, it is considered
to be promising for the future development of a fire-hazard sensor used for industry
and/or domestic applications. The work performed in this study was cited by several ISI
articles [82–88].
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But the problem regarding the high volume of sensitive material involved still persists;
even if the powder is compressed, we still talk about a few grams of material per pellet.

The next stage would be to reduce the dimension of the sensitive device even further,
thus our group switched to sensitive films deposited on ceramic supports (plain or with
included metal electrodes), which is discussed in the up-coming sections of this review.

3.3. Sol-Gel Based Thin Film Sensitive Materials Used in Gas Sensors
3.3.1. Nb-Doped TiO2 Thin Film Sensors Used for Detection of CO

Although the sensitive materials discussed in the previous sections are perfectly viable
from a functional point of view, they are suitable for applications where usually “more is
better”. However, the trend of any type of application in any domain for the last decades
was to reduce the cost of fabrication and the dimensions of the detection device [8]. The
most representative example is provided by microelectronics, where “less” meant “higher”
performance; with the invention of integrated circuits, more components were inserted on
a “chip”, this being translated into lower costs and energy consumption. In this section,
the concept “less is better” was tested to its limits, in every possible way: less sensitive
materials (thin sensitive layers in the nanometers thickness range), miniaturized sensors
(millimeters in size), lower detection limits (starting with 5 ppm), etc.

The authors thus entered the thin films domain, by initially testing a sensitive film
deposited on a plain ceramic support. To achieve this goal, a thin film of TiO2 doped with
niobium (Nb) was deposited onto a microscope glass substrate (the sensitive film contained
1–10 deposited layers), using the sol-gel/dip-coating technique. The used precursors were
tetraethylorthotitanate [Ti(OCH2CH3)4], niobium ethoxide [Nb(OCH2CH3)5], and ethanol
(C2H5–OH) as the solvent. As a chelating agent, 2,4-pentanedione was used.

Nb acts as a donor, as it increases the number of charge carriers, narrowing the bad gap
and lowering the TiO2 base-line resistance; another role of Nb is as a phase-shift inhibitor
(from anatase to rutile) [89].

Titanium oxide is well known for its high chemical stability at elevated tempera-
tures [90,91], turning this sensitive material into an option for durable gas sensors.

However, pristine TiO2 (anatase form) is known for its high base-line electrical re-
sistance [92,93], in the Mohm range, a non-desirable feature for applications. Doping the
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titania matrix with different transition metal, such as Nb, can be considered a viable option,
as it decreases TiO2 electrical resistance, enhances gas sensing performance, and creates
new structures for titania by preventing the anatase to rutile transition, or even alters the
pores and particle dimensions [94–97].

The state-of-the-art of the referenced paper [89], regarding CO detection using Nb-
doped TiO2 films, cites a few reports found in literature on CO sensing using Nb-doped
TiO2 (denoted as TiO2:Nb). Zeng et al. [95] used hydrothermally-obtained TiO2:Nb thick
films for VOCs sensing, with Nb promoting the gas sensing performance of anatase. In
Ref. [98], high surface area nanorods were used to detect ethanol or LPG at a Tw of
450–550 ◦C. Sharma et al. [99] have reported a 65 times sensitivity increase towards oxygen
by doping TiO2 with Nb, as well as a decrease in response time (from 28 s to 3 s) and Tw
(from 600 ◦C to 400 ◦C). Moon et al. [90] used nanostructured TiO2:Nb thin films (colloidal
templates) to detect CO, with a faster sensor response compared to pristine TiO2 films,
demonstrating that doping clearly increases sensor sensitivity. Gan et al. [100] deposited
TiO2:Nb films (with 6% Nb) using sol–gel. Their sensing film was used to detect oxygen,
with greatly improved performance in terms of sensitivity and response time.

According to the year 2016 state-of-the-art [93,96,97,101] presented in Ref. [89], the
TiO2:Nb films were mainly prepared using physical methods such as radio-frequency
sputtering [102,103], pulsed reactive magnetron sputtering [104], electron beam evapo-
ration [105], atomic layer deposition [106], and pulsed-laser deposition [107,108]. The
sol–gel method was used in the article published by the authors [89] for the fabrication
of the sensing films, in order to propose an economical solution to the other fabrication
methods found in the literature, all of which are very expensive alternatives in terms of
equipment costs.

The Probostat cell from the previous section was kept and adapted (Figure 17) for this
type of sample (a 4-points measurements kit for rectangular samples replaced the 2-points
kit suitable for pellets). The measurements were performed under laboratory conditions
and continuous carrier gas flow. Target gas injections were performed for 5 min, alternating
with 5 min of sensor recovery under carrier gas flow.
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Figure 17. Probostat 4-point measurements kit for pellets, discs, or rectangular ceramic supports,
from Ref. [109].

The obtained sensitive films were characterized as thin and porous (shallow pit-
like cavity shapes), with thickness in the 100–370 nm range, according to the number
of deposited layers (Figure 18). The cavity dimensions on the film’s surface were in the
10–30 nm depth range [89].
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Figure 18. SEM cross-section images of the (a) TiO2:Nb-2 layers, (b) TiO2:Nb-5 layers, and (c) TiO2:Nb-
20 layers films, from Ref. [89].

Initially, a voltage of 1.5 V DC was applied to the sensitive film. The results were in-
conclusive in this case, with no sensor response when exposing the samples to atmospheres
containing various concentrations of CO. The lack of response was attributed to the absence
of printed metal electrodes directly on the surface of the ceramic support, which in this case
would facilitate the transmission of the electric charge at the measuring equipment. The AC
approach was used next, so a 500 mV AC current was applied to the surface of the sample,
at a frequency of 1500 Hz, and the resistance values of the sensitive films were recorded
automatically upon sensor exposure to different CO concentrations in the 250–2000 ppm
range (Figure 19).
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As can be observed in Figure 19, the investigated sensor is characterized by a fast
response and a full recovery (5 min). Sensor response is defined as:

SR =
σAir
σCO

(4)

with σAir being the sample conductivity in carrier gas, and σCO being the sample conduc-
tivity in target gas (CO).

Relatively small sensor response values (1.10–1.22) were obtained for the sensor
response, but they were in agreement with the values obtained by other research groups, at
the time these results were published (2016), as described in the state-of-the-art section of
the published paper [89].

Regarding the involved sensing mechanism, as mentioned before, the role of Nb-
doping is of a donor in the TiO2 matrix, as it pumps electrons into the conduction band, thus
increasing the number of available charge carriers [110]. As a result of an increased amount
of electrons in the TiO2 conduction band, more oxygen molecules will be adsorbed onto the
sensing film surface, yielding more reaction sites available for CO oxidation compared with
the undoped TiO2 [89]. These statements are verified in practice, the doped sensor samples
having better sensitivity to CO than the pristine TiO2 sample. Sample sensitivity represents
in this case the ratio between the electrical resistance of the sensor placed in carrier gas
(Rair) and the electrical resistance of the sensor exposed to the atmosphere containing the
target gas (RCO) (Figure 20).
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Figure 20. Sensitivity to CO of different tested sensors (with doped or undoped TiO2-based sensitive
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According to Caldararu et al. [29,30] at the frequency value used by the authors in the
gas sensing protocol, the bulk conductivity of the sample being negligible, the surface of
the sample plays a major role in the overall conductivity of the investigated material.

Figure 20 also evidences that the number of layers do not really influence the sensing
performance of the films, gas sensing being fundamentally a surface process and the 5- or
10-layered TiO2:Nb samples being similar morphologically speaking [89].

Up to this point, it can be observed that two different sensor characteristics are being
referred to in the text: response and sensitivity. Many authors confuse these terms, but ac-
cording to IUPAC [111] it is a clear distinction between the two: sensor sensitivity represents
the sensor response as a function of analyte concentration or amount.
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Comparing the results depicted in the state-of-the-art section of the cited article [89],
it can be observed that comparable sensitivity and working temperature values were
obtained for the Nb-TiO2-based investigated sensors, but a major leap was taken regarding
the preparation technique of the sensitive films: they were deposited via the sol-gel method,
an eco-friendly/cheap technique, and a key factor when the “mass-production” concept
is involved.

The factor that indeed needed improvement was the value of the sensor response
(1.10–1.22), which is in close connection with the lack of metal electrodes imprinted on the
surface of the ceramic support, also leading to sensing measurements performed in AC,
instead of the more accessible DC-type sensor operating currents.

Reference [89] represents the authors most cited ISI paper (up to January 2023), with
the most recent references being [112–125].

3.3.2. SnO2-ZnO-Based Thin Film Composite Chemiresistors for Selective Detection of CO

For the past decade, sensing device integration has been the main goal that has driven
research and development in the domain of smart devices for remote sensing, for sensors
based on changes in electrical conductivity [27]. Chemical resistive-type micro-sensors
present a series of advantages such as: low cost compared to other sensing technologies,
low power requirements, quick responses (seconds), high sensitivity to analyte trace level
concentrations, and complete sensor recovery. Recently, the portability factor increased
dramatically, sensors being mass-produced with reduced dimensions using miniaturization
and microelectronics processing, according to the referenced papers [25,28].

The next logical step of this sensitive materials study towards sensor miniaturization
was, thus, to advance to more complex ceramic supports, which are much smaller in size
than a relatively large microscope glass substrate, with interdigital metal electrodes (IDEs)
imprinted on the surface. An own-design transducer prototype was produced in coopera-
tion with the National Institute for Research and Development in Microtechnologies.

As previously mentioned, a transducer is defined as an electronic device that converts
(in our particular case) the energy released during a chemical reaction into an electric signal.

A schematic presentation of the alumina transducer (with an alumina wafer from
Kyocera) is given in Figures 21 and 22.

Gold interdigital electrodes and a platinum heater (to ensure sensor temperature
independence) were imprinted on the surface of the alumina wafer using a multi-stage
process which includes photolithography, etching, and lift-off processes. Using special
laser lithography dedicated equipment (Heidelberg DWL66FS), the transducer design
was transferred to the masks (Figure 22). Using the analyses provided by the COMSOL
Multiphysics® finite element analysis (FEA) tool, an optimized heater prototype was
obtained directly from the design stage [126]. A simulated input voltage of 12 V DC applied
over the heater circuit led to a Tw = 212 ◦C obtained on the IDE surface, whilst a 24 V DC
value led to a Tw = 789 ◦C.

The experimental setup (Figure 23) was modified in order to accommodate the new
sensor, so a new own-design sensing cell (Figure 24) was modeled and constructed in
cooperation with ROMELGEN SRL. Gas sensing experiments were performed under
laboratory conditions; target gas injections were performed for 5 min, alternating with
5 min of sensor recovery under carrier gas flow.
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The oxide components of the prepared sensitive films were selected, taking into
account the promising results obtained from the pellet-type sensitive composites, dis-
cussed previously.

The state-of-the-art has evidenced a lot of published work in the gas sensing domain
using composite-type sensors [25–27,128–133]. However, the addition of another oxide
component, in the frame of previously published material, usually involves complicated
and expensive preparation vapor-based routes (CVD or PVD), ion-beam or laser assisted
techniques, spray pyrolysis, the use of dedicated equipment (e.g., screen printing), or multi-
stage wet preparation routes that require the use of special templates [74]. A sol-gel/dip
coating approach requires low synthesis temperatures (thus less energy consumption) and
causes less pollution—being overall an eco-friendly preparation technique.

Using this specific route, a series of SnO2-ZnO sensitive films were synthesized (Ta-
ble 4). Up to 10 layers of sensitive material were deposited. The sensitive film needed
stabilization, therefore a final thermal treatment, consisting in heating the sensor for 1 h at
350 ◦C, was performed [126,134]. The precursors were: zinc acetate dihydrate (from Merck)
and tin(II) 2-ethylhexanoate (from Sigma-Aldrich), which were dissolved in ethanol. As a
chelating agent/catalyst, triethanolamine (from Baker Analyzed) was used.
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Table 4. The list of composite SnO2-ZnO based sensors and their composition obtained by sol-gel/dip
coating method, after final thermal treatment (350 ◦C, for 1 h), from Ref. [126].

Sample * ZnO (wt%) SnO2 (wt%)

S1 100 -
S2 98 2
S3 50 50
S4 2 98
S5 - 100

* The sensitive layer deposition was achieved in October, 2015.

Sensor response was defined as:

Rs =
Rair
Rgas

(5)

with Rair,gas = electrical resistance of the sensor when exposed to the gas in question (carrier
or target gas).

The sensor operating voltage was set at 1.5 V DC. The working temperature was ob-
tained in practice using the heating resistance inserted through the sample holder structure
(Figure 24), coupled with a thermocouple and a temperature controller belonging to the
sensing cell device, with the purpose of creating a programmed heating ramp to avoid
sensor damage from repeated heating-cooling cycles.

The SEM images of the fabricated sensors (Figure 25) evidenced a highly transparent
(gold IDE are visible through the film) and uniformly deposited continuous film. Although
the sensitive films seem to be highly porous, the nanosized MOX particles are intercon-
nected, so the charge transport mechanism through the oxide film is unaffected [126].
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Figure 25 shows that the sensors with the highest porosity are the S2 and S4 samples.
This promotes gas adsorption and hence the gas sensing process, as more sites for gas
adsorption are available for these particular sensors, in comparison with the other prepared
sensor samples.

As the gas sensing experiments were recorded, it became obvious that the porosity
characteristics noticed using SEM imagery are determining factors for gas sensing per-
formance, as the best gas sensing performance was recorded for the sensors S2 (for CO
sensing) and S4 (for relative humidity sensing) in the prepared batch (Figure 26c,d).
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Figure 26. (a) S2 sensitivity for CO, at specific Tw.; (b) S2 response/recovery characteristic for CO, at
Tw = 300 ◦C; (c) sensor response/recovery characteristics for 62% relative humidity (RH); (d) sensor
series cross-sensitivity measurements; (e,f) S2 stability measurements, from Ref. [126].

Sensing measurements performed after one year since sensor preparation showed high
sensitivity to low concentrations of CO (5 ppm), with a relatively low Tw (210 ◦C). A short
response (120 s) and a full sensor recovery (280 s) were recorded for CO sensing, with tested
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concentrations ranging between 5–2000 ppm CO in dry air (Figure 26b). One year later
(since the initial tests), the sensor response to CO started to decrease slowly (Figure 26e),
and to compensate for this fact, Tw was increased from 210 ◦C to 300 ◦C (Figure 26a,b).
Sensor S2 response was not influenced by humidity presence, or other target gases (highly
selective for CO), as shown by Figure 26c,d. We can conclude that the required high 3S
parameters for commercial sensors were partially met for the S2 sensor sample, as the
sensitive film is not stable over time. Combined with other key factors, such as small sensor
dimensions (size of an office paper clip), the low quantity of deposited sensitive material
(up to 0.0035 g according to the authors work from Ref. [135]), a low sensor operating
voltage (1.5 V DC), cheap/eco-friendly sensitive film depositing (sol-gel/dip-coating), and
commercially available wafer support (alumina from Kyocera), all the circumstances were
found favorable for the future development of a new commercial single-gas sensor, which
may be used as a fire-detector. Regarding the novelty factor of this study, the state-of-the-art
section in the referred article [126] stated that successful gas sensing was achieved when
SnO2–ZnO composite metal oxide sensitive films were previously used [25,74,75], but in
those cited references, the sensitive films were non-responsive/non-selective for CO, and
the sensors were prepared using economically-challenged techniques.

In conclusion, improved sensor response values (3.2) and the sensing protocol in-
volving the use of a DC sensor operating current was achieved by using the transducer
concept (ceramic support with included IDEs), but there is still an issue with sensitive film
stability over long periods of time (more than 18 months), a clear disadvantage compared
to powder- or pellet-type sensors, which are stable in terms of response for several years
after preparation. The authors work regarding this kind of micro-sensor prototype was
cited by several recently published ISI papers [136–154].

3.3.3. CoO Thin Film Chemiresistors Used for Selective Detection of CH4

In the next stage, the chemiresistor prototype discussed in the previous section was
greatly improved. To this end, a new transducer was designed and constructed, along with
a new own-design sensing cell (Figure 27) to accommodate it. More details are provided in
the article from reference [155].
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Figure 27. Schematic representation of the latest gas sensing experimental setup, from Ref. [155].

Sensor miniaturization was applied once more, so a new transducer prototype sized
at 5 × 10 × 0.6 mm (Figure 28a,b) was modeled and tested. The new own-design prototype
was fabricated by NANOM MEMS SRL in two different versions: with Au or Pt IDEs. The
IDEs were imprinted on the alumina wafer using serigraphy-based technology. Given the
fact that the alumina wafer was three times thicker than in the previously used prototype,
the prepared sensors were subjected to less damage (virtually none) due to user manipu-



Chemosensors 2023, 11, 95 28 of 41

lation errors. The IDE design was greatly improved (Figure 28a), having a much higher
metallic area compared with the previous prototype (Figure 21).
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Figure 28. The new alumina transducer prototype measured at 5 × 10 × 0.6 mm: (a) platinum or
gold IDE and platinum heater circuit-schematic representations; (b) actual sensor sample compared
with various objects for sizing purposes, from Ref. [155].

On these newly-designed alumina transducers, thin films of CuO and CoO were
deposited via a sol-gel/spin coating method, which is considered eco-friendly and also
cheap. The precursors were Cu(CO3)2Cu(OH)2 for CuO and Co(CO3)Co(OH)2 for CoO,
both commercially available reagents. In Table 5, the prepared samples, their composition,
and sample abbreviations are given.

Table 5. The obtained sensors and their composition, after final thermal treatment (400 ◦C, for 10 min),
from Ref. [155].

Sample Sensitive Film Transducer Components
(IDE/wafer)

S3 CuO Au/Al2O3
S4 CuO Pt/Al2O3
S5 CoO Pt/Al2O3

From Table 5, it can be observed that there are two main prototype variations: one
containing Au IDE (sensor S3) and one containing Pt IDE (sensors S4, S5). These variations
were fabricated to check whether or not the IDE material influences the sensor response.

The state-of-the-art section of the Ref. [155], presents previously reported sensing
results using CuO and CoO in different combinations as sensitive materials. VOCs, NH3,
CO, CO2, H2S [10,156], or CH4 detection (in the percent concentrations range, according to
Ref. [157]) was achieved using these oxides as sensing materials, but it involved high-cost
fabrication techniques for the sensitive layer (microwave in Ref. [156], thermal oxidation in
Ref. [157]). In Ref. [158], the sol-gel approach was used to obtain the sensitive Cu-doped
CoO pellets (with silver painted electrodes on each pellet side) used for methane detection,
but no humidity/cross-sensitivity sensing assessment were performed, so the sensors were
considered as incompletely characterized. As previously discussed, although they are very
reliable sensitive materials, large pellet-based sensors imply the usage of large quantities of
sensitive material; unless miniaturized devices are modeled (as in the case of TGS-based
commercially available sensors), this represents a non-desirable feature from an economical
point of view. The working temperature of the sensor was also relatively high (300 ◦C),
which is another important disadvantage due to high energy use.

In our sensing experiments, all sensor measurements were performed under laboratory
conditions (dry carrier and target gases). The applied sensor operating voltage was 1.5 V
DC, with working temperatures (Tw) ranging between room temperature and 220 ◦C
(specific for each used sensor); the sensing experiments were performed in a continuous
gas flow (180 mL/min).
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The sensitive films were characterized by SEM as highly porous, including a network
of channels on the surface of the sensitive film, which are better evidenced in the case of
CoO (Figure 29a).
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Figure 29. SEM images of (a) CoO sensitive film; (b) CuO sensitive film, at different magnification
factors; last two images of each group (a,b) are tilted at a specific angle, from Ref. [155].

The sensitive films may be characterized as thin, having sub-micron thickness, but
they are no longer transparent, as it can be seen in the actual photo of a sensor sample from
Figure 28b (the sensitive film is visible as a dark-grey coating in the IDE area).

As before, the experimental targets were set to obtain high 3S parameters for the tested
sensor samples. The sensor’s response for CH4, RH (52%), and CO2 was evaluated and
acquired as electrical resistance values (denoted as Rs), directly from the measurement
equipment (RLC bridge).

It was observed that the IDE material does not influence gas sensing performance
(when comparing gold with platinum, chosen for their superior conductivity character-
istics). Out of the sensor prepared series (Figure 30a), it was observed that the cobalt-
based sensor is performing better in methane sensing in the higher concentration domain.
As in the previous alumina prototype findings (Figure 26a), the Tw was relatively low
(210–200 ◦C), although the thickness of the alumina wafer was three times higher in the
present case (0.6 mm compared with 0.2 mm).

Figure 30a shows an increase in sensor response with increasing target gas concentra-
tions. The sensor’s limit of detection for methane is as low as 5 ppm, but that is imposed by
the technical limitations of the experimental setup and not by the sensor capabilities (the
target gas is diluted by the carrier gas, from 5000 ppm as provided by the gas manufacturer,
to a maximum concentration of 2000 ppm or a minimum of 5 ppm, according to the mass-
flow controller calibration curves). The response time of the investigated sensor is fast
(250 s), and sensor recovery is complete (250 s), making it possible to resume/repeat the
sensing experiments after the sensor recovery stage, without replacing the sensor sample
in the sensing cell.

Figure 31 shows the sensors cross-sensitivity for the main target gas (CH4) and the
possible interfering species, which may affect sensor response in the investigated environ-
ment. The sensor response for each target gas was recorded separately, with air as the
carrier gas. It can be seen that all sensors present a higher sensitivity for CH4 (with the S5
response for CH4 almost twice the response measured for the other interfering species).
This particular sensor may be considered selective for methane.
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The last tested sensor parameter was its stability over a 6 month period (from the
initially performed gas-sensing measurements). To this end, S3 was tested repeatedly
under identical conditions during a 6 months interval, to check for modifications of the
response/recovery characteristics, regarding CH4 detection.

The obtained results are presented in Figure 32.
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As seen in Figure 32, the S3 sensor sample is stable for a 6-month period between
identical sensing tests, the response to methane being virtually unchanged. Taking into
account the results shown by the sensing experiments, we can conclude that the prepared
sensor series meet the 3S parameter requirements in order to consider a sensor prototype for
further development towards mass-production. The prepared sensor series is characterized
by high sensitivity, selectivity (for the S5 sensor sample), and stability, together with other
favorable characteristics such as a relatively low working temperature, a short response,
and full sensor recovery, the cobalt oxide-based S5 sensor being a very promising candidate
for a future portable methane detector, which can be mass-produced.

These favorable sensor parameters were obtained by improving the transducer prototype,
which now has a wider IDE area and is more damage-resistant (thicker alumina wafer).

3.4. Real-Life Applications of Chemiresistors

While previous sections were focused on the authors own research and ways to im-
prove well-known raw materials that are used as sensitive materials in chemiresistors, this
particular section of the review is dedicated to real-life chemiresistors that are commercially
available and which are in use today in various domains. Rapid, comprehensive, and
reliable information regarding the chemical state of a gaseous atmosphere is currently
required in many technological applications. Chemiresistors are of high interest for many
areas, including industry, environmental monitoring, space technology, food industry,
automotive, pharmaceutics, etc. [20].

The required features for a detection device to be used in such domains are [20]:

• high sensitivity, selectivity, and stability;
• fast response/recovery characteristics;
• a low power consumption;
• a low operating temperature.

A chemiresistor is presently playing the quantitative and qualitative role in a gas-
species detection process, as it must identify the target gas and its concentration in real-life
gas mixtures (indoor/outdoor environment, exhaust gases from automobiles, human
breath, different smells, etc.). In order to fully perform this task, taking into account that
chemiresistors are known to be very sensitive in general but they lack selectivity, more than
one sensor must be used. The concept of “e-NOSE” or electronic nose thus emerges for
practical applications. In practice an e-nose is represented by a sensor array (a complex
system containing a certain number of sensors). Each sensor shows a particular response to
all of the target gases (or to a certain subset) which are identified by pattern recognition
for the recorded sensor signal [20]. The authors of this review have already submitted a
patent for such a device (as co-authors) under code RO20180000598 20180823/RO135084
(A2), currently being processed by the State Office for Inventions and Trademarks (OSIM).

Gardner and Bartlett [20,159] were the first to propose the concept of using multiple
semi-selective sensors combined with electronic computation.

Different types of chemiresistors are used in real-life applications, such as: ceramic
planary-type sensors, flexible-type plastic sensors, or silicon-based micro-machined sen-
sors. With many applications requiring reduced detection device dimensions (automotive,
smartphones and space-tech), nanodevices are currently fabricated, but there is a major
issue with the long-term stability of sensor components in these type of devices [20].

As discussed in the previous sections of this review, the sensitive materials used in the
fabrication of such detection devices are MOX-based: SnO2, ZnO, TiO, CuO, CoO, and also,
in fewer cases, WO3, In2O3, and Fe2O3 may be used [20]. Even in real-life applications,
using these oxides as pristine raised the same problems as in the dawn of the sensor era: a
lack of selectivity, working temperatures that are too high for practical use, and a general
lack of reliability.

As already demonstrated by the authors, some of these problems may be solved in
practice by introducing additives (noble metals or a second or third oxide component) or
by switching from inorganic sensitive materials to organics or hybrid composites.
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According to G. Neri. [20], in the last fifty years of gas sensing, new sensitive materials
have been proposed (other than metal oxides) such as conductive polymers (polypyrroles,
polythiophenes, polyindoles, and polyanilines), carbon nanostructures (nanotubes, nanorods,
nanowires, etc.), and graphene-based materials (a two-dimensional monolayer of carbon
atoms), but they all presented a series of issues when used in sensors. Organic materials,
which are more versatile in terms of doping modifications are more thermally unstable
than inorganic materials, which poses a problem when the working temperature of a sensor
increases to the required level, in order to detect a gas species released as a product from
a chemical reaction, which takes place on the surface of a sensor. Carbon nanostructures,
though very promising in gas sensing applications, are obtainable using very expensive
CVD techniques.

As summarized in Table 1, there are many domains in which sensors are used inten-
sively. Such sensors are presented in the following subsections.

3.4.1. Automotive Sensors

The sensors used for automotive-type applications have very distinct features and
requirements, such as low dimensions (they must be able to fit in very tight spaces in
the engine compartment, or in the exhaust system), the capacity to withstand very high
operating temperatures (hot gases from the engine may reach as high as 900 ◦C), a fast
response (seconds), high reliability (years of service), and a low cross-response to interfering
species. A high number of different sensors are necessary to monitor various functions
inside the automobile: engine performance (air/fuel ratio), emission gases (the functioning
of the catalytic system), or the pollutants level inside the vehicle cabin (NO, NO2, CO, CO2,
and VOCs) [20,160].

Sensors were introduced in the automotive industry in the late 1970s, when titania-
based sensors were used to monitor the air/fuel ration inside the engine [161].

For the proton exchange membrane (PEM) fuel cell systems, used for increased power
efficiency, there is a sensor present which measures the CO content of the reformate gas at
various catalytic stages [162].

3.4.2. Environmental Sensors

In the frame of environmental applications, MOX chemiresistors are preferred to
classic analytical techniques due to lower costs, high portability, reliability, and fast analysis
results [163]. With current heavy-pollution problems worldwide, environmental monitor-
ing is a must (event obligatory in some countries), in order to ensure a safe environment
for the human population. The most dangerous gases from an environmental point of
view are considered to be CO and NO2 [164]. CO2 is another highly toxic gas that needs
monitoring, especially in the indoor environment [165]; therefore, the quest for specialized
sensors which measure CO2 levels in breathable atmosphere has always been of high
priority in the gas-sensing domain. According to Fine et al. [164], many different fabri-
cation routes have been developed for the production of MOX-based sensors. Factors to
be taken into account when selecting a particular production technique include costs (if
the films are expensive, the demand for those sensors will be low and they will have only
limited applications), purity, porosity (a highly porous material means a higher surface
area available for interaction with the target gas, leading to higher sensitivity), reliability,
and reproducibility. Widely used fabrication techniques for MOX-based sensitive films are
considered, including vapor techniques such as CVD or PVD, screen-printing of ceramic
powders, and sol-gel techniques. Comparing the synthesis methods involved in the sensor
fabrication, the cited article [164] reads:

• “PVD is an expensive and time consuming method, due to the high vacuum condi-
tions and evaporation/sputtering equipment, therefore economic factors restrict the
commercial applications for sensors obtained in such way;

• CVD produces dense films which is a disadvantage for gas sensors as the contribution
from the bulk resistance is substantially increased;



Chemosensors 2023, 11, 95 33 of 41

• Sol-gel methods are straightforward to operate, but the time required to establish
the sol is important for obtaining the desired product, thus can be a slow multi-step
process. Full coverage of the substrate with moderately even thickness can be achieved,
by using readily available precursors, although these are often expensive. Dopants
may be easily introduced and the sol-gel process has low processing temperatures;

• Screen-printing is an industry standard technique. Thick films leads to much more
reliable sensor devices than thin film types. Thin film devices are often more sensitive,
although not necessarily more selective, but suffer from high baseline resistance due
to a lower overall number of charge carriers whether in the bulk or on the surface of
the material”.

3.4.3. Medical Sensors

The chemiresistors used in biomedical applications must have extremely high sensitiv-
ity, as they must identify gases (markers for different pathologies [20]) with concentrations
in the ppt range. The recognition process must also be selective and non-influenced by the
high humidity environment from the human body [166–168].

According to Refs. [167,168], the so-called breath markers (certain VOCs present in the
breath) correlate to specific diseases. Acetone, one of the most abundant components in the
breath, was studied in detail and related to specific metabolic disorders. When ammonia
is present at relatively high concentrations in the human breath (~830 ppb) it is a sign
of: bacterial multiplication in the oral cavity, kidney disease, infection with Helicobacter
pylori, or hepatic encephalopathy. Pulmonary diseases, such as asthma, are identified
using breath markers, such as exhaled CO and nitric oxide (NO). Cirrhotic patients may be
identified using the characteristic odor in the breath given by sulfur-containing compounds,
such as dimethylsulfide. Being a non-invasive technique, breath analysis has become
increasingly significant for applications in clinical diagnostics using gas sensors. It is also
highly-preferable over other investigative methods in the medical field (blood sample
investigations) due to the reduced trauma effect, especially in the case of diabetic patients
who have to give blood samples up to three times per day [167].

3.5. Latest Concepts and Developments in Gas Sensor Design

Although chemiresistors are the most used gas detection devices currently used, due to
their small dimensions, high-availability, low cost, and good overall sensing performance,
there is a constant need for novel, miniaturized, high-performance sensors for dedicated
advanced applications.

New sensing materials, supports, and assembly techniques into the final device are
currently developed for this purpose. For example a thin plastic-stripe sensor is woven
into a cotton fabric by using a standard weaving machine, in order to create a smart fabric
that can detect ambient gas. Microelectronics technology is involved in manufacturing
both the sensing element and the signal processing circuits in the frame of a single silicon
chip, to create low-cost smart gas sensors with low-power requirements, spawning a new
generation of miniaturized mass-produced gas sensors [20,169]. Commercially available
MEMS (micro electronics mechanical systems on a single wafer) were introduced by Figaro
Eng. Inc., which used silicon processing technology [170]. Such sensors may be used as
indoor/outdoor air quality monitors.

Chemosensors are now integrated into smartphones, tablets, and other portable mon-
itoring devices, that may even be accessed by remote WiFi connections by the potential
users, who may be alerted instantly of possible dangerous situations, such as gas leaks or
fires in their homes which require immediate action for the safety of the community, even
if they are not physically present at that certain location. This is a situation that was not
even imaginable a few decades ago.

As mentioned before in this review, the use of commercially-available gas sensors
usually involves a compromise between the user needs and the economic aspects of the
chosen solution.
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4. Conclusions

This review is based on the authors previously published papers, which cover the
main types of MOX-based sensitive materials (powders, pellets, films).

To keep up with modern sensor requirements, these types of materials were function-
ally improved and constantly miniaturized, quantity usage- and device dimensions-wise,
always having as a reference the required high 3S parameters (sensitivity, selectivity and
stability) needed in order to transform a working sensor prototype into a commercially
viable sensor. As presented in this review, each type of sensitive material has its advantages
and disadvantages, so a compromise must be made between sensor parameters, the cost of
production and the ability to fabricate these sensors on a wide scale (implies abundant raw
materials). For example powder-type sensitive materials are the most stable and reliable
during time, having a lifetime of many years after preparation; they provide highly precise
and intense sensor response to tested target gases, but the use of powders in a sensing
device may involve usage of a high quantity of precursors (unless the sensing device is
highly miniaturized, as in the real-life TGS-based sensors); pellet-type materials have the
advantage of a smaller occupied volume than powders, excellent sensitivity, stability, and
even high selectivity (when composite materials are used), but still large quantities of
reagents may be used in the preparation stage. These two types of sensitive materials may
be used in industrial applications, such as fuel cells, where high working temperatures are
involved and highly reliable materials must be used in the fabrication of the sensing device.
On the other hand, the sensitive films used by the authors are more easily prepared, with
lower costs and greener methods, but in certain sensor configurations, they may be unsta-
ble over time. Additionally, for improved conductivity reasons and thus superior sensor
response, a metal electrode must be present on the sensor support to facilitate the charge
transfer between the sensitive film and the measuring equipment. These disadvantages
may be overcome when using a specific transducer design (with wider IDEs) and denser
sensitive films for improved sensor stability.

Once these key factors are balanced, as demonstrated in this review, promising can-
didates may emerge for future mass-produced chemiresistors, and some of the problems
encountered even in the present day (false alarms, sensor poor reliability, or low-selectivity)
could be eliminated using the practical solutions suggested by the authors of this review.
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